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1994 Solid-State Sensor and Actuator Workshop
On behalf of the entire organizing committee, I am pleased to welcome you to Hilton Head Island for the sixth Solid-State
Sensor and Actuator Workshop. This year we celebrate our tenth anniversary and many of us fondly remember our
past experiences in the previous "Hilton Head Workshop" meetings. If you are attending your first Hilton Head
Workshop, I hope that you will share in this enthusiasm for Hilton Head's rich tradition by week's end.
The Hilton Head Workshop is one of the regional meetings held in North America, Europe, and Asia during the even
numbered years, alternating with the much larger international TRANSDUCERS conferences held in odd-numbered
years. TRANSDUCERS '93 was held in Yokohama, Japan, and TRANSDUCERS '95 will take place in Stockholm,
Sweden.
The format of the Workshop is intentionally designed to provide a highly interactive forum for US and Canadian workers
to meet and discuss recent advances in emerging technologies for sensing and actuation devices and systems for
physical, chemical, and biological applications. It is a single session meeting, with ample time allotted for discussion of
each paper, and with blocks of unscheduled time to encourage informal interactions among participants. From the very
first meeting in 1984, graduate students have been encouraged to attend and participate in the Workshop. Many of the
active professionals in attendance at this Workshop gave their first student papers here at Hilton Head.
The serious work of putting the formal technical program in place started last summer with the call for papers. The
Program Committee reviewed all the papers that were submitted last winter and considered a number of options for
invited papers to make up the formal technical program.· Because of the outstanding response in submitted papers, the
Program Committee expanded the technical program to sixty papers and extended the length of the Workshop to four
full days. All of the papers which make up the formal technical program are printed in this Technical Digest. In order to
provide a forum for the presentation of recent results, a "Late News" Poster Session will be held on Wednesday evening
before the Rump Session. As in the past, the Rump Session will be devoted to a discussion topic of major importance to
the field. In keeping with past Workshops, Tuesday afternoon is left open for sharing leisure activities with your
colleagues. I encourage each of you to take full advantage of the various opportunities that the Workshop offers.
With the magnitude of effort needed to organize this Workshop, we were fortunate to have the support of a number of
organizations and individuals. This year's Workshop is sponsored by the non-profit Transducers Research Foundation
which provided the business infrastructure for the meeting. Special thanks is due to the National Science Foundation
and Linton Salmon for the provision of travel assistance grants for graduate students presenting papers, and to Richard
Muller for his diligence in obtaining and distributing this support on behalf of the Workshop.
In closing, I thank the entire Organizing Committee -- with special thanks to Tom Poteat for his arrangements of this fine
meeting site, to Joe Giachino for looking after the important financial matters, and to the Program Committee chaired by
Roger Howe for its work in arranging the technical program. Finally, I thank the authors for providing the essential
contributions of their work to the Workshop, and to all the participants for being here and taking part to the fullest.
Enjoy your Workshop!

�!·½General Chairman
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ERRATA: A HEURISTIC APPROACH TO THE ELECTROMECHANICAL
MODELING OF MEMS BEAMS (pp. 123-126)
Michael R. Boyd, Selden B. Crary, and Martin D. Giles

All references to "mutual capacitance" should be replaced by "capacitance."
The first paragraph of the last page should be replaced with the following:
We have also made comparisons in Figure I with the MSA results
of Reitan [4] that used a 6x6 discretization and with the approximate
equation of Love that is valid for g/w<<l . Finally, we made
comparisons of MSA with calculations using FASTCAP [5] for single
plates and parallel plate capacitors of various sizes. The results were
in agreement to better than 0.5%.
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DEFORMABLE GRATING LIGHT VALVES
FOR HIGH RESOLUTION DISPLAYS

Up: Reflection

Raj B. Apte, Francisco S. A. Sandejas,
William C. Banyai, and David M. Bloom
Ginzton Laboratory
Stanford University
Stanford, CA 94305-4085

Abstract:

Silicon nitride beam

The Grating Light Valve (GL V) is a
micromechanical phase grating that can be used for
black&white or color display applications.
Operation is based on electrically controlling the
mechanical positions of the grating elements to
modulate the diffraction efficiency. Proper choice
of the grating dimensions allows the structure to
operate as a digital optical device.
Since the grating is inherently dispersive,
the GLV can be used for color displays. In
addition, the devices are bistable and may be able to
operate with a passive matrix of contacts and still
achieve t�e pei:formance of an active matrix light
valve. Eight bits of gray scale are possible using
time division multiplexing and the fast (20 ns)
switching speed of the GLV. The contrast ratio of
the device is very sensitive to processing errors; to
date, a ratio of 20: 1 has been measured. With
better processing, a color contrast of 200:1 should
be achieved for a monochrome pixel.
Stiction of the micromachined grating
elements to the substrate during the final wet
processing step and during operation remains a
problem. However, our current approach uses
rough (150 A-RMS) polysilicon films to reduce the
area of contact. When doped, the polysilicon can be
patterned to function as a bottom electrode for two
dimensional array applications. Although this
structure suffers from some of the difficulties of a
non-planar process, it was used to demonstrate
two-dimensional arrays of devices with switching
voltages as low as 11V.

l,�t!i·!H:·:;-;, �-c:•:;-:::=:�=:;.;;.;,,=,,¾!=�!M:=I
Down: Diffraction
�

Figure 1: Operational principle of GLV.
Now the total path length difference between light
reflected from the microbridges and the substrate is
one-half wavelength, and the reflections interfere
destructively causing light to be diffracted. For
exampl
�, �hen a pixel consisting of 10 one-micron
_
lme-pairs m the down state is illuminated with
n?rmal�y incident white light, the ±first-order
diffraction beams have an angular bandwidth of
approximately 4° about ±14° . Also 42% of the
light is diffracted into each of the first:order beams,
so that an overall efficiency of 84% is possible
when both b�am� are collected. Light in higher
order modes is diffracted at large angles and is not
collected by the optical system.

Introduction:
The basic principle of operation for the GLV
is illustrated in figure 1. The structure is a reflection
phase grating consisting of aluminum overcoated
silic?n nitride microbridges. With no voltage
apphed, the total path length difference between
light reflected from the microbridges and the
substrate equals the wavelength of incoming light.
These reflections add in phase and the grating
refl�cts light as a flat_ mirror. When a voltage is
applied between the microbridges and the substrate,
the electrostatic force pulls the microbridges down.

0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.1

Optical Desi�n:
.. An �xamp�e of a basic optical system for
reahzmg a display is shown in figure 2. It contains

1
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JX

Projection

= J0-F,

(2)

where F is the focal length of the lens. If we
choose the microbridge spacing p=2.25µm, the
incident angle of collimated light 0i=13.6 ° with
respect to the optical axis, and Ag =53Onm, then the
angle of the diffracted light is zero with respect to

Lens

Light Source

Figure 2: GLV Optical System.
a simple imaging system with unity magnification:
the object plane containing the GLV array and the
image plane containing the viewing screen are both
2F from the lens, where F is the focal length. The
GLV array is illuminated by a collimated li&ht
source and there is a spatial filter in the Founer
plane, i.e. one focal length in front of the lens. The
GLV array is made up of individual pixels. Fi&ure
3 is a micrograph of a 25 µm by 25 µm pixel
consisting of 12 one-micron linepairs (a linepair is a
one-micron microbridge and a one-micron space).
The critical parameters in the system design are the
number of linepairs defining a pixel, the degree of
source collimation, and the width of the slit. Note
that a slit is used because light is only diffracted in
the plane perpendicular to both the microbridges and
the plane of the pixel. The best way to understand
the operation of the GLV system is to work through
the three cases for realizing monochrome,
black&white, and color imaging.
For monochrome operation, we consider a
point source of spectrally pure light, in this case
green light at A =53Onm, that is collimated by a
lens. With the cfLV in the down state, the incident
light is diffracted into the +first-order according to
diffraction grating equation

Figure 3: GLV 25 µm x 25 µm pixel.
the optical axis. Therefore, all green light is
brought to focus at the on-axis focal point of the
imaging lens. We have assumed that all diffracted
light is in the ±first-order, however, in reality, a
small amount of light is diffracted into the second
and third orders. When the GLV is in the up state
there is no diffraction and the light is specularly
reflected at an angle -13.6° with respect to the
optical axis, which will come to a focus 1� mm
from the optical axis in the focal plane, accordmg to
equation (2). Now, the angular width of the
diffracted light is given by 2
(3)

(1)

where D is the width of pixel. If we require the
half-angular width of the diffracted light to be less
than 13.6°/2 then D�2.23mm. Therefore, if we use
one 1.125mm linepairs (D=2.25mm), then, using
equation (3) to calculate th� angular extent of t�e
first-order beam and equation (2) to calculate its
spatial extent in the focal plan� of the lens,_ '-':e find
that a slit width of 11.8mm will pass the diffracted
light but block the reflected light. Noti�e t�at �nly
a single linepair will function as an effective l�ght
valve. The contrast ratio, when measured as hght
through the slit when the microbridges are down to

where ei is the incident angle, 0ct is the diffraction
angle, A is the wavelength, and I? is the s1:acin_g
between the microbridges. The diffracted light is
collected by the imaging lens and brought to a focus
in the focal plane of the lens, since the diffracted
light from the grating remains collimated, before
continuing to the image plane where it interferes to
form an image 1 . The distance from optical axis in
the focal (Fourier) plane where the light comes to a
focus is given by the ray tracing equation

2

1

when they'3fe up, will be unrealistically large due to
our assumption of a spectrally-pure point source.
In fact, the finite width of the source translates to
angular error in the collimated incident light via
equation (2). This error must be taken into account
when calculating D, resulting in an increase in D, or
number of linepairs. The finite extent of the source
will have a considerable effect on the color
operation described below.
For the second case of black&white
operation, we consider a whitelight point source.
Two refinements are required in this case since the
diffraction angle will be slightly different for the red
and blue components and the GLV is perfectly
reflecting in the up state only for the center green
wavelength. The red components will be offset
slightly to one side while the blue components are
offset slightly to the other side of the green light in
the focal plane. The off set can be calculated by
differentiating equation (1) with respect to I, such
that
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Figure 4: Diffraction efficiency3 for several orders
of an aluminum reflection phase grating with 2.00
µm period, illuminated at normal incidence at 550
nm. Note the finite reflectivity of aluminum limits
the specular reflection with no groves to 92-94%.
[Gaither 1988; Veldkamp 1989]

Equation (4) can be used to calculate 60 and that
value plugged into equation (2) to calculate oX. For
the system described above, the off set for blue light
at 465 nm is 6Xb=l .4 mm while the offset for red
light at 625 nm is 6Xr=2.1 mm. The offset means
that the number of linepairs must be increased to
keep the spatial extent of the light in the focal plane
to less than 11.8mm. Recalculating the pixel width
by requiring the spatial extent of the red light to be
less than 2x( l 1.8/2-2. l )mm means that 0=4.lµm.
This means that a minimum of two linepairs is
required for black&white operation of a GL V
system. In fact, we only considered the center
wavelengths of the red and blue light but should
have considered the full bandwidth of the source
used, usually from 400-700nm.
The second
consideration for black and white operation is the
thickness of the microbridge and spacer. Our
assumption was that the diffracted light turns on and
off when the bridge move from down to up. In
reality, this condition only holds at a single
wavelength. In figure 4, we see that when the
microbridges are in the down position most of the
light is diffracted into the first order with some of
the light diffracted into the second and third orders.
When the microbridges are up, then most of the
light is in the specular mode and the first order is
nulled. However, when the diffraction into the
first-order is replotted in terms of wavelength about

380

480

580

680

780

Wavelength [nm]

Figure 5: Diffractivity of the first order as a
function of wavelength for a " up "pixel with a
550nm design wavelength.
the ')..,/2 groove depth, as in figure 5, we see that
some light is diffracted into the first order due to the
finite bandwidth of the light source. The effect of

3

point source, since deviations from collimation
allow unwanted color through the slit, reducing the
color purity. An upper bound on the spatial extent
of the source can be determined by assuming that
the deviation in the focal plane due to collimation
error in less than one-half the slit width. It turns out
that when the focal lengths of the collimation lens
and the imaging lens are equal the constraint
translates directly to the source, so the source is
limited to 1mm. The final consideration for color
operation is the contrast ratio. With a triad of pixels
the contrast ratio is degraded due to all three pixels
sharing the same thickness of microbridge. For
example, when the green pixel is off the red and
blue pixels still diffract light, according to figure 5.
The red-green-blue contrast ratios change from the
monochrome values of 20, 341, and 22 to triad
values of 36, 59, and 6. The red improves slightly
due to the narrower slit used in the color GLV
system.

this leakage is to limit the achievable contrast ratio to
82:1 for a whitelight source.
The third case to consider is when the GLV
system is configured for color operation. In the
previous examples it was shown that the angles at
which the various colors are diffracted are
determined solely by the grating period as indicated
in equation (1). The movement of the microbridges
only changes the amount of light diffracted but not
the direction of diffraction. For the pixel described
above with a period of 2.25µm, the green light is
diffracted normal to the GLV plane. We can now
make similar pixels for the red and blue
wavelengths by requiring 0 d=0 for 0i=l3.6. Using
equation (1), we calculate Pr =2 .6 6 µ m and
Pb=l .97µm. For the display shown in figure 1, we
now replace each green pixel with a red-green-blue
triad, as shown in figure 6. Color is then realized
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Figure 7: Color display approach: changing the
grating period for a constant incident angle adjusts
which color is diffracted normal to the surface.

Green

Beam Mechanics:

Figure 6: Red, blue and green pixels.

The most striking feature of the mechanical
operation of the GLV is the hysteresis of the
deflection of the microbridges as a function of
applied voltage. The reason for the hysteresis is
that the electrostatic attraction between the top and
bottom electrodes is a nonlinear function of the
deflection while the restoring force caused by the
stiffness and tension is linear, as illustrated in figure
8. The hysteresis curve for a single pixel is shown
in figure 9. To generate this curve, the light
diffracted into the +first-order was measured as a
function of applied voltage. The switching voltage
is approximately 20V and is largely determined by
the stress in the nitride microbridge as well as its
length. In our earlier discussion, we calculated the
number of linepairs which determined the width of
the pixel , however, we did not discuss the reason

by reducing the slit width to only allow a limited
bandwidth about each of the primary colors, as
illustrated in figure 7. The slit width can be
calculated by assuming a bandwidth, 80nm for
example, and using the above equations. The slit
width for color operation of the above system is
only 2mm. The number of linepairs also has to be
recalculated to limit the angular extent of each color,
as shown in figure 7. Or, to put it another way, so
that all of the light from the center wavelength
passes through the slit. From the above equations,
D=530nmx50mm/2mm=l3µm, or about 6 linepairs.
This is the minimum number required. Using more
linepairs translates to purer colors, which is why
our designs tend to use 10-12 linepairs. There is
also a tighter constraint on the spatial extent of the
4

->

for the length of the microbridge. It is determined
by the desired usable surface area on the
microbridge for diffraction when in the deflected
state and the stiffness required for providing the
restoring force. In fact, a longer structure requires
more film stress to keep the restoring force for
equal. Figure 10 illustrates the trend in switching
voltages for two different length pi�els. . Low
switching voltages (5V range) are possible with 25
µm long microbridges, but at the expense of the
restoring force used to overcome stiction.
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Figure 10: Switching voltage versus microbridge
tension for two different lengths.
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The other mechanical property of importance
is the resonant frequency of the microbridge. When
under tensile stress4 ,
fstress
res

Figure 8: The basic model for the GLV be�m
mechanics. The spring represents the restoring
force caused by the beam stiffness and tension. The
capacitor represents the electrostatic attraction
between the electrodes.
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where Eis Young's modulus. The ratio of these
two resonant frequencies is
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where p is the density of the silicon nitride, s is the
stress, and L is the length. This can be compared to
the resonant frequency under low or no stress,
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For example with a stress of cr = 200 MPa, the
resonant frequency increases by a factor of 3 over
the nonstressed case to a value of 5.1 MHz. This
fast response is important to the operation of the
GL V since grayscale modulation can be
implemented by pulsewidth modulation. However,
from the preceding discussion, we note that there is
a tradeoff between switching voltage and stress: the
devices with the highest stress will be the fastest but
will also suffer from large switching voltages. Our

i

........... ;,, .............

20 24

Voltage (V)
Figure 9: Hysteresis curve for pixel w�th 25 µm
long microbridges under 800 MPa of tension.
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the nonplanar bottom electrode traces. This oxide
was doped with 8% phosphorous to reduce the
reflow temperature. The oxide was steam reflowed
at 1000 °C for 20 minutes. 1325 A of LPCVD
nitride was deposited next, then patterned and dry
etched. The wafer was then cleaned to remove all
traces of photoresist and then released. The oxide
spacer was removed from under the beams. In
addition, oxide was removed from under the edges
of the frames and the bottom electrode traces. The
overhanging polysilicon and nitride provide the
isolation. These devices switched at 11V and did
not exhibit stiction problems.

fastest measured switching time to date has been
20ns switching times for pixels with 20 µm long
microbridges under 800 MPa of tension.
Fabrication:
The first step in fabrication of the device
illustrated in figure 1 was to deposit on an I-Pp.me
wafer 1325 A of silicon dioxide and 1325 A of
silicon nitride . The nitride was patterned to form
the frame and beams of the device. Then an
isotropic, selective etch was used to undercut the
oxide from beneath the beams. In order to free the
beams, at least 0.75 µm of undercut was needed.
This was not enough, however, to completely
remove the oxide from beneath the frame. In this
way the frame remained supported by the oxide,
and the beams were supported by the frame.
Lastly, 400 A of aluminum was evaporated onto the
top of the structure to form the top electrode and
reflector. These devices suffer from the effects of
stiction when released and operated, unless short
(15µm) microbridges and high tension nitride were
used, requiring drive voltages as high as 40V.

Conclusio n:
We have given a general overview of the
design of the GLV system with an emphasis on the
critical optical constraints, namely, the number of
linepairs required per pixel for optimum contrast
ratio, the slit width and the source width. The
salient feature of the GLV system is its inherent
ability to be configured for color operation, at the
expense of contrast ratio and loss of two -thirds of
the optical power. Also, the basic microbridge
mechanics were discussed to illustrate hysteresis
and high-speed operation. Finally, two
dimensional array fabrication was described.
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512x512 INFRARED SCENE PROJECTOR ARRAY FOR LOW-BACKGROUND SIMULATIONS
B.E. Cole, C.-J. Han, R.E. Higashi, J. Ridley, J. Holmen, J. Anderson, D. Nielsen, H. Marsh, K. Newstrom, C. Zins, P. Wilson, K. Beaudoin
Honeywell Technology Center
10701 Lyndale Ave S., Bloomington, Minnesota 55420
A 2-mil pixel with 30-µm legs will have a time constant in the range
of I ms. The radiance, depending somewhat on wavelength, reaches
90% of the final level within a few thermal time constants. The
frame rate of the scenes being projected should be compatible with
this pixel thermal time constant.

Abstract
Resistor arrays are one popular approach to obtaining an IR scene
projector capable of wide dynamic range. This paper describes the
application of the Honeywell microstructure technology to the
fabrication of infrared scene projector arrays with resistively heated
emitters. The excellent thermal isolation achieved with Honeywell's
microbridge structure has reduced the power requirement by two
orders of magnitude compared with competing polysilicon or metal
film microbridge resistor devices. Average thermal conductance of
the Honeywell microbridge has been measured at l xI0-6 W/°C.
Cooling requirements are greatly simplified because of the low
power requirement. Display nonuniformity caused by voltage drops
across the buslines also is significantly reduced. The two-level
microbridge structure integrates the emitters with the addressing
electronics and allows a very large (82%) fill factor in a 3.5-mil
pitch design. The microbridge structures are monolithically
integrated on top of cryogenic CMOS electronics. TiNx is used as
the resistor element because of its resistivity and its low thermal
coefficient of resistance. This thin-film resistor is sandwiched
between two silicon nitride layers to provide the mechanical
strength for supporting the large-area microbridge structure and for
passivation of the resistor film during fabrication. The array
operates at 20 K for low-radiance background simulations. Each
element can be heated to 600 K to simulate targets.

Array Pixel Cell Electronics
An important aspect of the array design is the substrate electronics.
The substrate electronics at the pixel perform two main functions.
The electronics select the proper pixel using the address lines and
then ensure that the analog temperature value written to the pixel
maintains the desired emitter temperature between address frames.
The latter function ensures that the pixels are flicker free. To
achieve this, row and column address voltages select a pass transis
tor that transmits the analog temperature signal to the gate of a
power FET, which controls the current flowing to the pixel resistor.
The size of the FET determines the amount of current through the
pixel and, in combination with the pixel thermal conductance,
defines the maximum pixel temperature difference between the
substrate and the emitter. The emitter resistor is in contact with the
substrate with two vias, one that contacts the Vdd line, and the other
that contacts the drive FET. Because of the high pixel heating
efficiency, a 10-µm by 5-µm FET gate dimension is sufficient to
achieve temperature rises of many hundreds of degrees. All the cell
electronics are easily contained within the pixel cell, which has been
as small as 2 mils. The address voltage is strobed to the gate of the
power FET through an address line contact, which selects the proper
row.

Array Description
Pixel Properties

The electronics under each pixel include a sample-and-hold and a
drive transistor. Digital decoders and analog buffer drivers are
attached to the edges of the array to reduce input lines. The array is
organized into groups of eight columns each. Eight analog lines
enter the array and are multiplexed through the array. Nine digital
lines control the row address and six digital lines control the column
address. The entire array may be addressed at 30 frames per second.
This gives each pixel I µs to read in the analog signal and store the
value in the sample-and-hold circuit. The array die size is 1.9 in. x
1.9 in. and fits on a 4-in. wafer. A 512x512 array has been success
fully fabricated. Despite the large array size, the current uniformity
is within ±2.5%, and fewer than 0.7% of the pixels are dead.

The major challenge in IR projector array technology is to produce a
high-emittance structure that still requires low power. Fig. 1 is a
schematic representation of the Honeywell structure used to achieve
these goals. The key factors that contribute to high emittance are
high fill factor, high emittance, and high-temperature operation.
High fill factor is achieved with a two level structure that maximizes
the radiating area by placing the pixel drive and addressing elec
tronics directly under the emitting structure. High radiance is
achieved by fabricating the pixel with thin absorbing films that have
enhanced emittance when a reflector is placed at the substrate level.
TiNx
Emitter

Silicon Nitride Film

The gate voltage on the drive FET determines the pixel current and
temperature. This analog signal voltage containing the temperature
information is maintained on the gate of the drive FET with a pixel
hold capacitor. We have found that at cryogenic temperatures, the
hold capacitor stores the charge sufficiently long to produce less
than a 1% temperature droop over a period of many minutes. One
source of unwanted pixel temperature change arises when current
induced voltage changes at the bottom plate of the hold capacitor
change the gate voltage from the value originally written to the
pixel. This is most significant when the array is carrying large
currents, which occurs when large regions of the array are running at
high temperatures. To minimize this effect, we have maximized the
conductance of the return lines by having the Vss return line in both
first metal and second metal. Vias connect the two layers. This
design modification distributes the current return paths in a two
dimensional sheet. This has been significant in reducing scene
dependent temperature variations and maintaining array temperature
uniformity.

Transistor
Circuitry

Fig. I: Schematic of array and substrate pixel cell electronics
showing the two-level approach to achieving high-radiance pixels.
The key to low power in the Honeywell design is the use of low
thermal-conductance materials, most notably Si3N4, that are
patterned into well-defined shapes, which leads to well-defined
thermal conductance paths to the substrate. The low thermal
conductance would normally lead to long time constants if not for
the fact that the pixel thin films contribute negligible thermal mass.
As a typical example, the pixel thermal mass, C, is on the order of
JQ-9 J/K for a 2-mil pixel. The thermal conductance, G, depending
on temperature is typically in the range of 3xIQ-5 W-µm/K. Thus a
pair of 30-µm-long legs will have a thermal conductance of about
I0 -6 WIK. The thermal time constant is given by

Performance Modeling
Performance of the array has been modeled using a spreadsheet
calculation that takes account of the temperature-dependent
properties of the array, specific heat, thermal conductance,
resistance, and FET current. This model calculates both steady-state
conditions and dynamic array performance. For most array designs,

't=C/G
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determines the steady-state temperature. Fig. 4 shows the current
and temperature achieved with a 40 K resistor in series with the FET
operating at 77 K.

the major goal is to achieve the desired maximum radiance, which is
a function of pixel temperature, detector wavelength band, and pixel
fill factor at the desired response speed. Array temporal
requirements range from below video to I-kHz frame rates.
Radiance ranges range from low background radiance levels near
cryogenic temperatures to very high radiance temperatures in the
range of 1000 deg. Another common variable in the design is the
temperature distribution of the pixels in the array at any one
condition . All of these factors, not to mention the optical system in
which the array is located, significantly affect the pixel design. The
main goal in the design of the array is to achieve the desired
specification with the minimal power dissipation.
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Fig. 5: Calculated pixel radiance.
The temporal performance of the pixel is also very important. In
general, the array should operate significantly faster than the camera
or seeker under test. Fig. 6 shows a plot of dynamic temperature and
5- and 10-µm IR radiance changes as a function of the final steady
state level for a pixel going from 77 K to 1000 K. Note that the
temperature leads the radiation in heating but lags in cooling. This
pixel design with a thermal time constant of 8.5 ms reaches within
90% of the final radiance level in 15 ms on heating and less than IO
ms on cooling. With this particular design, frame rates as high as
30-60 Hz can be achieved. Higher frame rates of similar brightness
require faster pixels, achieved by increasing conductance and using
larger FETs to compensate for the increased pixel heat loss.
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The main reason for cryogenic array operation is to achieve low
backgrounds and high dynamic range. Fig. 5 shows the IR radiance
of the pixel in two bands, MWIR and LWIR. The maximum
radiance as a function of FET gate voltage is respectively 1000 and
IO times greater than blackbody room temperature radiance. The
dynamic performance is much greater at the short wavelengths, but
the maximum intensity of the two band is comparable at the
maximum signal voltage. By operating at cryogenic temperatures,
dynamic ranges of up to 12 orders of magnitude in the MWIR bands
can be achieved for testing very sensitive detectors.

5x5 FET Characteristics w 40-kO Resistor

• :

6.00E--05

Vg-Vt (volts)

Fig. 3 shows the locus of operating points for this pixel/FET
combination. A straight line would be caused by a resistor with zero
TCR. The TiNx resistors used in our array have resistance change of
about a factor of two between cryogenic temperatures of 77 K and
1000 K peak temperature. Approximate temperature-dependent
resistances have been obtained by measuring films at cryogenic
temperatures and measuring heated pixels at higher temperatures.
FET 1/V measurements have been made at 77 K, 40 K, and 20 K. In
general, the FET gate voltage threshold changes from 1.0 to 1.5 V
and the electrical conductance doubles at cryogenic temperatures.
The optimum operating point providing reduced power without
temperature saturation is achieved by having the locus of points
reach the linear/saturation transition region of the FET.
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Fig. 4: Calculated pixel current and temperature.

Fig. 2: Approximate pixel thermal properties for large temperature
gradients as used in modeling performance.
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The following plots are typical performance goals for a given
arbitrary array consisting of 50% fill factor pixels with a 40-kQ
resistor designed to achieve 1000 K temperatures. This is achieved
with a FET of 5-µm x 5-µm gate dimensions operating at 77 K with
a 160-µA maximum current through a pixel with two legs of
approximately 25-µm length with a conductance of 4e-7 WIK. Fig. 2
shows the modeled thermal properties obtained by extrapolating
amorphous SiO2 data to thin-film SiN thermal properties. The
thermal properties vary significantly when operating at cryogenic
temperatures. The thermal conductance is the average of the hot and
cold thermal conductance, which is approximately half of the high
temperature conductance since the end pinned at the substrate
temperature has a much lower value.
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Fig. 3: Calculated pixel/FET operating characteristics.
The gate voltage addressed to the power FET controls the current to
the pixel and, in combination with the pixel thermal conductance,
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An optimal design minimizes current and power dissipation. Fig. 7
shows the power for a worst-case condition where all 512x512
pixels are heated to a specified temperature. The power is dissipated
in the resistor as well as in the FET. Reducing the FET power
dissipation can be minimized by FET design but always entails
some dissipation to ensure that the maximum temperature can be
reached. To heat 250,000 pixels to 1000 K requires 200 W.
Although this is a fair amount of power, most scenes involving all
pixels at maximum temperature require only short millisecond
durations and thus only a few joules of energy. Heat sinking with
liquid nitrogen cryogen provides at worst a substrate temperature
rise of a few degrees.
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Control of radiance by the pixel drive FET has been measured at
room temperature and at 77 K. Several competing factors produce
very similar performance between cryogenic and room
temperatures. At cryogenic temperatures, the thermal conductance is
about half that of room temperature. The thermal mass is also lower
so that the time constant remains approximately temperature
independent for small temperature excursions. However, the lower
thermal conductance makes the maximum power dissipation, and
hence the maximum temperature difference in the emitter, twice as
great at cryogenic temperatures. In general, the FET electrical
conductance for a given gate voltage over threshold is
approximately two times greater at cryogenic temperatures, but the
gate threshold increase from 1.0 to 1.5 V reduces the gate voltage
range. All these factors must be considered in the design of the
substrate electronics to achieve the desired temperature range. In
general, contrary to intuition, cryogenic operation produces
somewhat hotter pixels than room temperature operation. Fig. 8
shows the measured effective IR blackbody temperature achieved
with a pixel from a 128x128 array operated at 77 K and designed for
a maximum radiance equivalent to a 400 K temperature. Fig. 9
shows the IR temperature of a higher conductance pixel operated at
room temperature.
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Arrays can be fabricated with a wide range of pixel sizes and pitches
to meet the requirements of a specific optical system. To date, we
have fabricated two types of arrays for cryogenic operation. A
512x512 array containing pixels on a 3.5-mil pitch has been
fabricated to project distant target patterns for a large collimating
system at up to video frame rates. A 128xl 28 array of pixels on a 2mil pitch has been fabricated to achieve performance over the 8- to
12-µm band in a smaller cryogenic system in which scene projection
at high frame speed is important. This 128xl 28 array is the first step
in the development of a 512x512 array and has been used to
demonstrate the capability of the technology for frame rates above
200 Hz. Fig. 10 shows two different 2-mil pixel designs: a 65% fill
factor design capable of 30-Hz frame rates and a 15% fill factor
design capable of 200 Hz frame rates, each with the same
conductance. The 65% fill factor design has a leg length of 8 µm,
while the 15% design has a leg length of 30 µm. The pixels are
arranged in a pseudohexagonal geometry for improved spatial
resolution and have one shared electrical contact to the substrate
Vdd line. The substrate is located approximately 1-2 µm below the
microbridge and contains the metal lines. The pixels are flat to
within a few tenths of a micron. This is important for maintenance
of pixel optical properties and ensures that the pixels are not in
thermal contact with the substrate. Pixel flatness is maintained by
paying great attention to thin-film stress during the fabrication
process.

Cryogenic Design Considerations
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Fig. 9: Somewhat similar array operated at room temperature and
measured with two calibrated cameras in the MWIR and LWIR
bands. The pixels in this array are the same fill factor as those of
Fig. 2 but have a 30-µm leg length, which gives them comparable
thermal conductance when operated at room temperature. The FET
conductance per unit voltage is lower at room temperature, but the
increased range combined with the higher room temperature starting
point produces fairly comparable radiance levels.
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Fig. I 0. Photomicrographs of 65% fill factor and 15% fill factor
2-mil pixels.

Gate Voltage

Fig. 8: Effective pixel blackbody temperature measured using an 8to 12-µm IR camera as a function of the analog signal voltage in a
section of the 128xl 28 array. The array pixel is operated at 77 K
and starts to draw current at 1.5 V, but because of warm temperature
optics, radiation intensity is not above background levels until the
pixel temperature reaches about 300 K. The pixels in this array have
a leg length of 60 µm.

Emitter Fabrication Process

The majority of the emitter structure consists of Si3N4 film. Films of
Si3N4 also forms the bulk of the leg material that makes the thermal
contact between the substrate and the emitter. A serpentine resistor
material is embedded in the Si3N4 film. For cryogenic operation we
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require a resistor material which has a low TCR, is resistant to the
sacrificial etch material, and has a sheet resistance on the order of a
few hundred ohms/square. Sputtered TiNx films meet this criteria.
The film compositions can be varied over narrow limits by changing
the nitrogen content during deposition and the post deposition
annealing.

two rows. Since this array will be used in an application in which
individual pixels cannot be resolved, this low level of pixel outage
should be more than sufficient to produce the desired imagery.

The basic fabrication process, depicted in Fig. 11, consists of
depositing and patterning a sacrificial layer on a substrate containing
the electronics. The silicon nitride films and resistor films are
deposited and patterned over the sacrificial layer. The TiNx resistor
makes contact with the substrate metals. The final process step is to
remove the sacrificial layer with an etchant and form a free-standing
bridge.
Transistor

1. Fabricate reacbut electronics In
allleon waler (transl1tora and
Interconnecting metallizations).
2. Oepoelt sacrUk:lal layer lalandl.

7_____. )

---- 50
2.5µm

f
L

Silicon Waler

(

EE

3. OeposlVpaltem 1lllcon
nitride/titanium nitride/
elllcoo nitride.

Fig. 12: Current map of 512x512 array uniformity.
Electrical Measurements: Pixel Resistance Uniformity

�- Immerse waler in Nlectlve etch,
leaving free-standing bridges.

Fig. 11: Summary of microemitter array fabrication process.
Die Processing Status
We have fabricated arrays of 128x128 pixels on a 2-mil pitch and
arrays with 512x512 elements on a 3.5-mil pitch. We have recently
processed two wafer runs. The I28x128 run of four wafers contains
approximately 60 die on each 4-in. wafer. The 512x512 run of six
wafers has only one 2-in. x 2-in. die on each 4-in. wafer. After
fabrication, the die are probed at the wafer level before being diced
up, mounted in packages, and exercised in a cryogenic dewar. The
probing at wafer level is accomplished by addressing each pixel one
at a time and measuring the current drawn by the array as that pixel
is turned on and then off. A map and current histogram are obtained
for each die. Because the measurement is taken with the FET in the
saturation region, the map is principally a measure of dead pixels
and FET current uniformity.
A major issue relative to the performance of the array is dead-pixel
count. One of the main causes of dead pixels are shorts between the
x and y substrate metallization lines that provide the current to the
pixels. These shorts can effectively make every column pixel
defective. A second cause of dead pixels is the inability of the
current to reach the emitter resistor. The primary causes of this
defect are an open resistor being attacked during etch or poor
electrical contact between the resistor and the substrate.

Another measure of pixel uniformity is the pixel resistance
variation. Placed on the wafers containing 128x l28 die with
substrate electronics are 8x8 arrays of individual pixels without
FETs that are wired out for resistance mapping. The pixels cover the
real estate that would normally be occupied by the central 64x64
portion of a 128x128 array. Fig. 13 shows that the pixels have a
uniformity in resistance on the order of I%. This resistance
uniformity combined with the FET uniformity of ~3% provides an
high degree of pixel-to-pixel uniformity throughout the array.
Avg. Resistance= 34.2 kO
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Fig. 13. Resistance histogram of 8x8 pixel array showing high
degree of TiNx resistance uniformity.
Time Constant Measurements

Electrical Measurements: Array FET Uniformity and Pixel
Outage Measurements
The best two wafers from the 128x128 run, which was made with an
improved Si3N4 procedure to reduce etch attack, had only about
five die out of 100 with row and column outages. A good measure
of array quality is the count of those pixels that have a current
outside the average current by more than 20%. The best die had only
two pixels outside this range, and 55% of the die ( ~30/54 ) from the
best wafer had less than I% (163/16384) of the pixels outside this
range. Four of the die had only one dead pixel. The standard
deviation in pixel current for most of the die is in the range of 3% to
5%.
The best 5 l 2x5 l 2 wafer had a similar high degree uniformity in
pixel current. Figs. 12 and 13 are a current map and a histogram for
the best 512x512 array. The average current flow is 147 µA with a
3% standard deviation. Of the 262,144 pixels, 1919, or only 0.7%,
are outside the 3-cr range and 895 of those, or 0.3% of the total, are
dead. The remaining dead pixels are contained in one column and
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In the design of the pixels, a tradeoff occurs between speed and
brightness. For slow-response pixels, high fill factors are typically
preferred. Larger fill factor pixels have greater brightness for a
given temperature but because of the larger pixel mass require
higher conductance to achieve the desired response speed. For
pixels capable of high speed, smaller pixels with less than optimal
fill factors may be desired. The pixels require higher temperatures to
achieve the desired radiance goal but require less power and lower
currents despite the higher temperature. Fig. 14 shows the calculated
temperature (400 K) required to achieve a specific blackbody
radiance for LWIR and MWIR bands. Because of the highly
nonlinear radiance in the MWIR band, a much lower temperature is
required to overcome the loss of fill factor than for the LWIR band.
The excellent low-power operation is achieved primarily because of
the low pixel thermal mass. A good general figure of merit for pixel
power requirements is the power required to achieve a specific
radiance. The power scales linearly with temperature difference
between the pixel and the substrate, and inversely with pixel thermal

changes in a millisecond time period could be seen. The data was fit
to a standard rolloff function of the form:

time constant detennined by the leg length. It can be expressed in
terms of µW*ms per unit pixel area, as shown in Fig. 15. Smaller
pixels with lower fill factor require less power but require a higher
temperature. The 2-mil pixel arrays, in particular, take advantage of
these tradeoffs to achieve the desired performance goals of high
speed and low power.
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The conductance of the 30-µm legs for the 15% and 50% pixels is
comparable, but the resistor on the pixel had a different number of
squares, which gives rise to a different temperature maximum. From
the fit to the data, it can be seen that the 15% fill factor pixel has a
significantly faster response time, 2.5 ms, than the 50% fill factor
pixel response time of 6 ms. The 3.5-mil pixel has a leg length of
only 8 µm and a higher conductance, but the increased thermal mass
more than offsets the increased conductance to yield a longer
thermal time constant on the order of 15 ms.
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One benefit of this thermal structure design is that the radiating
region of the pixel is maintained at a uniform temperature largely
independent of pixel fill factor. Fig. 17 show a finite-difference
calculation of the temperature gradient across the emitting region for
a 30% fill factor pixel. The analysis shows that over 90% of the
pixel area remains at a temperature within 2% of the maximum. By
concentrating the temperature drop to the small leg region, we are
able to maximize the pixel area temperature uniformity and hence
achieve a high radiance for a specific maximum temperature.

A comparison of the two array types we have fabricated is
instructive for understanding the range of properties:
128x128 - 2 mil

0.25 in.x.25in.

512x512-3.5 mil

90%

2-5 ms

30ms

5 mmx5 mm

5mmx10mm

Leg length

Operating temperature

40 K

30% fill factor pixel with 20-µrn legs

1.75 in x
. 1.75 in.

15%and 50%

30mm

FET gate size
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Optical Performance and Measurements

Fig. 15. Power required to achieve desired radiance as a function of
pixel fill factor for a given thermal time constant.

Thermal time constant

@ 3.5 mil

Fig. 16: Time constant measurement obtained by measuring the
temperature rise as a function of pulse duration. The measurements
were obtained with a 3-5-µm camera for three different pixel
designs, two 2-mil pixels with the same leg length but different fill
factors, and a 3.5-mil pixel of greater area but with a shorter leg
length and thus greater conductivity.
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Fig. 14: Calculation of pixel temperature required to achieve 400 K
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Measurements of pixel thermal time constants shown in Fig. 16
have been taken on 15% and 50% fill factor pixels with the same
30-µm leg length and a 3.5-mil pixel with a 8-µm leg length. These
measurements were taken by applying a heating pulse of varying
duration to a 128xl28 array of pixels wired together. The radiation
measured as blackbody temperature was viewed with a 3-5-µm
radiometric camera through a KC! window in a room-temperature
vacuum chamber. The arrays are maintained in a vacuum below 25
mtorr for optimal operation since in air the pixel thermal
conductance would be dominated by air conduction. The vacuum
requirements are totally compatible with cryogenic operation.
Room-temperature operation can also be achieved by mounting the
arrays in standard vacuum packages containing IR windows.

11111 94-96 %
92-94%
77K

Thermal Conductance Legs

Fig. 17: Calculated temperature uniformity of 30% fill factor emitter
region on 2-mil pitch pixel.
The optical performance is optimized by using thin metal films of
approximately 300 Q/square sheet resistance. In addition to
providing the proper pixel resistance of about 30 kQ with a l 00square serpentine to minimize pixel current, this sheet resistance

A pulse repetition frequency of 32 Hz was selected so that the
camera was nearly in phase with the temperature change so that
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in this frame, the thermal time constant of the array ensures that
there is no carryover of information from scene to scene. Imagery
using the 512x512 array and new 128x128 arrays is planned for the
near future.

also contributes to the optical properties to achieve high emittance.
In addition, by using a reflecting film at the substrate level and
maintaining a vacuum spacing between the reflector and the emitter
on the order of 1.5 µm, we produce a resonant emitter. For optimal
performance in a narrow IR band, the gap dimension obtained by
choice of sacrificial layer thickness can be selected to optimize that
resonance at a specific wavelength. For wider band performance, the
emittance can be detuned by placing a thin metal film of comparable
absorptance on the underside of the emitter. The resistor sheet
resistance combined with the optical properties of SbN4, a reflector
at the substrate levels contribute to the overall high emittance of the
structure. Calculations of the optical properties shown in Fig. 18 are
confirmed by measurements at 3-5 µm and 8-12 µm with IR
cameras that indicate that the effective radiance in these bands
corresponds to a high emittance level. IR spectral radiance
measurements taken on an array with wideband design is shown in
Fig. 19. As shown, the measured spectra closely approximates a
blackbody spectra.
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Fig. 20: IR Frame of Desert Storm tape projected by scene projector
and viewed in 3-5-µm IR band with InSb camera.
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Arrays up to 512x512 dimension have been fabricated. These arrays
have millisecond time constants and address speeds, making them
capable of projecting high-frame-rate scenes for IR simulations. In
addition, the cryogenic operating temperatures combined with the
high pixel emitter temperatures make these arrays capable of
projecting scenes of very high dynamic range.

26

Wavelength (µm)

Fig. 18: Comparison of calculated IR emittance for two different
emitter designs.
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ABSTRACT

DESIGN CONSIDERATIONS

This paper describes a high-density high-compliance tactile
imager suitable for reading embossed characters on credit cards.
The sensor has 16 flexible silicon shanks arranged in a single row.
Each shank is 6mm long, lO0µm wide and lOµm thick.
Piezoresistive strain gauges incorporated on the shanks give a high
sensitivity analog readout as the tips of the shanks deflect over
characters on the scanned card surface. Fabrication is accomplished
using a five-mask single-sided bulk-micromachined dissolved-wafer
process. The devices have a sensitivity of lOmV/mm at 5V and a
minimum resolution of l µm. The fabrication process is compatible
with the realization of shanks on 50µm centers and allows a high
degree of design flexibility in setting device performance for a
variety of surface profilometry applications.

The design of the new device was governed by the
specifications on the dimensions and position of the account number
on credit cards set by the American National Services Institute for
financial services [9]. The number field on the credit card is about
5mm x 68mm in size with the height of the embossed characters
being typically 500µm above the front surface of the card. The
width of the lines that form the numbers is 0.51mm, and this
decides the maximum allowable pitch between consecutive shanks to
achieve sufficient resolution. Although theoretically either side of
the card could be used for the scans, labels sometimes obscure
portions of the back side, making the front side a more appropriate
target surface.
A top view and cross-section of the tactile imager structure is
shown in Fig. 1. For the present 16-shank prototype arrays, each
shank is 6mm long, lO0µm wide, and lOµm thick. The shanks
have a center-to-center spacing of 400µm, resulting in a scan line
6.4mm wide. This gives sufficient resolution as well as some
tolerance for any misalignment during a scan. In the future, a 64shank imager will be implemented to increase the present resolution
by another factor of four. Two polysilicon resistors are provided
per shank, arranged in a half-bridge configuration so that ambient
temperature sensitivity due to the TCR of the resistors is
suppressed. One resistor is located at the base of the shank, where
maximum stress is developed. It acts as piezoresistive strain gauge
and gives a high-sensitivity analog readout. The other resistor is
located on the rear of the substrate and is used as the reference. The
shank tips deflect as they go over the embossed characters, and the
corresponding change in strain results in an electrical output signal.

INTRODUCTION
Magnetic strips are currently employed worldwide to carry
information on credit cards for use in financial transactions.
However, it is not uncommon for the strips to fail, and a backup
system is badly needed. It is widely believed that a tactile imaging
system can provide a low cost alternative to allow the card number
and perhaps other information to be read automatically when the
magnetic strip is no longer functional. As more and more financial
dealings are implemented using credit cards and other card-access
systems, the need for such imagers is becoming increasingly
evident. However, the devices must be low-cost and capable of
working reliably over hundreds of thousands to millions of scan
operations in environmental conditions that can include large
temperature variations and high humidity.

The strength of each shank can be analyzed by considering it
to be a cantilever beam [10]. The fracture stress is a weak function
of the shank thickness and is over an order of magnitude higher than
the maximum levels expected in use. This is important since the
brush must be able to reverse direction against the scanned
characters without damage. Shanks can be elastically bent through
angles of more than 90° (corresponding to radii of <400µm) without
damage.

Over the past decade, there have been a variety of
semiconductor-based approaches to the realization of high-resolution
tactile imagers [1-4]. Among the more promising recent devices are
those based on x-y organized capacitive arrays, either bulk- or
surface-micromachined [5,6]. For the work reported here, a bulk
micromachined capacitive-cell approach [5] was first explored. This
device used a 500µm pixel spacing with a split-boss arrangement
capable of producing an effective spatial resolution of 250µm. The
doubly-supported capacitive bridge cell exhibited low noise, high
sensitivity, and high resolution. However, profilometer scans of
typical cards show height irregularities in the embossed characters of
50µm or more. This is a serious problem with most previously
reported solid-state imaging arrays since their total vertical
compliance is typically limited to a few microns. Vertical
compliance can be increased using a deformable pad overlay, but
with degraded spatial resolution. As a result, we altered our
approach to a high-density multishank linear piezoresistive array
based on a modification of the neural probes we have been
developing for a number of years [7,8]. This "microbrush" array is
scanned across the card surface to read the characters. This
approach overcomes the vertical compliance problems of planar
arrays and has been designed to read the entire credit-card account
number in a single scan.

0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.3

FABRICATION
Fabrication begins with standard p-type <100> silicon
wafers that are first oxidized and patterned to define the intended
tactile sensor areas. The patterned areas are subjected to a deep
boron diffusion that forms the base of the sensor, acting as an etch
stop for the final EDP etch. An optional shallow boron diffusion
can also be used to define a thinner area of the probe shank to
concentrate bending under the strain gauge and optimize its
sensitivity. Next, LPCVD dielectric layers consisting of an oxide
nitride-oxide combination are deposited. Then polysilicon is
deposited and patterned to form the strain gauges. Upper dielectric
layers which are similar to the lower dielectrics are deposited and
contact openings are patterned and etched.
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Hence, the imager structure should offer ample environmental
immunity for credit card applications. Figure 2 shows two views of
a completed 16-shank device, while Fig. 3 shows a SEM view of
the tip of a shank. Figure 4 shows the strain-gauge area at the base
of a shank.

vss

Reference Resistor

Rear Probe Area

Deep Boron Otffuslon

Fig. 2: Top views of a 16-shank tactile line imager showing the
overall device (above) and a detail of the strain gauges at the rear of
the substrate. The shanks are on 400µm centers.

Fig. 1: Top view and cross-section of a bulk-micromachined tactile
imager. Independent shanks, each containing an integrated strain
gauge, brush over the substrate, creating an electrical image of the
surface topography.
A 500A-Cr/3000A-Au metallization layer is sputtered onto
the wafers, and a lift-off process is used to define the metal
interconnects and bonding sites. The dielectrics are now etched
from the field areas. Finally, the wafers are thinned from the back
side to a thickness of about 150µm in an isotropic etch (10% HF,
90% nitric acid) and are then subjected to an unmasked etch in
ethylene diamine pyrocatechol (EDP), which dissolves the lightly
doped silicon substrate but does not significantly attack silicon
doped with boron in concentrations higher than about 7 x 10 19 cm-3
or any of the other exposed materials. The overall fabrication
process is single-sided on wafers of standard thickness and requires
only five masks. The process is also compatible with a standard
CMOS process [8], making it straightforward to incorporate on-chip
circuitry in the future. Such circuitry will be important in providing
the first-level amplification and multiplexing necessary to ensure
high signal-to-noise ratios and environmental immunity on arrays
involving higher numbers of channels. It is also important to note
that the neural probes, which have a structure similar to these
imagers, are known to be compatible with long-term use in saline.

Fig. 3: SEM view of the tip of a microbrush shank.

14

initial deflection on the tines so that they always touch the card
surface even when not over a character. The output from each
channel is amplified using a difference amplifier and fed to a
computer through a data acquisition board. A reading taken with
only the initial deflection determines the offset correction values. A·
sample scan is shown in Fig. 6 with the output being displayed as a
3-D surface plot using Microsoft Excel. No other image processing
was performed. Figure 6(a) shows the credit-card numbers and the
tracks along which the microbrush shanks contacted the card
surface. Figure 6(b) shows the resulting analog outputs with the
image of the numbers clearly recognizable. The scan speed was
15 mm/sec and the scan interval was 6.67msec, giving a l00µm
lateral resolution. The sampling frequency between successive
channels was l00kHz, resulting in a skew of less than 2.4µm per
scan interval. Using an optical encoder to keep track of lateral
distance during a scan makes it possible to have scan speeds of
50 mm/sec or more so that the entire account number can be read in
less than two seconds.

Fig. 4: SEM view of the strain gauge at the rear of a microbrush
shank. The shank width is lO0µm.
(a)

DEVICE PERFORMANCE
Tests conducted on typical devices have shown that the
strain gauges have a sensitivity of lO mV/mm when operating from a
5 V supply. This corresponds to a gauge factor of 19 (Fig. 5 ),
which matches previously published data [10] as well as theoretical
calculations. Because the height of the embossed characters is about
500µm, an output signal of at least 5 mV is obtained, resulting in an
excellent signal-to-noise ratio. Assuming an electrical noise level of
lOµV, the minimum resolution is lµm.
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Fig. 6: Sample scan of the embossed characters "3950" on a credit
card (above) and the corresponding output plot represented as 3-D
surface (below).
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A high-density high-compliance tactile imager for reading
embossed characters has been reported. The present 16-shank line
imager has shanks that are 6mm long, lO0µm wide and l0µm thick
with a 400µm pitch. It is scanned across the front surface of the
credit-card, permitting the entire account number to be read in a
single scan. Polysilicon strain gauges give a readout sensitivity of
l0 mV/mm and a vertical resolution of about lµm. Fabrication is
accomplished using a well-developed five-mask single-sided
dissolved-wafer process that is capable of producing imagers having
a lateral resolution as small as 50µm. The devices are immune to

Fig. 5: Output characteristic of the tactile sensor with offset
correction for several sets of data. The supply voltage is 5V.
Scans have been made on several different credit cards with
the microbrush brought in contact perpendicular to the front surface
of the cards. A z-micropositioner was used to accurately set an
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most environmental conditions, and the process technology is
CMOS compatible, making it possible to incorporate on-chip
circuitry on such arrays in the future. This high-compliance tactile
sensor can easily be optimized for use in a variety of surface
profilometry applications requiring vertical resolution in the range
from one micron to several thousand microns. The microbrush is
being built into a feedback system to automatically control device
positioning and perform dynamic compensation for offsets during a
scan.
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MICROMECHANICAL DATA STORAGE WITH ULTRA
LOW-MASS CANTILEVERS
H.J. Mamin, L.S. Fan, S. Hoen, and D. Rugar
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California
95120-6099
Abstract
We describe a micromechanical approach to data storage
based on the atomic force microscope. For this purpose, we have
fabricated Si3N4 cantilevers which have 30 times less mass than
the smallest commercially available cantilevers. With these
cantilevers, we have demonstrated reading real data at rates
exceeding I Mbit/s.

In Fig. 2. we show an AFM micrograph of a pattern written
into a test sample in this manner. The sample, which was a
section of a grooved optical disk, was raster-scanned under the tip
using piezoelectric scanners, and pits were written by pulsing the
laser at the desired locations. This pattern represents a density
of about 25 Gbit/in2, a more than 20x increase in areal density
compared to conventional optical recording.

Introduction
Scanning probe microscopy has long been seen as a possible
basis for an ultrahigh density data storage device.[!] Both the
scanning tunneling microscope (STM) and the atomic force
microscope (AFM) have demonstrated the ability to write and
detect surface features on the nanometer scale.[2] One of the keys
difficulties in making this approach practical is the extremely low
data rates typically achieved with these techniques. Recently,
however, we have developed a new micromechanical approach
based on the AFM that combines high density with more
reasonable data rates.[3] Using commercially available
cantilevers,[4] we demonstrated reading and writing at frequencies
up to I00 kHz.
In this technique, the tip of an AFM cantilever is placed in
contact with a rotating surface, as shown in Fig. I. The substrate
material is polycarbonate, and the writing is done by heating the
tip with a pulsed infrared laser. With the tip in contact, the heated
tip softens the polymer surface, and the pressure from the tip
creates a small pit. Typical pulse parameters are 20 mW and I
µs pulses, with a loading force on the tip of roughly 10-7 N. Pits
as small as 100 nm across and 10 nm deep have been written in
this way.[3]

Position Sensitive
Detector<:>C

I

Fig. 2. "IBM" written between the grooves of an optical disk. Each
letter would nearly fit inside a typical CD ROM mark.

Read Laser
We detect the marks on the rotating sample with mechanical
readback. As the tip rides over the surface of the sample, a
topographic feature such as a pit causes a deflection of the
cantilever. This deflection is then detected using a standard
optical sensor, as shown in Fig. I. The data rate in this
mechanical scheme is related to fmax, the maximum frequency at
which the tip can track the surface. For a rectangular beam, a
simple model which neglects higher order modes gives

Transparent Disk

fmax = fo (

l/2
2z
)
T

= 0.46 (

F
1/2
mt )

where Jo is the resonant frequency, h is the pit depth, zL is the load
displacement of the cantilever, FL is the loading force, and m is
the mass of the cantilever.[3] Because of wear and signal-to-noise
considerations, the loading force and pit depth cannot be varied
arbitrarily. Thus the primary means to improve performance is to
reduce the cantilever mass. This is easily understood, as it is the

Fig. 1. Experimental setup. Focused laser beam propagates through
transparent polycarbonate sample and heats the optically absorbing AFM
tip. The heated tip softens the substrate, and the local tip pressure
creates an indentation. The sample is placed on a precision air-bearing
spindle to allow for sample rotation. The PZT actuator is used to
maintain generally constant loading force.
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One of the difficulties in making cantilevers with pyramidal
tips is that the tips end up on the wrong side; that is, they point
toward the silicon support, which interferes with sample access.
In commercial cantilevers, this problem is solved by anodically
bonding the nitride layer to a glass substrate, then etching away
the silicon support.[5] We have used a fairly straightforward
alternative, in which we plated a thick film of copper onto the
nitride at the base of the cantilevers, as shown in Fig. 4. This film
then provided a suitably rigid support after the removal of the
silicon.

acceleration imparted to the tip that determines the response. Our
efforts have therefore been to fabricate smaller cantilevers as a
means to improve data rate.

Fabrication
Our cantilevers were made from silicon nitride and had
integrated pyramidal tips, following the process of Albrecht
etal.[5] We made both triangular and rectangular levers. The
lateral dimensions were chosen so as to make the cantilevers
straightforward to fabricate and reasonable to work with in our
setup. The thickness was then chosen to give spring constants on
the order of 1 N/m. Using these criteria, we chose to make a series
of cantilevers with lengths 20-30 µm and thickness 0.35 µm. The
resulting mass ranged from 0.3-0.6 ng, depending on geometry.
For comparison, commercial silicon nitride cantilevers have a
mass of at least 10 ng. Figure 3 shows an optical micrograph of
our cantilevers. A rectangular and an open triangular cantilever
are shown; closed triangular levers were also fabricated. A
scanning electron micrograph is also shown of the pyramidal tip
on a triangular cantilever. Tip radii well under I 00 nm have been
obtained.

(a)

Si N
3 4

(b)

top

(a)

side
Fig. 4. (a) Formation of Si3N4 structure. The tip is formed by depositing
onto a (111) etch pit in Si(IOO). A Cu backing layer is plated before
removal of the Si. (b) A freestanding cantilever is formed upon removal
of the Si. The 12 µm thick Cu film provides rigid support over its
0.5mm dimensions.

I

I

The vibrational noise spectrum of a weak cantilever shows
a distinct peak at its resonant frequency due to its thermally-driven
noise.[6, 7] On a closed triangular cantilever, we observed this
peak at 1.3 MHz, in excellent agreement with the value of 1.35
MHz calculated for a cantilever without a tip. (We took the
modulus E to be l.6xto11N/m2 and density p to be 3300
kg/m3 .[5]) The spring constant k was calculated from the geometry
to be 2 N/m. This can also be estimated from the amplitude and
width of the thermal noise peak, using the fact that the integrated
noise energy is of order k8T.[6] With this method we obtained 3
N/m, in reasonable agreement. The rectangular cantilevers had
calculated spring constants closer to the design point of 1 N/m,
with frequencies at about 600 kHz. For comparison, the resonant
frequency of a commercial cantilever is typically about 90 kHz
with a spring constant of roughly 0.4 N/m.

50µm

(b)

Results and Discussion
The new cantilevers gave significantly enhanced
performance, as shown in Fig. 5. A grooved glass disk was used
as a test sample, where the groove width was 0.8 µm. In the upper
trace, taken with the commercial cantilever, the basic groove
periodicity was seen, along with some unwanted ringing,
corresponding to higher order cantilever modes. With the new
cantilevers, however, the tip cleanly tracked the surface without
ringing, as shown in the lower trace.

5µm
Fig.3.(a) Optical micrograph of cantilevers on the plated Cu support.
(b) Scanning electron micrograph of pyramidal tip.
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Fig. 5. Readback signal on a grooved glass test structure. Upper curve,
obtained using a commercial cantilever, shows unwanted ringing,
degrading signal-to-noise. Lower curve was obtained with a new
low-mass cantilever, and gives an accurate representation of the surface
topography.
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Fig. 7. Readback signal on data tracks shown above. The corresponding
data pattern is shown above the waveform. The clock period is 0.6 µs,
which with a rate 1/2 (2,7) code corresponds to a data rate of 830 kbit/s
(Ref. 8) This data rate is nearly an order of magnitude higher than
achieved with conventional cantilevers.

To measure the data rate, we first wrote a series of tracks
containing known data patterns. The data are represented by the
spacing between the pits, which varies as shown in Fig. 6. This
data pattern was a pseudorandom 127 bit sequence of I's and O's
which repeated. The writing was performed at a rate of about 200
kbit/s; its speed was limited by the thermal response time of the
tip, currently about 5 µs.

We can use standard algorithms to detect the location of the
peaks, and then characterize the readback in a number of ways.
First, we can simply decode the peaks to get back to our original
data, and compare to look for errors. We found that we typically
got about 1-3 errors per 1000 bits, for a raw error rate of the order
of 10·3. This value is high by data storage standards, but is
excellent for a scanning probe technique, and can be brought
lower using standard error correction correction schemes.[8] · We
can also analyze how accurately the peaks are located in time or
space to determine the jitter. Figure 8 shows a histogram of peak
spacings for data read at 1.2 Mbit/s. Distinct histograms are
observed at the expected spacings, with quite narrow widths,
suggesting that somewhat higher density recording is possible.
We note that the above data rate is equivalent to original
CD-ROM rates.

The readback signal from a triangular cantilever on such a
track is shown in Fig. 7, along with the corresponding data pattern.
A I is seen above every peak in the waveform. The data rate from
this waveform corresponds to 830 kbit/s. This is nearly an order
of magnitude higher rate than was previously possible.

....

Q)

.c

2

E,
:::::,

C

I

2µm

I

2

4

6

peak spacing (clock cycles)

Fig. 6. AFM micrograph of tracks written thermomechanically on the
rotating sample. Data are encoded by the spacing between the pits.
Data are encoded using a (2,7) run-length limited code, meaning that
there are between 2 and 7 O's between every I.

8

Fig. 8. Histogram of peak spacings for data read at 1.2 Mbit/s. The
histograms are non-overlapping, indicating low timing jitter. One clock
cycle corresponds to 0.6 µs.
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Conclusion

We have shown that megahertz operation of a
scanning-probe-based device is possible. We have furthermore
used our device to store kilobytes of real data with few errors.
Reducing the mass of the cantilevers was key to achieving these
data rates, and further reduction in size will be needed to reach
even higher data rates. Because we have not pushed the limits
of micromachining, we expect that improvements of another order
of magnitude may be possible. Beyond that, it is also possible in
principle to fabricate arrays of levers to operate in parallel for
higher data rate.
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Integrated Electrophoresis Systems for
Biochemical Analyses

Results and Discussion
Electrical Characteristics.
A device referred to as COCE was prepared, consisting
of three channels intersecting at a T-shaped junction, and this
was used to study the application of potential to all three
solvent reservoirs simultaneously. The device geometry and
the labeling scheme we have used for the channel reservoirs,
lengths and resistances are shown in Figure 1. As a first step
the impedance characteristics of the network were
determined. The de electrical impedance of the intersecting
capillaries was modelled as a network of resistors, as is shown
in Figure 1b, and the validity of the model was examined.

D.J. Harrison, Z. Fan, K. Fluri, K. Seiler
Dept. of Chemistry, University of Alberta, Edmonton,
AB, Canada T6G 2G2

Abstract
Microfluidic systems have been micromachined in glass chips
for systems intended for chemical analysis or sens�ng. _Dsing
electroosmotic pumping, voltages control the dlfection of
fluid flow without the need for valves. Mixing of reagent
solutions, chemical reactions and separation of compounds in
mixures can be achieved.

a)

A

la

C

Introduction
Microflow systems can be prepared in glass substrates
using silicon micromachining techniques. These systems can
offer advantages in performance relative to stand-alone
sensors, as has been demonstrated for ISFET-based analyzers
[1,2]. We have etched systems composed of complex
networks of intersecting capillaries, in which chemical
reactions, sample injection and separation of individual
components of a sample can be achieved [3,4]. The systems
use electroosmotic effects for fluid pumping at velocities up
to about 1 cm/s in 20 µm capillaries. Electroosmotic pumping
also allows control of the direction of fluid flow at the
intersection of capillaries, without a need for valves or other
moving parts.
Separations are achieved using
electrophoretic effects, i.e. the differing mobilities of ions
within an electric field result in different migration rates and
this leads to separation. The separations are as efficient as in
conventional capillary electrophoresis systems, and can be an
order of magnitude faster, owing to the short distances
involved. We have shown we can separate and detect
mixtures of amino acids within 3 to 14 sec [4] and even more
rapid separations have been reported by Effenhaus�r et al.
[5] The potential applications of such systems mclude
_
miniaturized analytical systems that could compete with
bench-top instruments or chemical sensors in terms of
performance, analysis t�me or durability [3-7].
.
.
To practically realize the use of electroosmotic pumpmg
in a complex manifold of channels it is necessary to_ �evelop
an understanding of the factors that control flow withm such
systems, particularly at the intersection of two channels
containing different solutions. One of the best �a_ys to
achieve this is to visually image the flow process withm the
channels [4]. In addition, the quantitative study of flow rates
and study of the ability to control the direction of solvent
flow using applied fields is r�q�ired. I� this r�porJ we
present both images and quantitative studies _of diffu�10nal
and convective mixing of solutions at channel mtersect10ns.
The applications of micromachined d�vices could . be
quite varied if the chips can be made versatile. Perf?rmmg
chemical reactions on-chip is a key aspect of extending the
versatility of these devices. To this end we have
demonstrated that a variety of device layouts can be used for
mixing reagents on-chip, the first step in inducing a chemical
reaction, and reaction of amino acids with a fluorescent label
is presented.

b)

Gnd

Figure 1.

a) Device COCE layout with reservoir labels and
channel lengths, lx, indicated. Overall dimensions
were 2.8 by 7.0 cm.
b) Equivalent circuit for device CO CE. Subscripts
refer generally to the resistances of the 3 channels of
the device in a).

Table 1 gives the measured lengths and resistances
between the reservoirs and the intersection point, and the
ratios of these values to those for the channel length la.
Channel length lb consisted of both a 23 mm length that was
220 µm wide and a longer 30 µm wide segment. The wider
segment length was expressed in terms of an equivalent
length of 30 µm wide channel, specifically 3.1 mm, for the
calculations. The data show that the resistances Ra, Rb, and
Re are indeed proportional to the channel lengths within
experimental error, as would be expected providing there is
no defect in the bonding of the glass cover plate to the
etched piece.
Table I. Lengths and Resistances for COCE Device.
Length (mm)
Resistance G!!
ULa
R!Ra

A

B

C

45
0.32 ± 0.02
1
1

93.3
0.72 ± 0.02
2.07 ± 0.Q3
2.3 ± 0.2

8
0.079 ± 0.008
0.18 ± 0.01
0.25 ± 0.08

A,B,C refer to the lengths shown in Figure 1. Error in the lengths
is about 0.5 mm. Ratios of lengths relative to La, and resistances
relative to Ra are given.
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Leakage Control
We have previously discussed leakage effects at the
intersection of channels [3-6]. In particular, if a side channel
is left floating while a potential is applied to cause flow in the
main channel there will be leakage of solution from the side
channel, contaminating the main channel. We have
indirectly shown that both convective and diffusion effects
contribute to this mixing, or leakage effect at the intersection
[3,4]. In previously studied devices with various layouts, the
concentration of sample leaking into the main channel was
about 3% of that in the sample channel. We show here that
these effects can be controlled by applying voltages to
several channels simultaneously.

With two voltage sources and a near ground potential
connected to the channels, as illustrated in Figure 1b, the
current in each channel and the potential at the intersection
are readily expressed using Kirchhoffs Rules where the
assumed directions of the currents 11, l2 and l3 are shown in
Figure 1b. The 10 kQ resistor has been omitted, as it is much
smaller than R3. Solving for VJ and l3 gives equations 1 and
2,
V1=(V 1R2R3 + V2R1R3)/(R1R2+R2R3 +R1R3)
13=[V1R2 +V2R1]/(R1R2+R2R3+R1R3)

(1)
(2 )

While in general the potentials V1 and V2 can have any
polarity, in this study V1 was always positive and V2 was
always negative. Equation 2 shows that a plot of 13 versus
V 1 will be linear when V2 is held constant, however 13 may be
positive or negative depending on the potentials applied and
the resistance of each channel.
The behavior of the device with potentials applied to all
three channels was evaluated according to the scheme
indicated in the inset of Figure 2. The current was measured
from the potential drop across a 10 kQ resistor between
ground and reservoir C, with V1 and V2 applied to reservoirs
A and B, respectively. In this configuration the resistances
for eq l and 2 were R1 = Ra, R2 = Rb , and R3 = Re, The
current was indeed linear in V1 when V2 was held constant.
Figure 2 shows the data obtained for three different values of
V2. It was possible to calculate the current using eq 2 and
the measured channel resistances given in Table 1, and the
calculated response is shown as the solid lines in Figure 2.
The very good agreement illustrated between theory and
experiment shows that the model is accurate. It can be used
to determine potentials and currents within a complex
network of capillaries when several voltage sources are
applied simultaneously.
V1
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2

�eparation of 20 µM Arg-FITC and 40 µM Tyr-FITC
m 0.054 M carbonate buffer, pH 9.1, with potentials
applied to three reservoirs of device Jet-1. The dashed
line indicates the background level when the sample
channel was instead left floating during separation.
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Figure 3 shows data obtained in another device Jet-1
with the layout indicated in the figure. The resista�ces of
each of the channels of this device were determined as
�esc�ibed above.
The separation of fluorescein
1soth1_ocyanate (FITC) labelled arginine (arg) and tyrosine
(tyr) IS shown. For these experiments sample solution was
present i_n reservoir 2, which was held at ground. As shown
m the diagram at the top, samples were injected across a
"double T" injector towards reservoir 1, which was at -3 kV.
This injector creates a sample plug in the separation channel
about 150 µm in length.
To evaluate the ability to control leakage during a
separation we applied potentials to reservoirs 2 3 and 4
simultaneously, as shown in the insets of Figure 3. in the first
electropherogram of Figure 3, 284 V was applied to reservoir
3 during the separation. The background fluorescence level
was high compared to the background seen when the sample
channel was instead left floating (dashed line). From the
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Figure 2.

Current as a function of V 1 applied to reservoir A, with
the indicated values of V 2 applied to reservoir B.
Symbols are for experimental data, solid lines are for
current calculated from equation 2 using the data in
Table 1. The inset shows the applied potential scheme.
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The overall mobility, µ, is the vector sum of these two
mobilities, and µe0 is generally larger than µep in absolute
terms. The velocity of species i in each of the channels is
given by equations 4-6,

measured resistances of the channels the calculated potential
at the intersection of the sample and separation channels
should be -17 ± 12 V with 284 V on reservoir 3 and - 3 kV on
reservoir 4. With the sample channel at ground there should
be a net flow out of the sample channel resulting in an
increased background, as was observed. When the potential
at reservoir 3 increases, the potential at the injection point
will eventually become positive, which should
electroosmotically push sample solution back towards
reservoir 2. As shown in Figure 3, 360 V at reservoir 3
lowered the background fluorescence below the level
observed when the sample channel was left floating. The
decrease in background showed that the flow in the sample
channel was reversed, and establishes that leakage effects
can be controlled using applied potentials.

vi,! = µi (VI - VJ)/11
vi,2 = µi (Vz - VJ)/12
vi,3 = µi VJ I l3

(5)
(6)

where VJ is given by eq 2, and the various Vi refer to the
velocity of species i in each channel of length 1. The
subscripts 1, 2 and 3 refer to the velocity and channel length
associated with the potential sources V1, V 2 and ground,
respectively. It is assumed the ionic strength (resistivity) and
pH in each channel is the same. These expressions indicate
that controlled mixing of solutions should be possible at the
intersection of the three channels by adjustment of the
potentials V 1 and V 2.
The COCE device was mounted under a microscope
equipped with a camera and the region near the intersection
was illuminated with 488 nm light. Any striations visible in
the fluorescent dye stream seen in Figure 4 and later photos
are due to non-uniformity in the illumination or collection
efficiences, as is the tendency of the intensity to fade at the
edges of the photos. Potentials were applied to the three
reservoirs with the polarities indicated in Figure 4. Sample
(S) was driven towards the waste reservoir (W), while buffer
(Buf) was also driven towards waste by the applied
potentials. The two solutions mixed downstream of the
intersection. The data establish that increasing the potential
on the sample reservoir increased the amount of dye relative
to buffer downstream of the intersection.

Mixing of Solutions Using Voltage Control
When electroosmotic flow is present in a capillary the
linear flow velocity, v, is given by eq 3,
(3)

where µeo and µep are the electroosmotic and electrophoretic
mobilities, respectively, and Eis the electric field applied.14

Figure 4.

(4)

Mixing chamber
Figure 5 shows the layout of a device called Jet-3, which
has a mixing chamber incorporated. All channels of single
line width are 30 µm wide, whereas the blackened bulky
lines are 300 µm wide. The large box between in the figure
was used as a mixing chamber. The chamber was 4.5 mm
long and 170 µm wide. The volume of the chamber,
excluding the islands, was about 3.6 x 10·3 mm3 . The offset
between the side channels connected to reservoirs 3 and 4
was 220 µm .
Samples were introduced through reservoirs 1 and 2,
while the other reservoirs and channels were filled with a
buffer. To drive two different sample solutions through the
chamber for mixing, a positive potential was applied to
reservoir 1, with another applied to 2. Reservoir 3 was at
ground. It is likely that diffusion served as the main driving
force for mixing once the solutions were within the chamber,
but this was not studied in detail. After a fixed time the
potentials were switched off. Then the mixture in the
chamber was injected through the double T injector.
Application of a voltage between reservoirs 4 and 5 then
caused the separation.
An example of mixing two solutions followed by their
separation is shown in Figure 5. One solution contained
fluorescein, while the other contained two labelled amino
acids arginine and tyrosine. The bottom of the figure shows
that all three components were observed when the sample
plug was then separated.
As a comparison, an
electrophrogram without mixing is also shown in the top of
Figure 5. In this case only the amino acid mixture was driven
into the mixing chamber and the injector, so the final
separation of the sample solution shows there is no
fluorescein present.

Photomicrographs showing controlled mixing of 10
mM carbonate buffer, pH 9.1, and 100 µM
fluorescein. Channels are 30 µm wide. Flow direction
was from the two horizontal channels into the vertical
channel.

On-column Reaction
Many chemicals are not detected using a fluorescence
detection scheme unless they are chemically derivatized with
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Conclusions

f]

This stu?y has _demonstrated the feasibility of using
electroosmotic pumpmg to control flow in a manifold of flow
channels without the use of valves. The fluidic control that
can be achieved within these valveless devices allows for
control of solution mixing, and enables us to effect reactions
within the flowing streams. Biologically important molecules
such as amino acids can be separated, allowed to react and
then detected, all within the confines of the chip, and �ithin
a few seconds. A number of different mixers can designed to
perform these reactions, providing increased flexibility in
terms of decreased problems from leakage at intersections
and increased reaction times.

0

Layout of mixing chamber device. Top shows
separation of amino acids, bottom shows separation of
fluorescien from amino acids after mixing in chamber.
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a fluorescent label. This reaction can be done before a
separation is performed, but there are advantages if it is done
after the separation. In chromatography this is known as
post-column reaction, in electrophoresis it may be called a
post-capillary reaction. This is a chemical reaction performed
"on-the-fly" in the sample stream as it moves towards a
detector, and it creates a fluorescent product when a sample
is present. The most common reagent used for post-column
derivatization is o-phthaldialdehyde (OPA), which reacts
with primary amines to createa fluorescent product. It can be
used to detect primary amines including amino acids.
We have performed some preliminary experiments with
post-capillary reaction within a chip. The OPA reagent
stream was delivered into the main separation channel from a
side channel under potential control. The reaction was
monitored a short distance downstream with a fluorescence
detector, fluorescence being excited with a 325 nm laser.
Pyrex glass has a fluorescent background at this excitation
wavelength, so that the signal to noise performance is limited.
Quartz or fused silica will be needed as the device substrate
to improve this. Figure 6 shows the detection of an amino
acid following reaction with OPA. The efficiency of the
electrophoretic separation was degraded by the following
OPA reaction, and some noise in the base line is apparent. It
appears that these affects are due to the efficiency of mixing
at the 90 ° intersection used in this device. Modifications in
the mixer design have been made that are hoped will improve
the efficiency and performance. Nevertheless, these results
demonstrate that it is possible to perform chemical reactions
within the chip that can be used to faciliate a chemical
analysis.
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Abstract

methods on a suitable substrate, such as ceramic or silicon. The
interconnection between chips and the substrate has been
achieved by wire bonding, tape automated bonding, thin metal film,
and flip-chip methods.

A new packaging process for silicon-based chemical sensor
arrays has been developed using semiconductor, thick film, and
flip-chip technologies. Passive sensors are fabricated on silicon in
a semiconductor process compatible with the incorporation of on
chip electronics. Sensor-specific polymer membranes are screen
printed directly onto individual electrode sites. Substrates with flow
channels are made from glass using semiconductor process
technology. Sensor chips are mounted onto the substrate using a
flip-chip approach in which the fluid channels are sealed with a
polymer gasket. Electrical contacts between the chip and substrate
are made through conductive epoxy bumps. Conductors are
brought out to the edge of the substrate, where they are accessible
to the next level of system interconnect through a standard board
edge connector.

Conventionally, silicon-based sensors are passivated and
tested prior to separating them into individual dice. Sensor chips
are attached individually or in groups onto a suitable substrate,
such as a printed circuit board or header, and wire bonded to the
same to provide electrical 1/0 connections between the chip and
the next level of interconnection. In addition, the substrate serves
as a package for the sensor by providing it with mechanical and
environmental protection and a path for dissipating heat. Among
the many techniques available for chip-to-package attachment are
epoxy bonding, anodic bonding, electrostatic bonding, eutectic
bonding, low-temperature glass bonding, thermocompression
metallic bonding, ultrasonic welding, and laser welding. Chip-to
package interconnect is achieved using the same technologies
described previously for realizing chip-to-substrate connections in
MCMs.

Introduction
Among the most promising approaches for reducing the cost of
chemical sensing instruments is the use of semiconductor
processing technology to mass produce microsensors. This
technology has proven capable of producing many types of
functional solid-state chemical sensors [1,2,3]. Arrays of such
sensors are valuable because they can provide multicomponent
analysis, interference compensation, redundancy, and extended
dynamic range. Disposable sensor arrays will be at the heart of
many future biomedical and industrial chemical analysis
instruments. Truly cost-effective arrays, however, require both
inexpensive sensors and inexpensive (batch-fabricated)
packaging. Ideally, these packages should also protect the sensors
during handling, allow simple replacement of the sensor array, and
have adequate input/output density. For chemical analysis
applications, the packaging scheme must include a fluid channel.
As the size of this channel is reduced, the required sample size
and cost of calibration are reduced.

The packaging requirements for chemical, biological, and
biomedical sensors are more complex, since their sensing
elements must be in direct contact with the measuring
environment, which from an electronic point of view is hostile. This
places inordinate demands on the device encapsulation, the final
technology needed to package a sensor. Furthermore, most of the
processes for chip-to-package attachment are incompatible with
chemical sensors. The high temperatures and fields required by
these techniques are detrimental to thin film electrode materials,
ionophores, and biological layers. The fabrication of these sensors
must be partitioned so that all processing which follows the
formation of these sensitive elements is low temperature (typically
below 50 C). Of the attachment possibilities listed previously,
epoxy bonding offers the lowest process temperature and the least
thermally induced stress [6]

Packaging Issues for Sensors

A Simple Packaging Process

Sensors fabricated on silicon have many advantages, including
reproducibility provided by semiconductor process technology, low
cost associated with batch fabrication, process support by the
electronics industry, and the capability (in theory) of forming
integrated sensors. The integration of such sensors with signal
conditioning electronics, micromachined chambers or flow
channels, or other types of sensors, however, has historically been
hindered by the lack of simple and effective encapsulation,
interconnection, and packaging technologies.

Successful sensor design calls for the sensor and its packaging
be conceived at the same time [4]. The process presented here
packages silicon-based chemical sensor arrays with substrates
containing flow channels. The package assembly can be fully
automated, and the sensor and substrate are manufactured
exclusively with batch fabrication technologies.

Advances in Flip-Chip Interconnect Technology
The concept of flipping or inverting chips for mounting offers
some distinct advantages for integrated circuits in general. Shorter
interconnect distances result in lower inductance and faster signal
response. Thermal performance is enhanced in two ways: the
conductive bumps provide excellent thermal pathways, and the
backside of the chip remains accessible for heat sinking. Array
bond pad configurations can be used to increase 1/0 capacity and
to provide uniform power and heat distribution. Because all bonds
are formed simultaneously, assembly is quick and efficient. This
last point is most important to solid-state sensors. Automated
assembly can give sensors packaged in this manner an important
economic advantage over those packaged in a more time
consuming and costly process.

Sensor system partitioning can be approached in many ways;
in choosing a specific level and method of integration,
consideration must be given to application demands, process
compatibility issues, and final system cost. An alluring approach for
silicon sensors is the combination of sensors and electronics on
monolithic chips. Such devices are conceptually capable of
improved performance, efficiency, and reliability as compared to
equivalent systems assembled from multiple components.
Unfortunately, successful incarnations require great developmental
efforts, and may suffer from problems associated with the inherent
loss of modularity, the virtues of which have been convincingly
presented elsewhere [4]. An alternative that has recently received
much attention is the adaptation of commercial multichip modules
(MCMs) for sensor integration [5]. MCMs interconnect chips
through metal lines that have been pAtterned by thick- or thin-film
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As developed nearly 20 years ago, flip-chip interconnect
technology has traditionally connected dice to a substrate through
raised metallic bumps fabricated on the chip pads or on matching
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Table 1: Semiconductor Process Specifications
General Features

CMOS Compatible

Interconnect

Polysilicon

Encapsulation

LPCVD Dielectrics

Sensor Site Metals

Gold, Silver, Platinum

Sensor Site Coatings

Platinum Black, Silver Chloride

-

pads on the substrate. While these solder bumps provide the
lowest inductance and resistance path available between chip and
substrate, their formation requires special metallurgy and high
temperature processes. A chip is placed face down, aligned to the
substrate, and the solder bumps are reflowed at a temperature in
°
the range of 300 C to join the two pads. As mentioned previously,
high temperatures are not compatible with many of the polymeric
or biological components required by chemical sensors. In
addition, due to the chip-face-down feature of this approach, its
application to sensor interconnection has been limited. This has
been true for chemical sensors in particular, as exposure of the
sensing elements to a measuring environment has been difficult to
achieve.

�
Fig. 1:

Base
Dielectrics
Polysilicon

•

D

Surface
Dielectrics
Metal

m
C:3

Site
Coating
Polymer

A schematic cross-section of a r1.eneric solid-state
electrode. The site coating may be either silver epoxy or
an electroplated material.

summarized in Table 1. The basic structure of a solid state
electrode, as shown in Fig. 1, is quite simple. Polysilicon leads
connect the sensors to silver output pads. Sensors are realized by
the formation of various metal sites using a lift-off process.
Coatings may be applied to selected sensor sites by a wafer-scale
electroplating process using a grid, such as the one shown in Fig.
2. Following completion of the semiconductor process sequence,
all remaining structures are formed using thick-film technology [12).
Precision screen printing is used to deposit sensor-specific
polymer structures, silver epoxy flip-chip interconnect bumps, and
the channel sealant, as summarized in Table 2. This example of
technology partitioning during sensor fabrication carries over to the
proposed package structure. The electrically conductive silver
epoxy used to make interconnect bumps and to provide a stable
connection between the site metal and membrane material was
obtained from Epoxy Technology (Billerica, MA). This material
(EPO-TEK® H20E-PFC) is a component in the company's recently
™
patented polymer flip chip (PFC ) process [13), which is capable
of stenciling 50 micron high bumps with a 12 mil pitch, as well as
25 micron high bumps with a 8 mil pitch. The epoxy has excellent
electrical and thermal conductivity, a suitable viscosity for stencil or
screen printing, curing temperatures as low as 50 C, and a pot life
of three days.

Recent advances in the materials used for flip-chip
interconnect, however, have made this technology available for
chemical sensor design. It is now possible to replace the traditional
solder bumps with a conductive polymer, or epoxy. The epoxy can
be cured at low temperature, and unlike solder it does not flow
when the chip is mated to the substrate, thereby making possible a
finer pitch. The advent of precision screen-printing equipment has
made deposition of such materials quick, easy, and cost-effective.
This simple advance makes obsolete the complex and costly
solder bump process without sacrificing electrical performance [7).
The polymer flip chip is an efficient, practical, high-volume
production method. With conductive polymer interconnect, flip-chip
technology can be part of the solution to the packaging challenges
of chemical sensor arrays.
The following process uses the flip-chip approach to electrically
connect and physically attach a silicon sensor chip and package
substrate. A polymer is used to form a seal to contain solution
within the channel and protect the rest of the package. Low
temperature curing polymers have been used previously [8) to
encapsulate silicon sensors and bond them to glass. Generally,
polymers are not capable of providing a hermetic seal because
they exhibit a finite permeability to moisture. Attempts at using
polymers for encapsulation [9) have shown that, in most cases,
poor adhesion to the substrate, rather than polymer permeability,
leads to encapsulation failure; one notable exception to this rule is
silicone rubber, which has excellent adhesion properties but
eventually fails due to interface modification caused by moisture
penetration. Nevertheless, for many applications, polymer
attachment will yield acceptable lifetimes.

Substrate Processing
Substrates were made from both soda lime and Pyrex (Dow
Corning #7740) glass wafers, 100mm in diameter and 62 mils in
thickness, obtained from Mooney Precision Glass (Huntington,
WV). Soda lime was chosen for its low cost, while Pyrex is a well
characterized micromachinable material, and its low temperature
coefficient of expansion makes it desirable for applications in which
the test solution needs to be heated or maintained at an elevated
temperature. Glass substrate fabrication, as shown in Fig. 3,
requires just two photolithography steps, followed by a single

Silicon Processing
Sensors are fabricated in silicon using a sequence of CMOS
compatible semiconductor process steps and thick film technology,
allowing for the future incorporation of on-chip signal conditioning
electronics [10, 11]. The semiconductor process features are

Table 2: T hick Film Technology for Chemical Sensors
Structure

Material

Thickness

ISE Contact Layer

Silver Epoxy

50µm

Ion-Selective Membranes

PVC, Silicone Rubber

150µm

Enzyme Immobilization

PVA, Hydrogel

75µm

Flip-Chip Bond Pads

Silver Epoxy

25µm

Channel Sealant

Silicone

75µm

Fig.2:
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A two-tier wafer-level grid which contacts selected sensor
sites for electroplating and supports chip sizes of 5 x 15.
10 x 15, and 15 x 15 mm.

R5S88,5I
(i.) A clean glass wafer (of thickness compatible with a selected
board-edge connector) is first sputter-coated with silver to protect
the backside, and photoresist patterned for the flow channel.

(ii.) The surface is then sputter-coated with silver, which will serve as
both a channel mask, and provide substrate interconnect.

(iii.) Following removal of the silver over the flow channel by lift-off,
the wafer is patterned for interconnect.

<->

Fig. 4:

Flow channels etched in (top) soda lime and (bottom)
Pyrex glass.

has very low absorption of gasses. For volume production,
substrates made from injection-molded plastic will be more cost
effective. Our packaging process can easily be made compatible
with injection-molded substrates by screen-printing the substrate
interconnect.

(iv.) With the photoresist left intact to protect the surface of the
interconnect metal, the flow channel is etched into the glass using
the exposed silver as a mask.

Packaged Sensor Assembly

Following fabrication of both the sensor chip and glass
substrate, the package is ready for assembly, which may be
achieved by either of two methods. In both cases, the silicon chip is
inverted over the substrate and mounted over the flow channel, as
shown in Fig. 5. A polymer which is screen-printed around the
perimeter of the sensor array seals the channel by acting as a
gasket at the silicon-substrate interface.
In one method, the silicon is embedded within a recess in
another (smaller) piece of glass, shown in Fig. 5 as the top
mounting plate. The channel sealant and conductive polymer are
printed and cured prior to assembly. The top mounting plate is

(v.) Finally, all excess silver is etched, thereby defining the
interconnect, and the photoresist Is removed. Silver epoxy is screen
printed at the bond pad points. Holes drilled into the channel serve
as fluid ports, to which tubing is attached.

Fig. 3:

Process sequence for glass substrate fabrication.

screen printing step. Following semiconductor processing, holes
are drilled into each end of the flow channel for fluid ports, and the
substrates are partially cut with a wafer saw. Silver epoxy is printed
to form the other half of the flip-chip interconnect bond, and the
substrates are separated from each other. The substrates have
arrays of metal leads, each of which is brought out to the substrate
edge in a configuration compatible with standard board-edge
connectors.
The two glass materials used etch quite differently, as seen in
Fig. 4. The
sidewall profile for the Pyrex is straight, at an angle of
°
about 35 , while the soda lime glass profile is rounded. In addition,
the etched surface of the soda lime glass channel is uniformly
rough, while the floor of the Pyrex channel is almost perfectly
smooth. The Pyrex sidewalls, however, do have well-defined
erosion marks. Etching processes and mechanisms for these two
materials are still being investigated, along with the suitability of
their characteristics for various applications.

Optional Top
Mounting Plate

Etched Flow Channel

While glass was successfully used as the substrate material, it
is not the only nor perhaps even the most desirable material
available. Glass is a good choice for research applications,
however, because it is relatively inexpensive, can be etched or
drilled, is mechanically stable, has good thermal conductivity, and

Fig. 5:
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A schematic of each of the package components
and the assembly process (not drawn to scale). The
channel sealant 1s shown on the glass substrate to
aid in defining the area it covers; it is actually printed
on the silicon chip.

Summary

Fig. 6:

A schematic depiction (not to scale) of the electrical
connection and seal between the silicon sensor chip ano
the glass substrate.

aligned and secured to the glass substrate by small fasteners
which slide through pre-drilled holes in both pieces of glass. This
structure allows for separation of the chip from the substrate
following testing, allowing either piece to be examined or replaced.
The clamping force of the fasteners gives this method the
advantage of a longer package lifetime during use.The fasteners
also simplify alignment of the chip to the substrate.
In an alternative method, the entire package is disposable. The
channel sealant and conductive polymer are applied just prior to
assembly. After the conductive polymer bumps on both surfaces
are aligned through the glass and contacted, the entire package is
processed to cure the polymers. For additional protection, the chip
may be coated with a moisture resistant encapsulant.

Chemical sensors have unique packaging, interconnect, and
encapsulation requirements. Successful commercialization of
these devices will come only when all the design demands are
simultaneously and cost-effectively met. System-level partitioning
for chemical sensors calls for the integration of a sensing structure
which may incorporate delicate polymeric or biological materials,
some signal conditioning circuitry for most applications, and
packaging that protects the devices without interfering with their
operation. The method presented here for achieving this final
criterion involves the incorporation of a micromachined channel
within the package. By incorporating this element into the
packaging design, and using flip-chip technology to seal the
channel and electrically connect the sensor to output leads on the
package, one can realize devices which meet the needs of both
prototype and disposable chemical sensors.
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year. These passive arrays have typically employed from 5 to 24
recording sites, but there is a growing need to integrate much
larger numbers of sites into two- and three-dimensional arrays.
The use of large numbers of electrodes is primarily important in
allowing the user to select sites that are positioned [!Car active
neurons. Large arrays demand active electronics on the probe to
allow dynamic site selection and provide signal conditioning.

ABSTRACT
This paper discusses the development of chip-level
encapsulation for implantable multichannel microelectrode
arrays which incorporate CMOS circuitry. The coatings must be
capable of protecting the circuitry in-vivo for periods of years
while maintaining selective access to recording sites having
impedance levels in the megohm range. Stress-compensated,
0.75µm-thick LPCVD dielectrics provide protection over
polysilicon interconnects on the electrode shanks, while l µm of
°
planarizing low temperature (420 C) oxide (LTO) is used over
aluminum interconnect in the circuit areas. Additional layers of
PECVD nitride, metal, and silicone can be added as desired
over the circuit area for enhanced chemical, electrical, and
optical protection. A two-step, self-aligned technique is used to
define the recording sites and bonding pad areas. The resulting
process allows batch fabrication of the sensors with very high
yield and permits operation of both the transducers and circuitry
in a challenging environment.

Recently, thin-film recording arrays have been successfully
integrated with CMOS circuitry for electronic recording site
positioning, amplification of the neural signals, reduction of
channel output impedances, and multiplexing of the recordings
from selected sites onto a smaller number of output leads [5].
Figure 1 shows a schematic view of such an active probe. The
probe substrate is defined by a region of heavily boron-diffused
silicon, while the signal processing electronics are fabricated in
an undoped well at the base of the probe shank. Thirty-two
recording electrodes are connected to the circuitry by 3µm
pitch polysilicon interconnect lines. A photograph of a
completed CMOS recording probe is shown in Fig. 2. A typical
probe is 15µm thick with a shank width from 25-75µm,
depending on the number of electrodes required. Shank lengths
vary with the application, but are typically in the 3-4mm range.

INTRODUCTION
An important challenge in the integration of sensors with
on-chip signal processing circuitry has been providing adequate
encapsulation of those circuits against the environment while
providing the selective access needed between that environment
and the on-chip transducers. For example, chemical sensors
must typically be immersed in the analyt,�, and gas sensors may
be required to function in the presence of corrosive gases.
Implantable biosensors must operate immersed in salt water at
37°C, yet must remain robust for years since they cannot be
easily replaced once implanted. One possible solution is to
separate the sensors physically from the electronics; however
this necessitates finding a suitable interconnect (with similar
encapsulation requirements), and often results in increased
packaging cost and complexity, increased size, added noise, or
signal losses. Thus, it is critically important to develop chip
level packaging approaches that permit long-term circuit
operation while allowing environmental access for the
transducers.

OUTPUT LEADS

An application for which such encapsulation is particularly
important is the development of microelectrode arrays for
recording the extracellular potentials generated by individual
neurons in the central nervous system [1,2]. Such arrays are
important both in studying the information processing
techniques employed in biological neural networks and in the
development of next-generation neural prostheses such as those
for the hearing impaired. Passive recording arrays (without on
chip circuitry) have been successfully applied in many
physiological studies [3,4] in both acute and chronic situations.
Over 1200 of the probes developed at the University of
Michigan have been supplied for such studies, and chronic
implants have remained functional for periods of more than one
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Fig. 1: Schematic drawing of a multi-site multiplexed micro
electrode array.
While details of the circuit design and its measured
performance have been presented previously [5,6], use of these
active probes in-vivo has been limited due to low yield in
producing them, which in tum has been related to difficulties in
adequately encapsulating them against both the ethylene
diamene-pyrocatechol (EDP) etch used to free the probes from
the substrate and the saline environment of the body. This paper
presents a solution to this problem which is useful for active
neural probes and which may be much more broadly applicable
to integrated sensors generally.
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CMOS process are fairly rigorous: it must hav� very l�w s�eet
_
_
resistance and low contact resistance
to both p and n s1hcon
and polysilicon; it must be easy to deposit and pattern; it must
have good adhesion to the encapsulating dielectrics and must
have a compatible thermal expansion coefficient, and it must be
_
able to withstand with any post-deposition chemical cleanmg
processes or high temperature steps. The most likely c��i�ates
for such a material are the refractory metals and their_ s1lic1des,
including TiSi2, M0Si2, WSi2, and TiN/W. Ho�ever,
previously-reported approaches such as that presented m [8]
have not proven feasible in this case. The finite etch rates of
SiO2 and Si3N4 in EDP, the need for a diffusi?n barrier ag��st
_
_
electrolyte penetration, the need to mm1m1ze
capac1uve
coupling to the tissue, and the lack of circuit planarity all
mandate the use of a relatively thick (>lµm) passivation layer.
Additionally, it is essential that the probe shanks be flat to ease
penetration and minimize tissue damage; hence, stress-balanced
layers of both oxide and nitride are required over the electrode
conductors. Therefore, the interconnect used must be able to
°
withstand temperatures up to 920 C for periods of about three
hours. Co-sputtered Ti/W and W Si2 films were found to crack
and peel after 20-40 minutes at these temperatures, despite the
use of rapid thermal annealing (RTA) to relieve stress. Even at
the minimum temperatures required for the deposition of
°
LPCVD nitride (about 820 C) the sheet resistance ofTiSi2 films
escalated rapidly from 20/square to over 4.50/square, making
these films unsuitable for use in CMOS circuitry.

Fig. 2: Photograph of a completed 32-site micromachined
CMOS recording probe.

FABRICATION TECHNIQUES
Active recording microelectrode arrays are fabricated by
merging a 3µm, p-well, double-polysilicon/single-metal CMOS
process with boron etch-stopped micromachining tec?�iq�es
_ boron d1ffus10n
(5). First, the wafer is masked for a selective
which defines shape of the probe substrate. Then a standard
CMOS process sequence is used for the formation of �e
circuitry and the interconnect to the sites. Finally, the recordmg
sites and bonding pads are defined and the probes are etched
free of the substrate. A schematic cross-section of a completed
microprobe is shown in Fig. 3.
BONDING
PAD

DIELECTRIC

CON

TOR

"Unpassivated" Metal Asuzroach
The motivation behind the second method was the idea that
if the vulnerable parts of the circuit (i.e. the silicon) could be
protected from the final EDP etch with high quality dielectrics,
then all that would be needed was a circuit metal which was not
attacked in EDP. The circuits could then be encapsulated before
implantation with a biocompatible polymer such as Dow
Corning Silastic® MDX4-4210. There ar� many metal
combinations that are compatible with EDP, including Cr/ Au,
Ti/Pt/Au, and Ti/Ir. We have used all of these successfully in
other applications; however, we felt this approach to be less
reliable than the use of an inorganic thin film, since the sole
protection for the circuitry would come from the polymer layer.
This method also does not allow for the deposition of a
conductive optical shield which could be grounded to the probe
substrate. Accordingly, while this option could probably work
successfully, we elected to pursue the method described below.

RECORDING
SITE

Fig. 3: Schematic cross-section of a neural probe fabricate� :,ia
the merged CMOS/boron etch-stopped micromachmmg
process.
In order to implement chip-level encapsulation for this
structure, a metal-upper dielectric system is required which
permits ohmic contact to the circuitry, is metallurgically stable,
and yields passivation capable of protecting the sensor under
bias in saline over periods of years while allowing selective
access to the recording sites. We have investigated three
different approaches for creating such a system: i) modification
of the circuit metal to permit the use of high-temperature, low
pressure chemical vapor deposited (LPC,YD) dielec�cs o�er
the entire structure prior to the final etch; u) encapsulation with
LPCVD dielectrics prior to circuit metallization, followed by
the use of a noble metal for interconnect and passivation with a
polymer after the final etch; and iii) use of standard aluminum
circuit metallization combined with lower-temperature
dielectric materials.

Low Temperature Dielectrics

°

A low stress (<lOOMPa, tensile), 350 C plasma-enhanced
chemical vapor deposited (PECVD) nitride was developed for
use over aluminum metallization; however this approach was
unsuccessful due to high defect densities and inadequate step
coverage in these films. In PECVD, the reaction is catalyzed in
the gas phase by the plasma and there is little mobility of the
reacted species once they have settled due to the low surface
temperature of the wafer. We found that PECVD films were
subject to minute seams around contact and metal edges (Fig. 4)
which allowed EDP to attack the underlying silicon (Fig. 5). In
order to obtain acceptable step coverage, it was necessary to
perform several successive depositions and planarizing etch
backs. This process was both time and labor intensive and still
resulted in poor yield. While PECVD films may make good
inter-metal dielectrics and encapsulants for other applications,
we were unable to apply them successfully to the probes, where
both 1.5 hour EDP etches and long-tenn exposure to salt water
under bias tend to reveal such problems very quickly.

Refractory Metals and Silicides
LPCVD dielectrics have proven very effective in the
encapsulation of passive probe structures. Such materials have
permitted successful long term implants in-vivo and have
maintained sub-picoampere leakage at ±5V in saline soak tests
for more than three years [7]. However, their application over
active circuitry demands the use of an interconnect material
other than aluminum. The requirements for a circuit metal in a
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Fig. 6: Low temperature oxide (LTO) passivation of an
aluminum interconnect line.

Fig. 4: Seam fanned at the edge of a lµm step by a thick
PECVD nitride film.

BHFEtch
EDP Etch
Rate [A/min) Rate[Athr]

Film Type

Temp.

["CJ

Ne

Stress
[MPa]

LPCVD
Si02
LPCVD
Si3N4

920

l.4<JO

-320

1570

300

820

2.010

1440

<50

400

PECVD
SiOx
PECVD
SixNv

300

1.463

-220

.3125

NIA

350

1.890

-100

280

550

LTO

420

1.455

-130

4070

485

Table 1: Comparison of measured properties of various
dielectric films.
approximately 7500A are selectively removed over the shanks
and bonding pad areas. Another mask is used to remove the
remaining 2500A of LTO and inlay a noble ·metal (gold or
iridium) in the bonding pads and sites. This two-step, self
aligned process allows contact to be made to two different
materials (aluminum and polysilicon) which have two different
upper dielectric structures (LPCVD + LTO or just LTO) with
the same mask. Details are shown in Figs. 7 and 8. Also,
PECVD nitride is frequently used on top of the LTO for
additional low-temperature passivation as desired. Finally, a
gold shield is placed over the circuit areas for use as an
additional chemical barrier and an electrical and optical shield.

Fig. 5: Attack of the silicon substrate due to inadequate step
coverage of PECVD films.
The final option investigated was the use of low temperature
°
oxide (LTO) deposited at 420 C. Initial experiments showed
that it exhibited low stress and etch rates below 500A/hr in EDP
while providing excellent coverage over step heights of lµm as
indicated by the SEM photograph in Fig. 6. A comparison of the
relevant properties of LPCVD, PECVD, and LTO films is
cataloged in Table I. Several active probe wafers have been
passivated with LTO and etched in EDP with no significant
attack of the circuit areas.

TEST RESULTS
Figure 9 shows the in-vitro response of one of the eight
preamplifiers as well as the multiplexed output signal from all
eight channels of one of the 32-site active probes realized with
the above process. Reference "frame marks" are inserted in the
9th window of each cycle to allow external regeneration of the
on-chip clock and demultiplexing of the neural signals. The
probe circuitry is fully functional with high yield. Figure 10
shows single unit potentials recorded with the device in rat
cerebral cortex.

REVISED PROCESS FLOW
Some revision of the overall probe process flow was
necessary in order to incorporate LTO encapsulation. In the new
process flow, electrode conductors are routed in polysilicon
(instead of metal), which is deposited and patterned at the same
time as the gate material so that the leads can be encapsulated
by LPCVD SiO2 and Si3N4. The higher resistance of the
electrode conductors is not of concern here since they are
connected directly to MOS inputs and draw no current. Prior to
metallization, the entire probe is passivated with the LPCVD
oxide/nitride combination; then contacts to the circuitry are
opened. The electrode sites are opened at the same time. This is
followed by deposition and patterning of aluminum
metallization; however no metal is retained over the electrode
sites. A thick blanket ( lµm) of LTO is deposited, and then

Sr.r,mlSf'Wllto: 1"'6mS

Fig. 10:Spontaneous neural activity recorded from rat cerebral
cortex using a 32-site active electrode array.
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1. The entire probe la encapsulated with
approxlmately 1 µm of low temperature
oxide (LTO).

2. Wafer ia patterned using LTO mask and
750oA ol LTO are dry etched over the bond
pad areaa. Pholoresiat is removed alter this
atep.

3. Waler is repattemed using electrode
mask and an additional 2500A of L TO are
dry etched. The photoresiat i• NOT
removed aller !hi• ates;.

<4. Gold or iridium 11 inlaid in the bond pad
areas and the photoreaist ia lilted off.

E:tJ thermal oxide

ml! LPCVD ni r de
t i

■

aluminum

1!!!11 L TO

m

pholoreaial

fl!) go ld

Fig. 7: Formation of bonding pads.

1. Shanks are ln1ulated with pad
oxide/nitride.
Polysilicon interconnect I•
deposited and patterned at the aame time
as Iha gale material.
The leads are
passivated with LPCVO oxide and nitride.

2. A contact opening i• cut down to the
polysilicon at the rec:ordi"ll �te during the
contacl etch for the circuit However, no
aluminum i• placed over thia contact

Fig. 9: Preamplifier output (top) and multiplexed data channel
(bottom) from an active probe fabricated using the modified
process flow.
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encapsulation scheme are underway. Special passive structures,
similar to passive ribbon cable interconnects currently under
soak, have been fabricated. These designs use aluminum
interconnect and varied combinations of LTO, PECVD nitride,
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passive probes.
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Abstract

(a)

A micromachined piezoelectric cantilever transducer,
which works both as a microphone and as a microspeaker,
has been fabricated and tested. The 2000x2000x3 µm3
cantilever has a zinc oxide (ZnO) piezoelectric thin film
on a supporting layer of low-pressure chemical-vapor
deposited (LPCVD) low-stress silicon nitride. A highlight
of the fabrication process which may also be relevant for
other micromachined structures is the technique for pro
ducing a flat, multilayer cantilever. The measured micro
phone sensitivity is fairly constant at 2 mV/µbar in the
low frequency range and rises to 20 mV/µbar at the lowest
resonant frequency of 890 Hz. The 2 m V/µbar sensitivity
is the highest reported to date for a microphone with a
micromachined diaphragm. When measured into a 2 cm3
coupler with 4 V(zero-peak) drive, the microspeaker out
put sound pressure level (SPL) is 75 dB at 890 Hz. It
increases to approximately 100 dB SPL at 4.8 kHz with 6
V(zero-peak) drive. The measured microphone frequency
response agrees well with the results of an ABAQUS sim
ulation.

(b)
2-4pm

_L

=

- Al (0.5 pm)
,, "'"''"" ZnO (0.4 pm)
CVD Oxide (0.2 pm)
Polysilicon (0.2 pm)
Thermal oxide (0.2 pm)
� Low-stres.• silicon
nitride (1.5 pm)

Figure 1. (a) Top view and (b) cross section of the piezo
electric cantilever microphone and microspeaker.

phragms are much more compliant. The cantilever is free
from the tension found in clamped-clamped diaphragms,
which decreases the transducer response [5]. Use of the
cantilever produces a microphone with a sensitivity
greater than all previously reported microphones with
micromachined diaphragms [6,7]. In addition, when the
device is driven electrically as an output transducer
(microspeaker), the relatively large deflections of the free
end produce significant acoustic output.

Introduction

There is growing interest in the micromachining of
acoustic transducers, chiefly microphones [ l,2,3]. Among
the advantages of micromachining over conventional fab
rication are improved dimensional control, extreme min
iaturization, the ability to integrate with on-chip circuitry,
and potential low-cost as a result of batch processing.
Microphones are basically pressure sensors that detect
airborne sound pressures that are ten orders of magnitude
lower than ambient pressure. Hence, a microphone needs
an extremely compliant diaphragm to have an acceptable
sensitivity [4].

The Device and Its Fabrication

Figure 1 shows a top view and a cross-section of the
cantilever transducer. Figure 2 shows the process flow
which has three main parts: diaphragm formation (steps
1-4), frontside processing (steps 5-11), and releasing the
free edges of the cantilever (steps 12-14). The chief pro
cessing challenge is to fabricate a flat thin multilayer can
tilever diaphragm. For this we need a cantilever having a

In this article, we present a piezoelectric transducer
built on a micromachined cantilever. Earlier microma
chined microphones had diaphragms that were clamped
on all four edges. In comparison, the cantilever dia-·
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Figure 3. Residual stress vs. distance from the bottom of
low-stress silicon nitride layer (835 °C and 4:1 volume
ratio of reactant gas).
10) Contact hole
11) Al electrode (0.711m)

12) Backside Al deposition (0.S11m)

13) Front side diaphragm etching
for cantilever (10,.m)

14) Backside Al etching

Figure 2. Microfabrication process flow.
controlled distribution of residual stress. This is achieved
through a two-step silicon nitride deposition for reasons
that are explained in the next section.

Bulk-micromachined
diaphragm

Stress distribution and
curl direction
of the cutting edge

Figure 4. Stress distribution and curl direction of the cut
edges (indicated by the arrows) of (a) the conventional
silicon nitride diaphragm, and (b) the modified silicon
nitride diaphragm.

The fabrication starts with 4-inch silicon wafers cov
ered with a 0.2-µm-thick thermal oxide. The first 0.5-µm
thick LPCVD low-stress silicon nitride layer is deposited
at 835 °C and 300 mTorr from a vapor having a 6:1 vol
ume ratio of dichlorosilane (SiH2C12) to ammonia (NH3).
An orientation-dependent etchant (KOH or EDP) is used
to release the silicon nitride diaphragm by etching the sili
con wafer from the backside. A second 0.5-µm-thick sili
con nitride layer is deposited on both sides of the
diaphragm (reactant gas ratio 4:1).

A 0.5-µm-thick Al film is sputter-deposited on the
backside of the diaphragm in order to support the dia
phragm during the frontside cutting process that produces
the cantilever. The thickness of the backside Al is
restricted to a value that depends on the stresses of the
multilayer diaphragm, since Al has its own residual ten
sile stress. Thicker Al layers (roughly 1.5 µm or more) are
found to break the diaphragm because of their high tensile
stress, and thinner Al layers are found not to support the
diaphragm during the frontside cutting process.

The 0.2-µm-thick LPCVD polysilicon electrodes are
then formed on the diaphragm over a 0.2-µm-thick low
temperature oxide (LTO) layer. A 0.5-µm-thick layer of
ZnO is then RF-magnetron sputtered onto a second, 0.2µm-thick LTO layer. The wafers are annealed for 25 min
utes at 950 °C after: the polysilicon and LTO · depositions.
After a 0.3-µm-thick LTO layer is laid down to encapsu
late the ZnO and contact windows have been opened, alu
minum (Al) is sputter-deposited and patterned to form the
top electrode [8].

The cantilever is released by using an LTO wet etch
and silicon nitride dry etch (SFJHe) of the frontside mul
tilayer diaphragm, followed by a wet etch (K3Fe(CN)6/
KOH) of the underlying, supporting Al layer.
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After bulk-micromachining, the second 0.5-µm-thick
low-stress silicon nitride is deposited with a 4: 1 gas ratio.
The larger tensile stress (250 MPa) of the second layer is
used to maintain diaphragm flatness during subsequent
processing steps. Since the second silicon nitride deposi
tion occurs on both sides of the original diaphragm, the
stress gradients become symmetric. The first silicon
nitride layer is also annealed during the second layer dep
osition and its stress distribution becomes negligible. The
result is a relatively flat cantilever. This technique of pro
ducing a flat cantilever despite the stress gradient in the
component films may have applications to other micro
machined structures.
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Figure 5. Profile of a completed transducer as measured
by a profilometer.
The wafers are diced with a diamond saw, and individ
ual microphones are glued and wire-bonded to ceramic
packages which have a 3 mm-diameter ventilation hole
formed by a diamond drill. The ventilation hole can be
left open during testing or sealed to form a 15 mm3 back
cavity volume.

Figure 5 shows the profile of a completed transducer
as measured by a Tencor Alphastep 200 profilometer. The
out-of-plane deflection of the transducer is less than 20
µm. We have verified with non-contact optical measure
ments that the profile of Fig. 5 is accurate to within exper
imental error of 3 µm. Across a given wafer, the majority
of the transducers had out-of-plane deflections below 35
µm.

Fabricating Flat Transducers
Transducers fabricated with designs prior to that
shown in Fig. 2 were significantly curled upward or
downward. This is undesirable because it decreases the
effective device area upon which the sound wave
impinges (microphone) or which launches the sound
wave (microspeaker).

Design and Simulation
In order to understand the device characteristics and
process of designing for specific desired responses, we
need a reliable model of the device. We use a combination
of finite-element simulations and analytical modeling to
calculate the microphone output voltage as a function of
the frequency of the acoustic excitation.

The downward curl is due to the high residual com
pressive stress of the ZnO layer. It was found that the curl
is considerably reduced by patterning the ZnO so that it is
not contiguous to the silicon-support portion of the canti
lever.

Using ABAQUS, we have determined the strains
developed in the cantilever at different excitation frequen
cies and integrated the strain across the electrode area.
Since we have not yet modeled the acoustical damping of
the microphone, we chose a damping factor for ABAQUS
such that the simulated and measured quality factor Qs of
the lowest resonant peaks would be identical.

The upward curl arises because of the gradient of
residual stress of the silicon nitride layer, which is illus
trated in Fig. 3. The stress profile of Fig. 3 has been
obtained by successively removing thin layers of the film
and measuring wafer curvature [9]. The stress distribution
in the silicon nitride seems to be related to annealing dur
ing the deposition at 835 °C. The earlier a layer is depos
ited, the longer this layer is annealed. The gradient in the
residual stress generates a moment that causes the upward
curl, as illustrated in Fig. 4(a)

The microphone output voltage at a particular fre
quency is proportional to the integral of the strains gener
ated across the assumed electrode area. In this electrode
design process, the equivalent circuit model is also con
sidered, which includes the effects of capacitive loading
[8]. Through the design iterations, the electrode pattern
shown in Fig. l(a) was found to produce the best low-fre
quency response. Figure 6 shows the simulated micro
phone frequency response (curve A) of the transducer
with a low-frequency sensitivity of3.8 mV/µbar.

Figure 4(b) shows the solution used in the process flow
of Fig. 2 in order to produce a cantilever with a symmetric
stress distribution in the silicon nitride. The initial 0.5µm-thick silicon nitride layer is deposited with a 6:1 reac
tant gas ratio to form the diaphragm prior to bulk-micro
machining. The low (50 MPa) residual tensile stress of the
thin, initial diaphragm makes it more resistant to rupture
[10].
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Figure 6. Measured microphone frequency response
(curve B) of the transducer compared with the ABAQUS
simulation result (curve A) from 100 Hz to 10 kHz.
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Figure 7. Microspeaker output pressure into a 2 cm3 cou
pler in the 100 Hz to 10 kHz range with 4 V(zero-peak)
drive.
dBSPL

Experimental Results

115 �-----�----,------,---,---.

Microphone Testing
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The microphone frequency response has been mea
sured in an electrically-shielded anechoic chamber con
taining a calibrated microphone (B&K 4135). The test
and reference microphones are placed at the same dis
tance from the source of acoustic signals, which is the end
of a 6.5 mm diameter tube that leads into the chamber
from an external conventional loudspeaker.
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Figure 6 shows the typical measured microphone sen
sitivity ( curve B) of the cantilever device when tested
without backing. The microphone sensitivity is fairly con
stant at 2 mV/µbar in the low frequency range and rises to
20 m V/µbar at the lowest resonant frequency of 890 Hz.
The 2 mV/µbar is the highest reported for a microphone
with a micromachined diaphragm. The low-frequency
sensitivity and the resonant frequencies are in good agree
ment with the simulation result. Independent testing
shows that backing with a 15 mm3 cavity will reduce the
low-frequency sensitivity by about 8 dB, to around 0.8
mV/µbar.

Figure 8. Microspeaker output pressure into a 2 cm3 cou
pler in the 1 kHz to 50 kHz range with 4 V(zero-peak)
drive. The lower trace is the noise level of the B&K 4135
reference microphone.
µbar
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We measured the acoustic output of the cantilever
device into a 2 cm3 coupler with a calibrated B&K micro
phone. Figure 7 shows the microspeaker output in the 100
Hz to 10 kHz frequency range with 4 V(zero-peak) input
drive. The resonant frequencies coincide with those of the
microphone response at 890 Hz and 4.8 kHz, as we
expect. Figure 8 shows the sound pressure level produced
by the microspeaker in the 1 kHz to 50 kHz frequency
range. Figure 9 shows that the output pressure is propor-
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2
3
4
6 V
5
Input Voltage (zero-peak)

Figure 9. Microspeaker output pressure vs. input voltage
11easured at 4.8 kHz.
tional to the input drive voltage from 0.1 to 6 V(zero
peak) at 4.8 kHz. The highest output pressure corresponds
to approximately 100 dB SPL.
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A piezoelectric micromachined cantilever microphone
and microspeaker has been fabricated and tested. By con
trolling the distribution of residual stress, we were able to
make 2000 µm-long cantilevers whose maximum out-of
plane deflections were typically no more than 35 µm. The
microspeaker output is proportional to the input drive,
and rises to approximately 100 dB SPL at 4.8 kHz and 6
V (zero-peak) drive. The microphone sensitivity is fairly
constant at 2 mV /µbar in the low frequency range, and is
20 mV /µbar at the lowest resonant frequency of 890 Hz.
The high microphone sensitivity and the high micros
peaker output are due to the high compliance of the canti
lever diaphragm. Future work will include modelling of
acoustic leakage around the perimeter of the cantilever
into the back cavity volume.
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Abstract

We report here a one-mm-sized microfabricated actuator
with linearized output capability of 0.2 mN when driven at
60 Volts. This is achieved through an area-efficient design,
a high-aspect ratio microfabrication process, and a large sig
nal linearization scheme. The area-efficient design allows full
utilization of the chip area for energy conversion. The high
aspect ratio microfabrication process allows the generation
of structures an order of magnitude larger than conventional
structures in all three dimensions, while still retaining the
minimum in-plane features. The large signal linearization
scheme permits linearized force output with driving voltages
as large as the biasing voltage. This increased output force
enables the batch-fabricated microactuators to be used in
many new, practical applications in which the
microactuators are required to move an additional load, as
well as their own mass.

Figure 1. Top View of an area-efficient electrode tree struc
ture with the air gaps between electrodes being less than 2
µm.

Introduction
Many practical applications, such as attaching
microactuators on the back of magnetic recording sliders for
improved tracking performance, require that the
microactuator move milligram loads at l0's of G's of accel
eration. For dynamic performance, it is also important that
any nonlinearity in the device be minor to permit the closing
of a high bandwidth feedback loop. Achieving this goal re
quires a linearized driving force of a few hundreds µN gen
erated in a mm-sized area. This requirement on the
linearized.force output from the microactuator is four orders
of magnitude larger than the conventional force output from
a typical polysilicon device. Here, we will show how one can
achieve the goal through an area-efficient design, a high
aspect ratio microfabrication process, and a large signal
linearization scheme.
Area-efficient Electrostatic Microactuators
In addition to the achievable energy density, the effectiveness
of an actuator will depend on how efficiently the device uti
lizes the chip area for energy conversion, along with other
constraints such as position independent output, stroke range
etc.. Constant in-plane force in the mN range, with a few
µm of stroke can be generated in a microfabricated
electrostatic structure assuming full utilization of the avail
able area such as the electrical tree structure [l-2] shown in
Fig. l. In this approach, energy conversion cells populate the
whole area and efficiently convert electrical energy into force
or torque. The electrodes in Fig. I are grouped into three
sets, each with three levels of hierarchy: trunk, branch, leaf.
Each level branches out from a higher level, and the scheme
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Si substrate

Figure 2 . Perspective and cross sectional view of the area ef
ficient actuator with a bonding platform connecting all of the
movable electrodes on top.
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can be recursively extended if needed. The electrodes are
layout such that only one masking level is needed to define
the electrode sets that can generate position-independent
electrostatic force in both direction. A bonding platform
covering most of the area is formed on top of the electrode.
It is used to connect all the movable electrodes and also acts
as the platform for payload attachment. A stud layer is used
to elevate the bonding platform to a certain height above the
stator electrodes; this height depends on the vertical electrical
field component and spring stiffness. Figure 2 shows the
perspective view and cross setion of an area-efficient
actuator.

Si3 N,
I
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Thermal Oxide

--- - �
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Si substrate

Device Processing

The force output of the interdigitated microactuator is pro
portional to the height-to-width aspect ratio of the gaps be
tween fingers, and this requires a high-aspect-ratio
fabrication process. [4 -7] To achieve this and to maximize
the stiffness/mechanical bandwidth aspect of the device, we
reported earlier [2] a process capable of fabricating 20 µm
thick microminiature metal structures with minimum fea
tures sizes less than 2 µm. This added structure height and
associated rigidity has enabled us to fabricate structures with
in-plane dimensions of a few millimeters using a low-stress,
plated copper. The structures have dimensions an order of
magnitude larger than conventional micromechanical struc
tures in all three dimensions, while still retaining the mini
mum in-plane features. This is achieved by using a
combination of very low-stress plating, photoresist and a
projection optical system. Here, we have extended the proc
ess· to allow the microfabrication of an area-efficient
electrode tree structure as proposed in [l], based on a flexure

(b)
Low-Stress Copper Plating

Si substrate
(c)
Low-Stress CopperPlating
/

Si substrate

type of actuator [3]. For the electrostatic devices, copper is
used, which is compatible with the PSG (phosphor-silicate
glass)-HF sacrificial layer system, thereby minimumizing the
process changes of the conventional silicon-based surface
micromachining. Since plating is a low temperature process,
this silicon-based technology could potentially be merged
with on-chip silicon control and sensing circuitry. Fig. 3
outlines the fabrication sequence of the device. The Si wafer
is first oxidized at 1050 ° C, and followed by deposition of
LPCVD silicon nitride as a passivation layer. An LPCVD
polysilicon shield layer is deposited and patterned by CC14
plasma etching. An LPCVD PSG sacrificial layer is depos
ited at 450 ° C and patterned by wet etch in BHF. Recessed
holes are time-etched into the PSG layer to form molds for
dimples. A full-film chromium and copper composite layer
(Cr 100 A and Cu 900 A thick) is sputtered onto w·afers as
a plating seed layer. A plating stencil is formed by a pat
terned 2 2 -µm-thick photoresist layer. The edges of the wa
fers are exposed to UV to form a contact ring of seed layer
which is then contacted to the plating electrode during the
Cu plating. The plated copper is twenty µm thick, and a
2-µm margin on the photoresist is left for the plating nonu
niformity to avoid plating mushroom over the photoresist.
This is necessary to avoid shunting of the interdigitated
electrodes which are only 2 µm apart. The intrinsic stress
level of the plated copper layer is as low as 20 MPa. A cop
per bonding platform connecting all of the movable
electrodes on top is formed in two other similar plating steps
for structural rigidity and payload attachment, and the
actuators are finally released in an HF based etchant. A
supercritical CO2 drying release process [8] is used. The final

(d)
Low-Stress CopperPl�ting

Si substrate
(e)

RemovePSG

Si substrate
(f)

Figure 3 . Outline of device fabrication sequence. (a)
substrate is isolated (b) first conducting layer and sacrificial
layer are patterned (c) high-aspect-ratio stencil plating (d)
pedestal plating (e) bonding platform plating (e) release
process.
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released structures are shown in the SEM micrographs in
Fig. 4 and Fig. 5 with and without the bonding platform.

Force

s

Vbias

R

s

A-B
Linearized

Vcontrol

-Vbias

Figure 6. (a) Large signal linearization scheme with an anti
symmetrical bias on the stators (b) Nonlinearity is cancelled
out, and the output is linearized with driving voltages as
large as the biasing voltage.
the spring stiffness becomes asymmetric if the DC bias
causes large initial displacement. Finally, the linearity
scheme breaks down when the "small signal" voltage is nearly
as large as the DC bias voltage. In practical servo applica
tions, one would need the actuator to generate as large a
force or torque as possible by putting in the maximum al
lowable signal while still maintaining system linearity. In
order to drive the device in a large signal linearized mode, a
new linearization bias configuration is used as shown in Fig.
6(a). The force/input relation becomes

Figure 4. SEM micrograph of a released area-efficient
microactuator.

where o: 1 and o:2 are force constants of the two sides, here set
equal to ex.
The amplitude of the control signal can be equal to or even
larger than the large DC bias and still maintain the linear
relation in this configuration, and the optimum bias and
maximum control signal should both be one half of the
maximum allowable voltage for the system. Fig. 6(b) shows
how two segments of the transfer curves are put together for
a linearized curve. Also, there is no initial displacement and
the initial spring stiffness is symmetric in this case. Cer
tainly, this scheme depends on good process tolerance control
and the symmetry of this particular device in order to satisfy
the condition that 0:1 equals 0:2.

Figure 5. SEM micrograph of an area-efficient actuator with
the bonding platform removed to expose the electrode tree
structure.

Microactuator Characteristics

A Laser Doppler Velocimeter (LDV) was used to measure
the in-plane motion. The frequency response function is
measured on the system using the. control voltage as an
excitation and the LDV displacement as a response. The
dominant resonance is at 9 kHz as shown in Fig. 7. Fig. 7
also shows the phase response with a clean 180 degrees
transition after first resonance. We showed in earlier paper
[2] that a significant reduction in the peaking amplitude re
sponse can be achieved in this kind of actuator using a PI
controller [9].

Large signal linearization

Electrostatic actuators are square law devices. Although the
force is independent of position within the designed stroke
range for interdigitated electrode configurations, the
force/acceleration is proportional to the square of the applied
voltage between the moving electrode and stator electrode.
Linearization becomes an important issue for this category
of electrostatic actuator control. A typical linearization
scheme is to sum a small control voltage to a large DC bias
ing voltage, and the quadratic nonlinearity in the control
signal can be ignored for large bias voltages [2],[4]. Al
though the electrical driving force is linearized in the scheme,

The output force of microactuators can be obtained from the
measured amplitude of acceleration when sinusoidal
excitations at frequencies significantly higher than the first
resonance are used. Fig. 8 shows the acceleration per volt
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of a sinusoidal driving voltage from 15 to 20 kHz for an
actuator biased at 30 Volts. Given a movable electrode mass
of 45 µg, a force output of 6xl0- 8N/V2 is obtained; i.e., a
linearized force output of 0 .2 mN can be obtained from this
one-mm-sized microactuator at 60 Volts, which is a feasible
voltage generated on a modified CMOS chip.
To verify the linearity, the actuator was driven with a
sinusoidal excitation well below the first resonant frequency
to ensure a zero phase shift. Fig. 9 shows the actuator dis
placement in the time domain, while driven by a large signal
sinusoidal wave at 5 KHz, which is below the resonant fre
quency. It shows that the actuator tracks the input signal.
The input amplitude is 20 V in this case, and the displace
ment versus input curve is plotted in Fig. 10 . Good linearity
is obtained and no hysteresis is observed, compared to typi
cal piezoelectric or magnetic approaches where the linearity
will greatly depend on the material characteristics used for
transduction in additional to possible flexure nonlinearity.
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Figure 7. Amplitude and phase of microactuator frequency
response function up to l00 kHz.
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Area-Efficient Rotary Microactuators

Swnmary

A consideration with the in-plane linear microactuators is
that the force generated does not necessary pass through the
center of mass (C.M.) of the combined mass of payload and
movable electrode. Thus, one needs to take the cross-axis
torque into consideration in a practical system design. A
rotary version of the area-efficient actuator such as shown in
Fig. 11 (with upper bonding plate not shown) will reduce this
complication. Since the rotational axis passes through the
center of mass of the movable electrode in this symmetric
design, a centered payload will make the combined system
C.M. on the axis of rotation.
Another consideration with linear microactuators is that
shock loads applied in the direction of motion lead to dis
placements of the actuator. The displacement may be suffi
cient to disrupt successful operation during high G shocks.
A rotary version of the area-efficient actuator will also
greatly reduce the shock sensitivity. The same area-efficient
process described above is used to fabricate such a device.
Fig. 11 shows an SEM photograph of a microfabricated
area-efficient rotary microactuator. The springs are designed
such that they provide a sufficiently low torsional spring
constant to allow rapid in-plane rotation under the
electrostatic forces available, and sufficiently high load bear
ing capability to accommodate shock loads. One handy way
to achieve low rotational stiffness while maintaining the same
out-of-plane stiffness is to split a spring into several ones as
shown in Figure 12. This is because the vertical stiffness is
linearly proportional to the width of the spring, but the in
plane bending stiffness is proportional to the cube of the
thickness in the bending direction. For certain applications
a rotary version of area-efficient design may have advanta
geous shock resistance and reduced cross-axis mechanical
coupling.

We have described the design, process and characteristics of
area-efficient microfabricated actuators. Through an area
efficient design, a high-aspect ratio microfabrication process,
and a large signal linearization scheme, we have shown that
a one-mm-sized microfabricated actuator is capable of
linearized output of 0.2 mN when driven at 60 Volts. The
compactness, the linearity and the increased output
force/torque may enable the batch-fabricated microactuators
to be used in many practical and new applications such as
slider tracking in magnetic recording, optical tracking, non
resonant mode scanning/chopping, optical frequency domain
demultiplexing with a tunable external Fabry-Perot cavity
etc.. A design for a rotary microactuator was shown, and
some of its potential advantages given.
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actuator. (without the bonding platform)
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Abstract-A novel microactuator technology that combines
magnetic thin films with polysilicon flexural structures is
described. Devices are constructed in a batch-fabrication
process which combines electroplating with conventional
lithography, materials, and equipment. A microactuator
consisting of a 400x(47-40)x7 µm3 rectangular plate of NiFe
attached to a 400x(0.9-1.4)x2.25 µm3 polysilicon beam has been
displaced over 1.2 mm, rotated over 180 ° , and actuated with
over 0.185 nNm of torque. Theoretical expressions for the
displacement and torque are developed and compared to
experimental results.

I. INTRODUCTION
AGNE TIC microactuation has
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recently

been

Fig. 1. The saturation magnetization of a NiFe film as a function of
composition. (Based on Bozarth [10])

demonstrated by several research groups [ 1-5]. In
most cases magnetic-microactuator fabrication is not
accomplished in a continuous batch process, but rather
with the addition of steps such as manual assembly. The
cantilever actuator described by Ahn and Allen is an
exception [3]. In our paper, we describe batch-fabricated
magnetic microactuators which are made in a relatively
simple process. This process combines electroplated NiFe
films with surface-micromachined polycrystalline silicon.
This combination of materials provides new opportunities
for actuated-structure designs. Specifically, forces and
displacements that are larger than those generated with
electrostatic microactuators are readily obtained. An
important feature of this technology is provided by the
ability to control the actuators via a remote source for the
magnetic field. This type of control can achieve signifi
cant actuation both in and out of the plane of the wafer.
These advantages of magnetic drive can accelerate and
broaden the already impressive results obtained with actu
ated polysilicon microflexural elements [6-8]. Full inte
gration of magnetically actuated elements into
microsystems can be expected to have significant impact.
There appears to be no major obstacle to the merger of
electrical, mechanical, and magnetic microfabrication
technologies.

Furthermore, no additional step adds significantly to the
thermal budget for the wafer.
The micromechanical flexures are constructed with
phosphorus-doped LPCVD polysilicon. An electroplated
nickel-iron alloy is used as the magnetic material because
of its relatively high saturation magnetization. In addition,
the magnetic properties of NiFe have been well-docu
mented because of its very widespread commercial use.
The NiFe is electroplated by using a variation of a proce
dure described by Ahn, Kim, and Allen [4]. For magnetic
thin-film heads, one normally seeks to control the film
composition at 81% Ni, 19% Fe in order to eliminate
stress-induced magnetic anisotropy. Plating control to
achieve a given composition is challenging, however, and
our films turned out to be rich in nickel -- roughly 95% Ni
and 5% Fe as measured by an energy-dispersive, x-ray
microanalysis system mounted in a scanning-electron
microscope [11]. On the other hand, to maximize actua
tion performance the saturation magnetization should be
maximized. For a NiFe film this occurs at a composition
of 100% Fe. Unfortunately, iron corrodes easily and thus
it is beneficial to add nickel which is much more corro
sion resistant. A composition of 50% nickel provides
improved corrosion resistance and corresponds to a local
maximum of the saturation magnetization (Figure 1). A
nickel-iron alloy with 50% nickel and 50% iron has his
torically been referred to as 50 Permalloy [12]. A design
concern for non-released structures made with 50 Permal
loy is that the magnetostriction is much higher at 50%
nickel (-2.6x10-5) than at 81% nickel (-0). Thus, unless
the stress in the magnetic film can be relaxed (for exam
ple, in this work in which the magnetic element can move
freely) there may be significant mechanical effects on the
magnetic properties.

II. TECHNOLOGY
The new microactuators are produced by adding fabri
cation steps to a process developed at BSAC to produce
polysilicon surface-parallel microresonant systems [9].
All steps are added near the end of the fabrication
sequence, just prior to the micromechanical-device
"release" step. This processing sequence avoids contami
nation by the magnetic material during the conventional
microelectronic and micromechanical fabrication steps.
0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.10
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Fig. 2. (a) Mechanical structure of the rnicroactuator. (b) Reduction
of the mechanical system. (c) Circular beam bending. The arrows
indicate the motion of the center of curvature as T is increased
from zero.
III. MECHANICAL ANALYSIS
For a first microactuated element, we built and studied
the structure shown in Fig. 2a. It consists of a narrow can
tilever beam made of polysilicon which is anchored to the
substrate at one end and attached to a wide plate of mag
netic material at the other end. When the long and thin
magnetic plate is placed in a uniform magnetic field it
experiences only a pure moment and not a translational
force. Since the magnetic material is much wider, thicker,
and stiffer than the cantilever beam, the magnetic material
can be assumed to be mechanically rigid. To simplify the
analysis, we recognize that a pure moment applied to a
rigid body can be translated to any position on the rigid
body. Therefore, the resulting mechanical model becomes
that of a simple cantilever beam which is fixed at one end
and has a concentrated moment or torque T applied to the
other end (Fig. 2b).
If we assume that the cantilever beam has a uniform
cross section, the application of a torque results in pure
bending. Thus, increasing the magnetic field H configures
the beam along the path of a circular arc, whose center
translates in from infinity along the anchoring surface
(Fig. 2c). In terms of the torque T on the plate, the radius
of curvature R of the cantilever beam is given by
E
R = [beam = yl
(1)
<I>

Fig. 3. Plot of the deflection of the end of the rnicroactuator. The
cardioid traces out the position of the tip as the angular deflection of
the plate <I> is increased by increasing the torque T. The resulting
deformed shape is shown for angular deflections of <I> = 0, 45, 90,
135, 180, 225 and 270 ° .
(2)
with beam thickness h, upper-beam width a, and lower
beam width b. Equation (2) is useful for determining the
torque T from observation of the angular mechanical
deflection <I> • The angular spring constant k<I> of this
mechanical structure is given by
_ Eyh(a+b)li+b )
(3)
k<I> 48 [beam
Equations (1) to (3) assume Hooke's-law behavior for the
cantilever material.
2

A. Description of Motion
Coordinates for the position of the tip of the actuated
cantilever can be obtained from a straightforward geomet
rical analysis. The results, given in Eqns. (4) and (5), are
plotted in Fig. 3.
xtip

= [beam ( 1- cos<J>) + lmagsm<J>
T

Yiip

T

[beam
= -sm<J> + lmag cos<J>
<l>

(4)
(5)

Figure 3 is a plot of the path traced out by the tip of a
microactuator with a cantilever beam of length lbeam =
400 µm and a rigid magnetic plate of length lmag = 400
µm. To achieve these large deflections the moment is
increased by varying the magnetic-field intensity and
direction. The largest x -translation of the tip is

with cantilever-beam length lbeam , elastic modulus E y,
and moment-of-inertia I [13]. The angle <I> is the angular
mechanical deflection from the initial relaxed direction.
The fabrication process that forms the polysilicon
beam produces a trapezoidal cross section. Using the
moment-of-inertia of a beam with a trapezoidal cross sec
tion [14], the angular deflection in Eq. (1) can be
expressed as

xmax = ±( � lbeam + lmag ) = ±654 µm
1t

and the largest y-translation of the tip is
Ymax = -(21mag + [beam ) = -1200 µm
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(6)
(7)
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Fig. 4. Positions of the effective magnetic "charges" and directions
of the forces that they generate. The angular mechanical deflection
<1> and the angle between the magnetic field and the original
direction of the cantilever structure y are also labeled.

Magnetic Field (Alm)

Fig. 5. Plot of the theoretical angular mechanical deflection <j> as a
function of magnetic-field intensity Hext· The magnetization M is
varied (0.7, 1.0, 1.5, and 2.0 T). The magnetic field is applied at a
constant angle y = 90 ° . The beam is made of polysilicon with an
elastic modulus Ey = 170 GPa and dimensions 2x2x400 fm3 (kc!> =
567 pNm). The magnet has dimensions 10x100x400 µm .

IV. MAGNETIC ANALYSIS
The behavior of long and narrow magnets in a mag
netic field can be modeled using the concept of "effective
magnetic charges." Although no magnetic monopoles
exist, these effective magnetic charges are formed in pairs
and they are mathematically identical to electrical
charges. To generate a useful picture of the magnetic-field
pattern, one can postulate that positive magnetic charges
reside on the magnetic north pole and negative magnetic
charges reside on the magnetic south pole. In Fig. 4, we
use this concept to introduce magnetic charges qm and
-qm to the cantilever actuator.
Since, to first order, we assume the magnetic material
is uniformly magnetized, the magnetic charges exist only
on the very ends of the magnet. The charges, which are
separated by the length of the magnet, experience the
forces FN = qmHext and Fs = -qmHext ' These forces line
up with the external field lines (Fig. 4). The angle
between the original direction of the magnet and the
direction of the magnetic field is y. To deflect the struc
ture by an angle <)>, the magnetic-field direction is held
constant while its intensity is increased from zero to Hext.
The forces FN and Fs act on the length of the magnet to
generate a torque
(8)
Tmag = qmHext1mag sin (y-<j>)
The magnetic charge is given by qm = MAmag with
magnetization M and magnet cross-sectional area Amag .
Equation (8) thus reduces to
(9)
Tmag = VmagMHext sin (y-<j>)
where Vmag is the volume of the magnet.
As is familiar for a compass needle, an unrestrained
magnetic element will rotate until it is aligned with the
magnetic field (<)> = y). However, if the rotation of the
magnet is restrained by a mechanical spring, the magnetic
torque Tmag causes the magnet to rotate until the mechan
ical restoring torque of the spring

.. · .·
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Magnetic Field (Alm)

10000

Fig. 6. Plot of the theoretical equilibrium torque for the same
conditions used in Fig. 5.

equilibrium is referred to as the equilibrium torque Tequil.
By equating Eqns. (9) and (10), the angular mechanical
deflection of the cantilever structure is found
(V M
<)> = ma\, HextJ sin (y-<j>)
(11)

l

Eq. (11) is a transcendental equation that can be solved
numerically. Plots of the angular mechanical deflection <)>
and the equilibrium torque Tequil, as functions of mag
netic-field intensity Hex t ' are given in Figs. 5 and 6,
respectively. In both plots, the lines reach asymptotic val
ues defined by the choice for the direction of the station
ary magnetic field (y = 90 ° ). If the relative angular
difference between the magnet and the magne!ic field is
maintained at y-<)> = 90 ° , the magnetic torque given in
Eq. (9) is maximized. The extrapolated lines illustrate the
maximum angular deflection and equilibrium torque pos
sible for a given magnetic field. This occurs when the
angle of the magnetic field is allowed to rotate with the
moving magnet. The magnetic material was formed into
rectangular and elliptical shapes to investigate the effects
of shape on device performance. An ellipsoid is a special
geometry for a magnetic material because an ellipsoid can

compensates for Tmag and an equilibrium angle is
attained. The mechanical restoring torque that achieves
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Fig. 8. Top view of the fabrication process which illustrates the
frame plating technique. (a) Definition of a photoresist frame on top
of the adhesion and seed layers. (b) Electrodeposition of the
magnetic material. (c) Definition of the protective photoresist. (d)
Removal of excess NiFe and protective photoresist.

(d)

(GCA) for 5.25 s per die. After developing the resulting
photoresist, the sidewall slope is quite low (45 to 60 ° ).
Fortunately, abrupt vertical slopes on the resist are not
important for these devices. This is because actuation by
an external magnetic field does not require surface-to-sur
face interactions such as those found in linear and rotary
variable-capacitance and variable-reluctance microactua
tors.
In the next step, the magnetic material is electroplated
to a thickness of7.0 µm (Fig. 7b). Because of the slope of
the photoresist, the magnetic material has an inverted
trapezoidal cross sectional. Except for the omission of a
saccharin additive, the plating solution was the same as
that described in reference [4]. To assure a uniform depo
sition rate and a uniform composition, a frame-plating
technique is employed (Fig. 8b) [16]. After the thick resist
is removed, a new layer is deposited and patterned over
the regions of magnetic material that are to be preserved
(Fig. 7c and Fig. 8c). The unprotected NiFe and the Cu
beneath it are then removed. After the photoresist is
stripped, the Cr adhesion layer is etched away in a dilute
Cr etch (Fig. 8d). Unfortunately this etch results in a yield
loss since the Cu is etched fa�ter than the Cr and thus the
NiFe becomes undercut. To improve yield a better
method of removing the excess electroplating seed layer
is needed. At this time, sputter etching and ion milling are
being considered as alternatives. The devices are then
released in a concentrated HF etch (Fig. 7d). Due to the

Fig. 7. (a) Metallic adhesion and seed-layer deposition. (b)
Photoresist
frame
definition
and
magnetic-material
electrodeposition. (c) Protective photoresist definition prior to
magnetic-material etch. (d) Sacrificial material removal and fuse
breaking to release the device.

be magnetized uniformly and the effect of its shape can be
calculated analytically [15]. However, the magnetic the
ory described above is not appropriate for ellipsoids or
rectangles that have aspect ratios (length/width) of less
than -4. This is because the magnetization vector inside
the magnetic material can rotate away from the easy axis
and thus the material no longer acts like a permanent
magnet. All experimental data reported in this paper were
obtained from actuators that had rectangular pieces of
magnetic material with an aspect ratio of 10.
V. FABRICATION
As stated in Section II, magnetic elements were fabri
cated in steps added at the end of a process that had been
developed to produce polysilicon resonant structures.
With only the final "release" step for mechanical struc
tures remaining, an adhesion layer (10 nm of Cr) and an
electroplating seed_ layer (100 nm Cu) are deposited by
evaporation on top of the polysilicon flexure (Fig. 7a).
Next, four layers of a common I-line photoresist (Olin
Hunt 6512) are spun onto the wafer which aggregates to a
total resist thickness of roughly 10 µm. The wafer is then
exposed in an optical (10: 1 reduction) wafer stepper

46

External Magnetic-Flux Density (Tesla)
0
0.005
0.01
0.015
0.02
0.Q25
0.03
---�--.....__--�-----��-.........
100

Experiment
E

y

=

140 0Pa, M

=

I

0.7 T ···(Theory)

E = 170 0Pa, M = 0.7 T -(Theory)
,,
E,, = 200 0Pa, M = 0.7 T --(Theory)

0L----�---�--��--��----'
0

Fig. 9. Optical photograph of a microactuator with no applied
magnetic field. This actuator consists of an elliptical piece of
magnetic material with dimensions 400x(l 07-IO0)x7 µm3 and a
polysilicon beam with dimensions 400x(0.9-1.4)x2.25 µm3.
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Fig. 11. Comparison of experimental deflection data and theoretical
calculations for an actuator consisting of a rectangular tece of
magnetic material with dimensions 400x(47-40)x7 µm and a
polysilicon beam with dimensions 400x(0.9-l.4)x2.25 µm3.
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Fig. 10. Optical photograph of the microactuator with a large
magnetic field applied at an angle y greater than 90°.
large size and compliance of these devices, polysilicon
fuses were used to help them survive the release etch and
rinse [17].
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Fig. 12. Comparison of experimental torque data with theoretical
calculations (k'P = 127 pNm).

Figure 9 shows an optical photograph of one of the
batch-fabricated magnetic microactuators when not under
the influence of a magnetic field. Figure 10 shows the
microactuator after it has been deflected by an applied
magnetic field. For the purpose of illustration, the angle y
was allowed to increase beyond the nominal 90 ° to inves
tigate the maximum deflection of these devices. A deflec
tion greater than 180 ° was observed before the beam
fractured.
Before we knew the composition of the NiFe film we
had expected the material to demagnetize by breaking up
into closure domains when the magnetic field was
removed. Instead, it remained magnetized and hence
acted like a permanent micromagnet. Since our films were
nickel rich, such a permanent-magnet behavior is not sur
prising. The remanent magnetization can be overcome by
applying a magnetic field that is larger than the coercive
field. When the magnetization switches, the mechanical
structure abruptly changes directions so that it points in a

new equilibrium direction. Because of this observed per
manent-magnet behavior, a more complex soft-magnetic
material analysis is not required for these geometries [18].
The actuators were placed in a magnetic field created
by an off-chip electromagnet. The magnetic field, which
was varied from O to 24,000 Nm (300 Oe or 0.03 T), was
maintained at a constant direction y = 90 ° with respect to
the original cantilever direction. The angular deflection of
the device was measured optically. The measured angular
deflections are compared with theory in Fig. 11. The theo
retical curves give approximate bounds for variations of
the elastic modulus E y of polysilicon. Using Eq. (2) the
measured angular deflection is converted into an experi
mental torque which is then compared to the theoretical
calculations obtained with E y = 170 GPa (Fig. 12). The
experimental results agree well with the theoretical curves
especially at higher magnetic fields.
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There are two explanations for the over estimate at low
magnetic fields. First, the magnetization M, which is
assumed to be constant, is actually a hysteretic function of
the applied magnetic field. The magnetization at low
magnetic fields is lower than the magnetization at high
fields. Second, the effective magnetic charges are
assumed to be located at the very ends of the magnet. In
practice the magnetic charges are distributed in a volume
located near the ends of the magnet. The distance between
the charge distributions is less than the physical length of
the magnetic material. Therefore, the effective length of
the magnet is shortened and the magnetic torque given by
Eq. (8) is reduced.
The amount of mechanical force that can be applied by
this microactuator is limited by the stiffness of the
mechanical flexure. If the flexure is very compliant, then
large deflections are possible. However, attempts to push
a heavy object cause the beam to bend away from the
object instead of transferring the force. If the mechanical
flexure is made stiffer, the actuator is able to apply larger
forces to an object, but the maximum displacement is
reduced. Thus, for a given application, the desired
torques, forces, and displacements determine the mechan
ical-flexure geometry, the magnetic-material geometry
(volume and length-to-width aspect ratio), and the
required magnetic field.
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Microelectronic compatibility issues are very complicated and are
mostly cost driven. However, the need to sense some actuator
function normally requires that electronic devices are co-fabricated
with the MEM structures.
Finally there is the manufacturing tool problem. Cost
effectiveness is a major issue and becomes very troublesome if the
system is a replacement for an existing system rather than a MEM
system with unique attributes. The required three dimensionality in
the tool and tight tolerance requirements with multi material
capability produce major challenges not only to tool selection but
also tool development. The required tool attributes clarify somewhat
if one assumes that the selected manufacturing technique is based on
a photoresist technology. This results in prismatic geometries and
results in actuator output forces of the form

ABSTRACT
Linear actuators are potentially useful devices if output
forces near or above 10 milliNewton can be produced with total
travel in the 250 µm range. These two goals, when combined with
required positional accuracies and packaging considerations, can be
achieved for magnetic actuators which are fabricated by LIGA-like
processing tools.
Preliminary actuator design and fabrication has centered on
permalloy structures with 100 µm height. Twenty turn current to
flux converters with 10 ampere-tum capability are used to drive a
ferromagnetic, spring supported slider into a coil gap. Total travel
of 250 µm with 0.28 milliNewton of force has been achieved with 1
Newton/meter spring constants. Since the structure can be extended
easily to 3000 µm, the design goal is within reach.
The manufacturing technique has anticipated optical
excitation by photodiode inclusion. These devices in shuttered and
un-shuttered form can meet the drive current needs and may produce
self resonant behavior when excited by unmodulated light.

Four = PEVA

• H for
• E or �B
where PE is the energy density; i.e. �D
2
2
electrostatics and magnetostatics respectively; and VA is the active
volume of the actuator in which PE is stored. This volume may be
written as

INTRODUCTION

V A= a.V PH
=
a.HA PH

The commercial viability of micro electro mechanical
systems, MEMS, requires that at least three major issues are
addressed. The first one of these involves the potential market.
MEM systems based on linear actuators fit well into a variety of
applications. Micro relays, especially surge protection devices, have
a large market potential if contact resistance and high voltage
isolation problems can be overcome. This implies that relay closure
forces should be in the 1 gram or 10 milliNewton range and that
relay throw must exceed 100 micrometer. Similar output force
requirements with even larger throws are needed for micro pump
and micro valve applications. Output force and throw requirements
increase even more for optical applications and normally add
positioning requirements as additional complications.
A second problem area comes from the interplay between
system requirements and components which fit into a system.
Packaging issues need to be resolved early and so will compatibility
questions with drive and control circuitry. Packaging difficulties
reduce as the impedance level of the MEM components decrease and
gain additionally from low rather than high voltage requirements.

0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.11

(1)

(2)

where a is the filling fraction or the effectiveness with which the
physical volume VpH with area ApH and height H was used. This
notation leads to
(3)

as a primitive figure of merit for the actuator and/or the �cessing
tool.
Equation (3) suggests that photoresist processes with large
structural height lead to better actuators. If these processes also are
characterized by high geometric resolution the filling fraction, a,
will increase which improves the figure of merit. The energy
density should be as large as possible which favors magnetics
slightly. However, as stated earlier, anticipated packaging,
reliability and compatibility issues shift the actuator mechanism
significantly toward magnetics.
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LINEAR ACTUATOR CONSTRUCTION

CONSTRUCTION TECHNIQUE

The linear actuator which is of interest here is aimed at the
markets which have already been mentioned. The technical goals
are for output forces in the 1 milliNewton range with throws, total
travel, of 250 µm. The device is generic in the sense that it solves
several needs. The device is mildly specialized by a specific
application which involves an optical grating which is re-configured
by the actuator. This is best done with a device which produces an
output force which is constant with displacements. Furthermore,
since the grating can serve as a spring, the actuator type involves a
spring return design.
The actuator mechanism which has been selected here
involves magnetics. The material of choice for the magnetic portion
of the actuator is permalloy with a composition of 78% Ni and 22%
Fe. The alloy is produced by electroplating and behaves as a soft
ferromagnetic material with as plated coercivity of less than 0.3
Oersted, saturation flux density of 10,000 gauss and permeability of
2 000.
The maximum energy density for this alloy is 4(10)5
Newton/m2.
The actuator consists of three main sections: the electric
current to magnetic field conversion structure; an electromagnet with
an air gap, and the ferromagnetic slider which moves into the gap
and the spring constraint. There are at least two major technical
problems: the construction of the electromagnet with enveloping
coils and the spring design and manufacturing issue. Both
difficulties benefited from previous experiences. Thus, the magnet
design is based on earlier experiences with similar issues for
rotational machines [ 1] and very much improved magnetic material
processing. The design of the springs and their support is based on
unsuccessful actuator design with sliding friction. Therefore, the
linear actuator which is reported on here was designed without
sliding surfaces. This is possible if the slider-spring combination is
rigidly locked to the substrate at two or more supports and elevated
above the substrate in all other regions. Vertical magnetic forces in
the gap can be used to produce the desired levitation. This behavior
of magnetic actuators is very desirable and is not available in
electrostatics due to pull-down forces between the slider and the
substrate. The remaining major issue is that of a suitable spring
material. This problem was solved more or less by accident. The
magnetic behavior of the permalloy is consistent with material which
is nearly amorphous. This type of crystallinity has been used in
polysilicon for excellent, long term stable mechanical flexures[2].
The same results have been obtained with the permalloy which is
used here where spring designs with maximum strain levels of 0.5%
have produced excellent results and are considered to be
conservative.
There are two unusual aspects of the actuator which have
been incorporated in the design. One of these recognizes the fact
that photodiodes are devices which operate well as current supplies
for low impedance loads. They can be designed to drive the device
from unmodulated light and, in a slightly more complicated
situation, can produce self-resonances. Since quality factors of
several hundred can be anticipated resonant applications are
particularly attractive for low power operation. The limitations
which this imposes on the actuator is that of fixed frequency
operation. This can be overcome in a push-pull design where the
effective spring constant can be controlled electronically which in
effect tunes the resonant frequency. Both attributes have been
incorporated into the current design and will be reported on
separately.

The construction tool which has been used to produce
experimental actuators is that of x-ray assisted processing based on
LIGA[3]. The modifications and extensions which have been used
to improve the processing tool fall into two categories: photoresist
processing and assembly[4].
In typical LIGA processing, the x-ray sensitive photoresist is
applied by casting and in-situ polymerization. The polymer
shrinkage and confinement by the substrate surface combine to
produce a highly strained photoresist layer which is difficult to
anneal. This mechanical strain limits the resolution of the process
and reduces the yield significantly. The problem has been removed
by using cell cast sheets of optimized polymethylmethacrylate,
PMMA, machining it to size and solvent bonding the strain free
material to the substrate of choice. Typical PMMA thicknesses are
in the few millimeter range. The desired photoresist thickness is
achieved by milling the polymer layer to the desired value, mild
annealing to remove tool strain, and if so desired, mechanical
polishing. This technique has been used to produce photoresist
thicknesses from 50 µm to several centimeters.
Exposure of these extreme photoresist thicknesses is
possible if proper x-ray photon energies are used. Thus, at 3000 eV
the absorption length in PMMA is roughly 100 µm which would
imply maximum, reasonable exposure depths to, say, 500 µm. On
the other hand, 20,000 eV photons have absorption lengths of 1 cm
in PMMA and have been used to expose to 10 cm depths[5].
Assembly enhances the three-dimensionality of high aspect
ratio processing[6]. It can and has been used to produce submicron
tolerances in assembled structures for x-ray exposed devices
because LIGA-like processing produces vertical pattern variation of
less than 0.1 µm per 100 µm of structural height. The thick
photoresist processing which is being used here has maintained this
highly desirable attribute and if anything has produced better
sidewall finishes as Fig. 1 illustrates.

Fig. 1 3.2 mm high PMMA posts after developing.
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ACTUATOR RESULTS
The physical layout of the linear actuator is shown in Fig. 2.
The electromagnet uses 20 turns. It is designed in such a way that
flux saturation occurs for air gaps of 10 µm with a fully closed
slider at 100 µm of structural height. Maximum allowed terminal
current is 500 mA which produces an mmf of up to 10 ampere
turns. The details of the construction technique for the magnet are
given in reference [1]. The magnet design has been verified by two
and three-dimensional numerical calculations. Output forces of 280
µN at 100 µm structural height indicate that the design goal of 1000
µN can be reached easily at 500 µm height. The instability which a
displacement of the slider in the gap can cause is prevented by
spring design and four posts which prevent the slider from contact
with the magnet pole faces.
Figure 2 employs three photodiodes. The two large ones are
for DC-biasing. A shuttered photodiode under the slider acts as a
position sensor and can also be used in connection with a simple
phase shifting network to attempt self-resonant excitation with
unmodulated light. The spring-slider combination to accomplish
this is shown in Fig. 3.

. ·1·

• II

•

+Im +

Fig. 3 Shutter-slider with springs prior to assembly.

Fig. 2 Layout for single sided linear actuator with
photodiodes

The spring design involves spring constants of roughly 1
Newton/meter with 250 µm of total travel. Since the spring is very
tall the system becomes very stiff in the substrate direction.
Assembly of the spring to square posts has proven to be quite
simple and has produced rigid supports for the slider. Fig. 4
.illustrates the structure just before wire bonding. The device which
is shown in Fig. 4 is the push-pull version of the actuator.
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Fig. 4 Assembled double-sided actuator.
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The DC-displacement of the actuator is very close to
predicted values. Thus, 300 mA of DC-current into 5 ohms
produces 200 µm of travel. Further improvements will occur with
better coil construction techniques.
The fundamental resonance of this type of actuator is low
because the total slider mass approaches 1 milligram. This produces
typical resonances near 230 cps with quality factors of 40 in air.
Oscillation amplitudes of 120 µm peak-to-peak with 5mA of
excitation have been obtained and involve power dissipation in the
100 µWatt range.
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CONCLUSION
The results which have been achieved so far indicate that
linear actuators with sufficient force output and travel are feasible.
The preliminary structures will improve with better coil fabrication
techniques. Very much reduced device areas will result from
modified LIGA-like processing sequences which emphasize three
dimensionality. The availability of permanent magnets is anticipated
and will do much to reduce power dissipation in the devices.
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Micro-hotplate Gas Sensor
R. E. Cavicchi*, J. S. Suehle, P. Chaparala◊, K. G. Kreider,
M. Gaitan, and S. Semancik
National Institute of Standards and Technology, Gaithersburg, MD 20899
Abstract
Micro-hotplates have been fabricated on a silicon wafer using CMOS technology. These micro
machined devices offer a wide range of temperature control, from 20 ° C -550 °C or 1000 °C,
depending on design materials, and a fast thermal response of about 1 ms. They may be fabricated in
arrays with electrical circuitry on the same chip. To make sensors from CMOS chips or wafers requires
a new technology for processing, which include anisotropic etching of Si, lithography, and film
deposition. All process steps must be compatible with existing CMOS components and structures and
must take into account the geometry and stability of micromachined structures. For gas sensors that use
semiconducting oxides, the challenge is to make ohmic contacts that use a very small contact area and
are rugged against thermal cycling. The micro-hotplate array can serve as a mini-laboratory for efficient
process optimization using parallel experiments. The elements of a micro-hotplate array can be
programmed with different temperature schedules through the process steps, and subsequently analyzed
in one test/characterization cycle. An example of a film growth study is shown in which array elements
are set to different temperatures during sputter deposition of tin oxide. The rapid thermal time constant
of these structures offers opportunities for new modes of sensor operation which can reduce the power
consumption and improve the selectivity of oxide sensors. Techniques that uses temperature pulses are
demonstrated for low power sensing of H2 in air and for distinguishing ethanol from methanol vapor.
Introduction
The development of gas sensors based on
micromachined structures is a rapidly growing area
of research. Potential advantages include low power
consumption, lower cost and higher reliability via
batch fabrication, improved selectivity through the
use of arrays, and the development of "smart
sensors" that incorporate on-chip electronics for
data acquisition and signal processing. A key
element for many applications is temperature
control. We have developed micromachined
"micro-hotplate" arrays in which each element in
the array performs the function of a conventional
"hotplate" on a microscopic scale. The micro
hotplates may be used for heating during
fabrication of the sensing films, for producing fixed
temperature matrices and also fast temperature
modulation during sensor operation, and for
reconditioning of the active sensing films.
Figure 1 shows one design configuration of a
mic ro-hotplate I. This device consists of a
micromachined bridge which supports the
following successive layers separated by insulation:
1) a polysilicon heater; 2) an aluminum hotplate
with electrical connections for 4-point temperature
measurement; and 3) open aluminum contact pads
to make electrical contact to a deposited overlayer.
This device has a temperature range from 20 to
550 ° C (limited by thermal migration of the
aluminum), thermal time constant of 1 ms, and a
temperature/power coefficient of 8 °C/mW. Other
designs which use only polysilicon and no
aluminum have temperature ranges to 1000 °C.
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The basic micro-hotplates are fabricated using a
combination of CMOS device fabrication and post
CMOS processing steps. The use of CMOS chips
offers the advantages of high reliability, low-cost,

Figure 1. (a) SEM micrograph of suspended micro
hotplate structure with SnO2 film coating. (b)
Schematic illustrating the various layers comprising
the structure.
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and simple integration of on-chip electronics for
multiplexing and signal processing. Chips received
from the foundry are etched to realize the
microbridge structures. Additional post-CMOS
processing is required to optimize the electrical
contacts to the sensing film, and to deposit selective
sensor coatings on the individual micro-hotplates.

for the individual micro-hotplates during tin oxide
deposition. Experiments were done using both 36
and 4-element arrays. Using in-situ electrical
measurements, and ex-situ scanning electron
microscopy images (Figure 2), we were able to
quantify the increase in electrical conductance and
film microcrystal size with growth temperature. This
technique has also been used in conjunction with
chemical vapor deposition as a self-lithography. In

Development of these processing steps is an area
where there remains much applied research to be
done. Example technological issues are the ability
of post-CMOS layers to withstand the harsh
anisotropic etch, lift-off of photolithographically
defined layers on micro-machined structures,
surface cleaning procedures, formation of ohmic
contacts to sensing films, the choice of top-side or
bottom side contacts, calibration of temperature and
the achievement of a uniform temperature
distribution over the hotplate, and the thermal and
mechanical stability of thin films and interfaces over
small (10- lO0µm) length scales at the elevated
temperatures and rapid thermal cycles that will be
used during micro-hotplate device operation.
Gas sensors based on the conductance change of
semiconducting oxides at elevated temperatures are
traditionally operated at a fixed temperature in the
range 300 °C to 700 °C. In this operating mode,
many gases can give rise to a conductance change
in the sensor, and the ability to determine the
composition of the sensed gas is limited. Partial
selectivity to a specific gas is obtained through the
use of catalytic additives to the sensing film.
Because of the rapid thermal time constants for
micro-hotplate based sensors, other modes of
sensing are possible. These modes will use the
dynamic response at specific temperatures to
characterize surface chemical reactions that are
producing a sensing response. An example of one
operating mode is a repetitive temperature pulse
train in which the conductance is measured
between pulses. The characteristic response to this
pulse train can be analyzed using pattern
recognition algorithms which can be incorporated
into the CMOS electronics on the sensor chip. In
principle, the device can use additional alternative
pulse trains to furthur refine the compositional
analysis.
Microscopic Thermal Processing of Materials
Solid state gas sensors commonly use catalyst
doped tin oxide as the active sensing medium.
Sensing properties depend on the film
microstructure, which in turn depends on the
growth and subsequent thermal processing of the
film. We use the micro-hotplate array to
simultaneously set temperature process schedules

Figure 2. SEM micrographs of SnO2 films grown
on three micro-hotplates on the same chip. Each
micro-hotplate was set to a different temperature
during the growth as follows: (a) 25 °C, (b) 300 °C,
(c) 500 °C.
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this case, a film grows only on the hotplates that are
heated to the deposition temperature required by a
given chemical vapor. Such temperature-processing
of sensing films can also be used to periodically
recondition an operating sensor, for example, to
eliminate the buildup of contamination during
operation.

adsorption/desorption kinetic parameters--a
signature of the H2O response. Response is easily
detectable at 0.01Pa. Measurement of low partial
pressures of water vapor in vacuum deposition
environments is a critical issue that micro-hotplate
technology may be able to address. Response at
very low pressures may be obtainable using
polymer films that are highly sensitive to water.

Temperature Pulsing for Sensor Operation

These sensors can also be operated in temperature
pulsed modes in which the amplitude of the
temperature pulse is varied. Figure 5 shows an
operating mode in which a series of increasing
temperature pulses is applied, with a constant
temperature increment. The conductance is
measured between the pulses, while the micro
hotplate is at room temperature. The pulse cycle is
repeated continuously. The response to admission
of methanol and ethanol to air is shown in Figure 6.
Both gases cause an increase in the tin oxide
conductance. Conventional oxide sensors,
operating at a fixed temperature would have
difficulty in distinguishing the two gases, as both
would give rise to a conductance increase. The
patterns of response to the pulse sequence as shown
in Figure 6 (b), a portion of the data in Figure 6 (a),
reveals clear differences between the kinetic
behavior of the two gases. A sensor operating with
pattern recognition circuitry would be able to select
which gas was being sensed. Pulse sequences in
which the pulse width or duty cycle are also varied
would provide additional selectivity enhancements.

The very fast thermal response of micro-hotplates
offers new opportunities for sensor operation. For
reasons of lower cost and portability, sensors with
reduced power requirements are desirable. Micro
hotplates used in our experiments require 47 mW
to maintain 400°C, about ten times less power than
a conventional Figaro sensor. Operation of sensors
at much lower power levels is possible using
temperature pulsing. As a demonstration, we have
measured the response of SnO2 to 0.1 % H2 in air
using 400° C, 10 ms temperature pulses every 1 s
as shown in Figure 3. The power consumption of
the device is only 470 µW. A sensor operating at
this power level would run for nearly a year on an
alkaline 9 V battery.
Transient phenomena can also be used for sensing.
A tin oxide-coated micro-hotplate was subjected to
a constant dose of water vapor (important for
humidity effects on sensors). In Figure 4 is shown
the electrical response to 500° C 10 ms desorption
pulses and subsequent re-adsorption of H2O. The
data is shown for a dose at 1.3 Pa. The response
amplitudes and transient characteristics have been
measured at different pulse amplitudes, base
temperature, and pulse durations to obtain
28
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Conclusions
Micro-hotplates have been fabricated from
CMOS integrated circuit chips. The devices
have a wide temperature range and fast
thermal response. Processing CMOS
fabricated chips into smart sensors presents
new challenges for process technology. The
ability to thermally process materials on an
array of devices allows for efficient
optimization of some of these processes. The
rapid thermal response of micro-hotplate
based sensors offers new avenues for
achieving selectivity to specific gases.
Temperature-pulsed operating modes have
been used to demonstrate the ability to
distinguish two gases.
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This pulse train is repeated as shown in (b).
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THE RESPONSE OF THE SANDIA ROBUST WIDE RANGE
HYDROGEN SENSOR TO H2-O2 MIXTURES
R.C. Hughes, D. J. Moreno, M. W. Jenkins, and J. L. Rodriguez
Sandia National Laboratories
Albuquerque, New Mexico, 87185
ABSTRACT
both the FET and the resistor to give a reading indicating lower
pH2•s . At pH2's above about 6 Torr, our Pd/Ni sensors show little
effect from a pO2 of 140 Torr (the pure Pd devices are destroyed by
these pHz's, so no data is available). It is beyond the scope of this
paper to validate a particular detailed model of H2-O2 reactions on
Pd and Pd/Ni thin films. Rather we show the practical results of
both kinds of catalytic sensor in laboratory environments. The
response of the Pd/Ni sensor at the higher levels of pH2 and pO2 is
given special attention.

The Sandia Robust Hydrogen (SRH) sensor can detect partial
pressures of H2 over a wide range (-1 ppm to pure H2) because it
employs two different kinds of catalytic metal sensors. A Field
Effect Transistor (FET) with a catalytic gate detects low H2
concentrations and a resistor of the same metal is accurate for the
higher concentrations. The use of Pd alloys with Ni preserves
sensor reversibility by preventing the hydride phase transition under
normal operating conditions. Mixing 02 with H2 does change the
sensor signal under some conditions and comparison of the behavior
of a pure Pd device with a Pd/Ni device is given. The H2
concentration in flammable mixtures can be obtained, but an
additional sensor is needed to measure the concentration of oxidant.

EXPERIMENT
A photograph of the SRH sensor is seen in Fig. I. The die size is
approximately 270 by 120 mils. The large Al metallizations at both
ends are power MOSFETs for heating the chip. The use of
MOSFETs allows lower power consumption in the control circuits
than resistive heaters. There are nine diodes for use as temperature
sensors and ESD (electrostatic discharge) protection circuitry. The 6
pairs of catalytic gated FET's are in the center of the die. In practice
only one FET is bonded out and no significant performance
differences were observed with the different FET designs. The
meander line H2 sensing resistor can be seen in the lower middle of
the chip. The catalytic gates and resistors are deposited in a
sputtering process as the last step in the wafer fabrication. The
sputter target for the Pd/Ni sensors has 9% (atomic) Ni. For both
the Pd and Pd/Ni sensors the metallizations are 0.1 microns thick
and the 20 micron wide meander line gives the Pd/Ni resistor about
1000 ohms base resistance. More fabrication details are given in
Ref. [l].

INTRODUCTION
The Sandia Robust Hydrogen (SRH) sensor was designed to solve
a wide variety of hydrogen sensing problems in the military, space
and commercial arenas. Batch fabrication can lead to large numbers
of inexpensive, nearly identical sensors. This makes it feasible to
deploy many point sensors in complex systems like rocket motors,
semiconductor processing lines and petrochemical plants for safety
and process control. The details of the design and fabrication in a
standard CMOS silicon line have been reported [l]. This platform
improves on the numerous other implementations in Si of
Lundstrom's original field effect sensor concept [2] in two important
ways: 1) a field effect transistor (FET) and resistor using the same
thin film catalytic metal are on the same chip, along with the heater
and temperature measuring p/n junction. 2) A series of Pd alloys
with Ni have been developed that allow study of high H2 partial
pressures(pH2's), up to pure H2. One of the beneficial aspects of
the Ni alloy is that the hydride phase transition requires much
higher pHz's; sensor reversibility depends on not going through the
phase transition [3]. In this paper we will present the first reports of
the data from SRH sensors comparing pure Pd with Pd/Ni
metallizations for sensing mixtures of H2 and 02.

A printed circuit board with the analog control circuit and signal
processing is used for each sensor. The analog signals from the
sensor read-out circuits are digitized and sampled by a LabVIEW

Over the years there have been a number of reports on the response
of catalytic gate field effect devices to mixtures of H2 and O2 in both
ultra high vacuum and laboratory air. Some of these studies have
been reviewed by Lundstrom, et al. [2,4] and it has been found that
the sensor response is a complicated function of the partial pressures
of both H2 and O2. No single model predicts the behavior of all the
experimental sensors, and there is a wide variation in the ratio of
response to a given pH2 with and without 02 present among more
or less "identical" sensors. In general the presence of high pO2
causes the signal from a given pH2 to become smaller.
The models all assume that H2 molecules must dissociate into
adsorbed hydrogen atoms (Ha) on the outer surface of the catalytic
thin film. Dissociation is always the slow step in the response of the
sensor to steps in pH2. The Ha quickly comes into equilibrium with
H in the bulk of the film and the field effect sensing sites on the
inner metal/insulator interface. The isotherms for the bulk and
interface are very different [3] so that the FET has a large response
for low pH2 and the resistor gives accurate values for high pH2,
notably in the range for explosive mixtures of H2 (30 Torr).

Fig. 1. A photograph of the SRH sensor mounted in a 16 pin DIP
package. The die size is approximately 270 by 120 mils. The large
Al metallizations at both ends are power MOSFETs for heating the
chip. The 6 pairs of catalytic gated FET's are in the center of the die.
The meander line H2 sensing resistor can be seen in the lower
middle of the chip.

When no 02 is present, the gas phase pH2 is in thermodynamic
equilibrium with the surface, bulk and interface. However, the
presence of 02 leads to the water forming reaction on the catalyst
surface. At low pH2 and high pO2 the chemical reaction causes
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Fig. 2b shows the signal from the resistor on the same chip taken at
the same time. The zero for the resistor was also set after the 140'C
anneal and the pulses of H2 before the sets shown have established
a new baseline at a slightly negative value. This is a repeatable
phenomenon for these resistor sensors. H dissolved in the bulk of
the metal film increases the resistance because of increased electron
scattering. The 0.05%(500 ppm) pH2 pulse gives a very small
signal, about 0.3 in units of % change in resistance over base
resistance. Adding pO2 reduces the signal to close to zero. The
isotherm for the bulk concentration of H follows a ~(pH2) 0.5
relation [3] and so the signal for 4% pH2 is much larger. The result
of adding a pO2 of 20% (120 Torr) is a small reduction in signal.
The fact that this mixture ·is at the lower explosive limit has little
effect on the trend of the data; the temperature of the sensor is too
low to support true combustion. The "error" in reading the pH2
level without knowledge of the pO2 level in this case is about 20%
(i.e. the signal for the last pulse would correspond to 20 Torr
instead of 25 Torr pH2). Data taken with a higher pH2, 252 Torr,
shows no difference between pO2=0 and 120 Torr.

program. The data was obtained with a previously described Gas
Sensor Test Bed [3], using a manifold that has fixtures for separate
sensors in series with the flow of the mixtures. These experiments
had one Pd SRH and one Pd/Ni(9%) SRH along with a commercial
fuel cell oxygen sensor (Nyad, Inc., Concord, CA, model OS-2) in
series. The flow rate for the data shown in this paper was held at
one Standard Liter per Minute (SLM). Using a flow rate a factor of
five lower did not change the signals for mixtures of H2 and 02.
The atmospheric pressure in the laboratory is about 630 Torr; the
back pressure due to the flow is only a few Torr, less than daily
variations in pressure. The partial pressures given in this paper are
either in % (because of common usage) or Torr.

RESULTS

Fig. 2a and 2b show typical data for one of the sensors, the Pd/Ni
metallized device. In this case the device operating temperature was
80'C and the test protocol requires a 140'C anneal in synthetic air
for 15 minutes in order to zero the FET before each series of test
mixture pulses. The signal processing circuit [1] for reading the
threshold voltage of the FET allows the analog output voltage to be
zeroed with a potentiometer. Therefore the signal is proportional to
the FET threshold voltage but is offset from the actual voltage. Each
pulse of a gas mixture is followed by a "purge" or anneal in
synthetic air.

The Nyad 02 sensor gives accurate readings of the pO2 even in the
presence of H2. Data has been taken up to 252 Torr pH2 for 130
Torr of pO2.

Fig. 2a shows the FET results for two sets of pH2 concentrations,
0.05% (500 ppm) and 4%, for a series of increasing pO2's, 5%,
10%, and 20%. The last mixture is at the Lower Explosive Limit
(LEL) for H2-O2 mixtures. Each data point is 10 seconds apart. The
FET threshold voltage goes in a negative direction when exposed to
H2. It can be seen that the air purge at 80'C does not return the
sensor reading to zero in the few minutes allotted in these
experiments. That is the reason that the voltage at time zero is also
not zero; there were other sets of pulses before the selected ones
shown. There are some deeply adsorbed Ha's that require a longer
or higher temperature purge for removal. For the pulses with 4%
pH2 the small effect of pO2 mentioned above can be seen.
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Figs. 3 and 4 show the steady state signals from both the Pd and
Pd/Ni SRH FET sensors including the data from Fig. 2. The
threshold voltage shifts, !}.V, in Figs. 3 and 4 were computed using
the zero annealed value and the sign was changed to give consistent
positive signals. The data for three temperatures is given for both
pO2 equal to zero and 20%. These data emphasize the fact that the
ratio of the signals with and without 02 are remarkably independent
of temperature. The lines connecting the data points are guides to the
eye. The thick dashed line in Fig. 3 is from a model described in the
Discussion section.
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Fig. 2a. Pd/Ni FET operating at 80 °C and exposed to several pulses
of H2-02 mixtures. The zero is defined as the FET threshold
voltage after a 140 °C anneal in air. H2 causes the thres�old vo�tage
_
to move in the negative direction. Each pulse labeled m the Fig. is
followed by a dry air purge before the nex� mixture is selected. Data
points are 10 sec apart. The last pulse, with 4% pH2 (25 Torr) and
20% 02 (130 Torr), is at the lower explosive limit (LEL) for H2-02
mixtures.

Figs. 5 and 6 show the steady state signals from both the Pd and
P/Ni resistor sensors including the data from Fig 2b. The signal is
measured from the purge value in air to the steady state value. The
resistance changes at a given pH2 are quite temperature dependent
because the solubility of H in the films decreases with increasing
temperature. In order to show the temperature dependence of the 02
effect, the data without 02 at 80'C and l lO'C have been normalized
to the 50'C data by the following solubility constants: 1.5 times all
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Fig. 3. The Pd/Ni FET threshold voltage shifts at the three indicated
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in air at 140 °C.
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the 80 ° C data and 2 times all the l l0 °C data. All the steady
°
signal data with 20% 02 were normalized to the l l0 C data for
clarity. The intent of plotting the data in this fashion is to emphasize
that the same lack of temperature dependence of the pO2 effect
shows up in both the FET data and the resistor data.

Fig. 4. Pd FET data at three temperatures. The top three sets are the
isotherms in N2, while the lower curves have 20% O2. The zero
value is defined after a purge at 140 °C in air.
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dashed thick line in Fig. 3 shows one theory curve for a value of
A/B.On a semilog plot like this different values of the A/B !_atio
simply translate the theory curve along th� x a'.'is. The lack_ of
temperature dependence in the data can be rationalized by assummg
that the rate constants A and B both have the same activation energy.
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In addition, all the pattern recognition schemes fail for high pH2
where there is no effect on the sensor signal from pO2. The Nyad
Oz sensor was shown to provide accurate pO2 values even in the
presence of high pH2, up to 252 Torr. There are many potential
users who wish to know the pH2 as accurately as possible in order
to know if an explosive mixture exists. Combining an SRH and fuel
cell pO2 sensor is one way to solve the problem, although other
oxidizing gases, like N2O, will also form explosive mixtures with
H2. Another solution would be to use a combustible gas sensor of
the pellistor type to diagnose explosiv_e mixtures._ A silicon
micromachined pellistor filament could be mtegrated with the SRH
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In summary, we have shown that both the Pd and Pd/Ni gated
SRH-FET structures respond to H2-O2 mixtures in a similar fashion
to other field effect Pd devices reported in the literature [2,4]. The
FETs can sense the presence of Hz reliably down to about 10 ppm
(-10 milliTorr) in air, but the exact concentration will be
undetermined unless the pO2 is known from other measurements (or
if the sensor in outdoors and it can be assumed that pOz-20% ). The
Pd/Ni FET gives reversible measurements of pH2 up to pure Hz as
long as the sensor chip temperature is >50'C.
The resistor sensors do not give reliable readings for less than about
1 Torr pH2 in air, although for pO2=0, they can sense pH2 to quite
low le-vels. This behavior can be easily understood if it is assumed
that the bulk concentration of H follows the same equilibrium
relationship to Ha with or without Oz present. The Pd/Ni resistor
gives accurate readings of pH2 above -10 Torr, in particular around
the LEL for Hz of 30 Torr. We are investigating other alloys of Pd
with the intent of finding one that is so sensitive to pO2 that pattern
recognition can be used to determine both pH2 and pO2 at high pO2
levels.
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ABSTRACT
A microfabricated electrochemical detector, suitable for retrofitting existing capillary electrophoresis
(CE) systems and providing them with improved analytical capabilities has been demonstrated. This ap
proach provides the advantages of electrochemical detection and overcomes previous limitations caused by
manual fabrication. Deep channels were plasma etched into a silicon substrate to form coupling channels
for conventional CE capillaries. Platinum detection electrodes were lithographically patterned on a glass
wafer that was aligned and anodically bonded to the silicon, sealing the capillary channels. After dicing,
bond wires were attached to exposed bond pads and capillaries were epoxied into the two coupling channels
of each detector. Amorphous ("black") platinum was then electrodeposited onto the detection electrodes,
completing the device. When used with custom-built conductivity measurement circuitry, Li+ and K+ ions
were detected at a concentration limit of 0.7 µmolar.

INTRODUCTION

nal efforts in this area were based on fabricating the
entire CE column on a silicon wafer using plasma
etching, subsequent growth of a dielectric, and seal
ing with an anodically bonded glass cover. Success
ful separations resulted, but without undue efforts to
increase the deposited dielectric thicknesses, the high
breakdown voltages desired could not be achieved.
Other groups have made similar efforts [l, 2, 3] in
cluding the use of glass as a substrate to avoid break
down problems due to thin dielectrics on conductive
silicon substrates [4, 5]. We decided to pursue a dif
ferent approach in which we construct the �tector
from silicon and use a conventional capillary. This
strategy avoids breakdown problems and preserves
the capability to take advantage of silicon
micromachining and, potentially, on-chip circuitry.
Several detectors for CE have been developed
including absorbance, fluorescence, mass-spectro
metric, and electrochemical methods. Electrochemi-

Capillary electrophoresis (CE) is a powerful
analytical separation technique for the analysis of
complex mixtures. In CE, an unknown sample is
introduced at the inlet of a capillary channel filled
with a buffer solution, and a high voltage is applied
across the length of the capillary. Different constitu
ents of the sample migrate through the capillary at
different rates depending on their electrophoretic
mobilities. Mobility is a complex function of a
particle's charge, mass, and shape in solution. A dif
ference in mobilities allows separation of the sample
into its components. By detecting the chemicals
passing through the outlet of the capillary as a func
tion of time, and knowing the mobilities of the pos
sible constituents, the chemical composition of the
sample can be determined.
Substantial work has already been done in the
area of fabricating integrated CE systems. Our origi0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.14
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Pt Electrode

cal detection has certain advantages including sen
sitivity and selectivity for individual species [6].
In addition, the required electrodes can readily be
implemented in a micromachined device. Several
different types of electrochemical detection can be
used, including conductivity measurement, imped
ance spectroscopy, amperometry, and voltammetry.
Two key problems with electrochemical detection
that need to be overcome are isolation of the detec
tion apparatus from the 1 to 30 kV potentials present,
and rejection of power supply noise. If the electrodes
are not precisely perpendicular to the fluid flow, a
large noise signal is coupled into the electrodes from
the high voltage power supply. Another difficulty
with previous electrochemical detectors is the
irreproducible construction and inaccurate placement
of the electrodes inside the separation column [7].
This paper describes a batch-fabricated,
micromachined electrochemical detector that over
comes these problems.

Plasma
Etched
Regions
Capillary
Inlet
Bond Pad

Si Substrate
Figure 1: Illustration of the structure of the micromachined
capillary electrophoresis detector. The upper view shows
the device as seen through the top glass cover. The lower
view is a cross-section in the electrode region. (Not to scale.)

MATERIALS AND METHODS

Sample
Injector

The electrochemical detector discussed herein
is a micromachined channel that is inserted into the
flow path of a conventional polyimide-coated silica
capillary. The detector consists of a deep plasma
etched trench in a 10 mm x 4 mm silicon die that is
sealed with anodically bonded glass. The trench in
the silicon has two widths. One region matches the
150 µm outer diameter of the external capillary and
provides structural support; the other region matches
the 50 µm inner diameter of the capillary and acts as
part of the flow channel. Platinum microelectrodes
patterned on the glass are aligned to the trench to
allow electrochemical sensing in the channel (Fig
ure 1). Standard CE capillaries are inserted into the
channel and sealed with epoxy, placing the detector
into the flow path (Figure 2).
The silicon trenches were etched using a SF/
C2ClF5 plasma to a depth of 150 µm using a two
layer AZP4620 photoresist mask. A 0.5 µm silicon
dioxide layer was then thermally grown to electri
cally isolate the silicon substrate. Platinum electrodes
and bond-pads were patterned using lift-off onto a
Tempax™ glass wafer. The glass was then aligned
and anodically bonded to the silicon wafer at 350°C
and 2000 V at atmospheric pressure. For access to
the bond pads, trenches were etched below the bond

Detector

Capillary

Buffer
Reservoir

Buffer
Reservoir
+High
Voltage
Detection
Electronics
Figure 2: Diagram illustrating the use of the micromachined
detector in a typical CE system.

pads during the capillary trench etch step. The re
sulting overhanging silicon covering the bond pads
was removed during dicing. Gold bond wires were
therm-sonically bonded to the platinum pads and onto
matching copper traces on a glass supporting sub
strate. To improve the sensitivity of conductivity
measurements, amorphous ("black") platinum was
electrodeposited on the platinum electrodes [8]. This
lowered the total electrode impedance by more than
an order of magnitude. Photographs of the resulting
structure are shown in Figures 3 and 4.
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Digitally
Synthesized
Sinewave

The electrochemical detection instrumentation
has been realized with a precision battery-powered
circuit. A.C. conductivity was measured with a cus
tom designed analog lock-in amplifier and 18-bitA/
D converter (Figure 5). A microcontroller chip con
trols the analysis and transmits the resulting data over
an infrared serial link to a personal computer run
ning custom analysis software. Floating the instru
mentation at the capillary potential allows high volt
age isolation and improves power supply noise re
jection.

CMOS
Op-Amp

Multiplier
18 bit

ADC

Micro-

Controller

Switched
Capacitor
LPF

Figure 5: Block diagram of experimental conductivity
based, optically-isolated CE detection system.

EXPERIMENTAL RESULTS

Preliminary electrophoresis experiments per
formed with the system show clear separation of
peaks and a good signal-to-noise ratio. An analysis
of a solution containing K+, Na+ and Li+ ions is shown
in Figure 5. The detection limit for these ions is
better than 7 x 10-7 M, which is comparable to the
best reported detection limits for conductivity mea
surement [7]. Improvement of the sensitivity is ex
pected by using lower conductivity buffer solutions.

Figure 3: Optical micrograph of a completed detector,
viewed through the top glass.
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Figure 6: Typical detection results using 4 kV applied volt
age and 0.7 millimolar concentrations of K+, Na+ and Li+ .
The capillary used in this case was 20 cm in length.

Figure 4: Cross-sectional view of the inlet of a detector.
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CONCLUSION

[6] X. Huang, R. N. Zare, "Improved End-Column
Conductivity Detector for Capillary Zone Electro
phoresis," Anal. Chem., vol. 63, 1991, pp. 2193-2196.

A microfabricated electrochemical CE detec
tor system has been developed. This process allows
accurate, reproducible construction of a detector that
is compatible with existing electrophoresis systems.
Improved detection electronics have reduced the
noise that is common in electrochemical CE detec
tion. The overall system performance was compa
rable to the best reported conductivity detection sys
tems for CE.

[7] X. Huang, T.J. Pang, M.J. Gordon, R.N. Zare,
"On-Column Conductivity Detector for Capillary
Zone Electrophoresis," Anal. Chem., vol. 59, 1987,
pp. 2747-2749.
[8] C. Marrese, "Preparation of Strongly Adherent
Platinum Black Coatings," Anal. Chem., vol. 59 (1),
Jan. 1987, pp. 217-218.
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Microinstrumentation could well derive benefits
similar to microelectronics, i.e., low cost, compact
size, high speed, integration of several
functions and highly parallel analyses. The
approach taken is to micromachine a monolithic
device and on this microchip implement
chemical separation techniques, e.g. capillary
electrophoresisl,2,3,4,5,6 and open channel
electrochromatography7. Also, on-microchip
pre- and post-separation derivatization8,9 have
been coupled to capillary electrophoresis
separations.

Electrically Driven Separations
on a Microchip
Stephen C. Jacobson, Roland Hergenroder,
Alvin W. Moore and J. Michael Ramsey
Chemical and Analytical Sciences Division
Oak Ridge National Laboratory
PO Box 2008, Bldg. 4500S, MS 6142
Oak Ridge, Tennessee 37831-6142

Experimental
The microchips were fabricated using
standard photolithographic, wet chemical
etching, and bonding techniques. A photomask
was fabricated by sputtering chrome (50 nm)
onto a glass slide and ablating the column
design into the chrome film using a CAD/CAM
laser machining system (Resonetics, Inc.). The
column design was then transferred onto the
substrates using a positive photoresist (Shipley
1811). The channels were etched into the
substrate in a dilute HF/NH4F bath. To form
the separation column, a coverplate was
bonded to the substrate over the etched
channels using a direct bonding technique.
Cylindrical glass reservoirs were affixed on the
substrate using RTV silicone (General Electric).
Platinum electrodes provided electrical contact
from the power supply (Spellman CZElO00R)
to the solutions in the reservoirs.
Column performance and separations
were monitored on-microchip via laser induced
fluorescence (LIF) using an argon ion laser
(514.5 nm for sulforhodamine B,
dichlorofluorescein, and fluorescein, 20 mW;
351.1 nm for amino acid/OPA products, 15 mW;
Coherent Innova 90) for excitation. The
fluorescence signal was collected with a
photomultiplier tube (PMT; Oriel 77340) for
point detection. The data acquisition/ voltage
switching apparatus is computer controlled
using programs written in-house in Labview
3.0 (National Instruments). The compounds

Summary
We have fabricated glass microchips
using standard photolithographic, etching and
deposition techniques.
Following the
fabrication of the channels, a direct bonding
technique is used to join the substrate and
cover plate to form a network of closed channels
used in the experiments. Control of the
electroosmotically driven flow of the buffer,
analyte and reagent makes possible the precise
control of the fluids within the channel
manifold. The microchip can be operated under
a continuous or discrete sampling mode, and
analyte plugs can be injected onto the column
independent of time, with no analyte bias and
high reproducibility. Several microchip column
geometries for capillary electrophoresis and
open channel electrochromatography have
been produced and studied using laser induced
fluorescence. Also, chemical reactions for pre
and post-column derivatization have been
performed on-microchip.
Introduction
The microfabrication of analytical
instrumentation will potentially enable the
laboratory to be transported to the samples
rather than vice versa. The concepts of
miniaturization can be based on conventional
laboratory approaches to chemical
measurement problems and would benefit from
this large, well-established knowledge base. In
addition, micromachined chemical instruments
as opposed to single analyte chemical sensors
would be able to identify and quantify the
individual members of the desired class of
compounds using a single device.

0-9640024-0-X/hh1994/$20©1994TRF
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used for the experiments were sulforhodamine
B, disodium fluorescein and dichlorofluorescein
(Exciton Chemical Co., Inc.), arginine,
p h e n y l a l a n i n e,
glycine,
and
o
phthaldialdehyde (Sigma Chemical Co.).
Results and Discussion

Capillary electrophoresis appears to be
the most promising separation technique
because of the experimental simplicity.
However, microchips have a limited surface
area on which to fabricate a device. One
approach is to design and construct a column
geometry such as a serpentine which enables a
long separation column to be fabricated in a
compact area. The schematic in Figure 1 shows
the microchip with the serpentine separation
column which is 165 mm long in an 8 mm by 8
mm area.
The sample is loaded into the injection
cross via a frontal electropherogram travelling
from the analyte reservoir to the analyte waste
reservoirs. Once the front of the slowest
analyte passes through the injection cross, the
sample is ready to be injected. The analyte
plug is confined to the injection cross by flows
from the buffer and waste reservoirs, thereby
pinching the plug at the injection cross. The
size of the sample plug can be controlled by the
relative potentials applied to the buffer,
analyte, and waste reservoirs. Here, the
relative potentials applied to the reservoirs for
the sample loading mode at the buffer, analyte,
analyte waste, and waste reservoirs are 0.6,
0.8, 0.0, and 1.0, respectively. To inject the
sample into the separation column, the
potentials applied to the reservoirs are
reconfigured. The primary flow path for the
separation is from the buffer reservoir to the
waste reservoir. To prevent bleeding of excess
analyte into the separation column, the analyte
and analyte reservoirs are maintained at a
fraction of the potential applied to buffer
reservoir. The relative potentials for the
separation mode at the buffer, analyte, analyte
waste, and waste reservoirs are 1.0, 0.5, 0.5,

separation
column

substrate

Figure 1. Schematic of the microchip with
serpentine channel geometry. Reservoirs are
affixed at the terminus of each channel and are
labeled by the solution present. The separation
column is 165 mm long. The channels are 80
µm wide and 5 µm deep.
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Figure 2: Electropherogram of sulforhodamine
B (SRB), dichlorofluorescein (DCF), and
fluorescein (FL) separated on the serpentine
microchip with Esep = 160 V/cm and Lsep =
165 mm.
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and 0.0, respectively.
The electropherogram in Figure 2
demonstrates a separation detected at the end
of the serpentine geometry. The efficiencies for
sulforhodamine B, dichlorofluorescein, and
fluorescein are 42400, 34600, and 31400
plates, respectively. The primary contributions
toward band broadening on this microchip are
from axial diffusionlO, injection plug length,
detector observation lengthll, and column
geometry5. The contribution of the column
geometry to the total plate height is:
Hgeo = n (w 0)2/(12 Lsep)
(1)
where n, w, 0, and Ls e p are the number of
turns, the width of the turns, the angle of the
turns, and the separation length, respectively.
For this microchip, H ge o equals 0.85 µm for
twenty 180° turns, one 90° turn and a 165 mm
separation length.
In the case of
sulforhodamine B, H geo constitutes 22% of the
total band dispersion.
Another device that has been fabricated
on a microchip is a pre-column reactor coupled
to capillary electrophoresis for analysis. The
reaction studied is o-phthaldialdehyde (OPA)
with amino acids in the presence of a reducing
agent, 2-mercaptoethanol12 . The reaction is
moderately fast (typical half-time of reaction
with amino acids of 4 s 13), yet for several
amino acids the fluorescent product is short
lived, "" 10 minutes14. A microchip with a pre
column reactor addresses both problems by
having sufficient time for the reaction and the
continuous preparation of new product. In
Figure 3 the schematic for the microchip with a
pre-column reactor is shown.
The microchip was operated in a
continuous reacting/ separation mode. The
sample and reagent are continuously pumped
in a volumetric ratio of "" 1:1 through the
reaction chamber toward the analyte waste
reservoir. Buffer was simultaneously pumped
from the buffer reservoir toward the waste and
analyte waste reservoirs. The buffer stream
prevents the analyte from leaking into the

injection
cross

substrate

Figure 3. Schematic of the microchip with pre
column reactor. Reservoirs are affixed at the
terminus of each channel and are labeled by the
solution present. The reaction chamber and
separation column are 2 and 15.5 mm long,
respectively. The channel in the reaction
chamber is 96 µm wide and 6 µm deep. The
channel in the separation column is 31 µm wide
and 6 µm deep.
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Figure 4. Electropherogram of arginine (ARG),
phenylalanine (PHE) and glycine (GLY) using
pre-column derivatization with
o-phthaldialdehyde (OPA) with E sep = 800 V/cm
and Lsep = 10 mm.
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analyte and reagent streams to be controlled
precisely without valves or pumps. Well
defined plugs of sample can be reproducibly
injected onto the separation column. Low dead
volume connections between channels can be
easily fabricated allowing pre- and post
separation reactions to be incorporated on
microchip.

separation column. To make an injection of the
reaction chamber effluent, the potential at the
buffer reservoir was simply floated for a brief
period of time (0.1 to 1.0 s), which allowed
sample to migrate into the separation column
as in an electrokinetic injection 15. To break off
the injection plug, the potential at the buffer
reservoir is reapplied. The length of the
injection plug is a function of the time of the
injection and the electric field strength in the
column. To obtain these flow patterns, one
configuration for the relative potentials at the
buffer, analyte, reagent, analyte waste, and
waste reservoirs is 1.0, 0.5, 0.5, 0.2 and 0.0,
respectively.
Figure 4 shows an electrophoretic
separation of arginine, phenylalanine and
glycine after on-microchip pre-column
derivatization with OPA. The microchip used
here offers the unique capability of reacting a
continuously flowing stream of the analyte and
a reagent of choice prior to analysis. Because
the flow patterns are controlled using potentials
applied to the reservoirs, the field strengths in
the reaction chamber and separation column
are interconnected. To have a long reaction
time for the derivatization, the field strength in
the reaction chamber should be minimized, but
for capillary electrophoresis, the resolution
between compounds increases with increasing
electric field strength. With the current design,
a compromise must be reached so that the OPA
has a sufficient time to react without destroying
the quality of the separation. The ideal
arrangement would be to have an electrode
placed at the intersection to control the
potentials in the reaction chamber and
separation column independently.
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Navigation Grade Silicon Accelerometers With
Sarificially Etched SIMOX and BESOI Structure
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Litton Guidance & Control Systems
5500 Canoga Ave. MS 87
Woodland Hills, CA 91367-6698
ABSTRACT

APPROACH

This paper reports progress toward an all silicon, batch
processed accelerometer designed to provide navigation
grade performance (<50µg bias and <50ppm scale factor
stability) and having a full scale range in excess of 100 g,
or 108 dynamic range.

The performance and manufacturing goals reflected in
the design are:
All silicon - no dissimilar materials
Low voltage, low power (5V)
Highly symmetrical structure
High motional to stray capacitance ratio
2 layer final alignment - more manufacturable

The fabrication process employs silicon on insulator
(SOI) and silicon fusion bonding to make symmetrical, all
Si, small gap (0.5µm - l µm) electrostatically force bal
anced devices that are rugged during fabrication and
released after bonding by sacrificial etch of the buried
oxide layers.
INTRODUCTION

These design features are incorporated into two SOI
process technologies, SIMOX and BESOI. Both designs
are similar in size (5.2 x 4.6mm) and layout except that the
SIMOX approach requires undercut diaphragms and flex
ures and are accordingly slotted to permit rapid undercut
ting. Both SOI silicon accelerometers are designed to be
used in a force rebalanced mode with voltage controlled or
charge controlled forcing [3]. The proofmass serves as the
center node of a 3 terminal differential capacitor. The dif
ferential capacitance is used to sense the position between
the proofmass and the other substrate, with these same sur
faces also serving as rebalance electrodes.

The aim of this work is the development of an all sili
con high g range, navigation grade accelerometer with
improved manufacturability over traditional bulk microma
chined structures. In previous approaches [l], [2], a wafer
of fragile cantilevered proofmasses capped on top and bot
tom by bonding to silicon or pyrex wafers with thin film
electrodes presents difficulties during cleaning, handling,
bond fixturing and alignment. Distortion of wafers during
bonding causes difficulty in achieving electrostatic servo
ing gaps smaller than 2µm with this approach. Small gaps
are needed for high g, force rebalanced operation with low
voltage.

SIMOX ACCELEROMETER
Each array of devices is fabricated from one 100mm
diameter silicon wafer, ion implanted with oxygen through
a mask to form a patterned buried oxide (SIMOX) followed
by silicon epitaxy and dopant selective electrochemical
etching to define flexures and proofmass.

Surface micromachined structures also have not met
the challenges of high g, high accuracy performance, being
burdened by very low mass proofmass structures. Error
forces resulting from environmentally induced changes in
the electronic feedback loop offset cause the proofmass to
be rebalanced against the electrostatic negative spring. The
forces scaled by the small mass times acceleration forces
from a low mass proofmass result in significant g errors.

The wafer is cut in half and folded on itself using sili
con fusion bonding. After the two halves are aligned and
bonded, access vias are anisotropically etched from the top
outer surface terminating on the buried oxide. The buried
oxide is etched away, forming an electrostatic forcing gap
and providing freedom for the proofmass to move. Novel
electrostatic guard structures have also been developed to
reduce top to bottom electrode stray capacitance.

Many surface micromachined accelerometers do not
have symmetrical damping, mechanical suspension and
electric fields in the direction normal to the wafer surface.
These factors make the devices subject to vibropendulous
rectification (a DC bias shift due to off axis vibration).
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The process sequence is diagrammed in Figure 1 a-e.
First, phosphorus dopant is used to produce
n-type isolation regions in a p-type double-sided polished
wafer.
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a.

Next, the phosphorous masking oxide is removed and a
new 800nm thick oxide is patterned over the n-type regions
to mask the 200keV, 1El8/cm 2 oxygen ion implantation.

t.:I
P SILICON WAFER

Substrate temperature is maintained above 600°C dur
ing implant to prevent surface amorphization. The wafer is
then post implant annealed at over l 300 ° C to form a buried
oxide 500nm thick beneath a single crystal silicon layer
160nm thick.

Pattern oxide for N-diffusion & backside alignment marks

I

b.

i i i i i i i i i
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o+
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o+

o+

@

After buried oxide formation and masking oxide
removal a 35µm thick, p-type silicon epitaxial layer is
deposited. An n-type diffusion is patterned in regions that
will later be the proofmass edges, flexure and guard struc
ture, and grooves are KOH etched through the proofmass,
stopping on the buried oxide, to control squeeze film damp
ing.

o+

P SILICON WAFER
Strip oxide and deposit new oxide
Pattern oxide
Masked oxygen ion implantation

c.

Dopant selective electrochemical etching [4] is used to
form 2 µm thick undercut flexures and guard structures. The
presence of a buried oxide allows overetching to eliminate
the cusps that form under protected structures during this
type of etching. P to N selectivities of 70-100 can be
obtained if etching is carried out in darkness. Figure 2 is an
SEM image of an electrochemically etched flexure. Voltage
contrast highlights the n-type diffused regions.

, ... ,

;...;

P SILICON WAFER

Anneal to form buried oxide

�1 ,_,{

d.

P SILICON

Grow epitaxial Silicon
Grow diffusion mask oxide
N-diffusion for flexures
and protected areas

a, ... c:,==�

Electrochemical etch flexures
and proofmass trenches
Blanket P diffusion surfaces
and flexures

e.

Figure 2. Electrochemically Etched Flexure

====Ne;-:;::::==========::;-�
P SILICON

Saw wafer in half
Hydrate surfaces
Align & fusion bond

Anisotropic etch - wire bond vias
Etch oxide to form gap
Metal deposition

Figure 1a-e. Simox Accelerometer Processing Sequence

Upon completion of the electrochemical etch, the wafer
is sawn in half and surfaces are cleaned and prepared for
bonding with a NH4OH-H2O2 -H 2O solution. Infrared
alignment allows the two halves to be accurately aligned
and contacted. The wafer pair is annealed at 1100° C to form
a strong void free bond. Topside wirebond access to all
internal nodes including bottom electrode plate, guard ring,
and proofmass anchor, is made through KOH etched vias
etched into the top electrode plate and illustrated in cross
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section in Figure l e. The device can be released by intro
ducing HF into these vias or as presently being done during
developmental work, by dicing the wafer and performing
the sacrificial etch experimentally on individual die.

used in the SIMOX case, but excellent flexure thickness
uniformity (variations of a few tenths of a micron) is
obtained since bulk wafer TTY does not affect flexure
thickness and the epi thickness uniformity across the wafer
is very good. Figure 4 is a photograph of the devices on the
left and right halves of a wafer after KOH etching is com
pleted and just prior to bonding to the sacrificial oxide
wafer.

The time required to sacrificially etch the buried oxide
beneath the 3000µm x 3000µm proofmass has been exper
imentally measured to be 36 hours for a planar structure
without damping grooves. The addition of damping slots
should significantly shorten the undercut time but this has
yet to be verified.
Single crystal silicon posts formed by the masked oxy
gen implant serve as the link between the outer electrode
plates and the inner epitaxial silicon proofmass and guard
ring frame. The single crystal posts survive long HF oxide
etch times undamaged. Figure 3 is a cleaved cross section
of a single crystal post bridging a 500nm gap after the
buried oxide has been etched away.

Figure 4a. Left Half of BESOI Accelerometer

■
Figure 3. 500nm Gap With Silicon Post

BESOIACCELEROMETER
Bond and etch back techniques can be used to prepare
SOI wafers with another degree of flexibility. Starting with
a 35µm thick silicon on insulator layer, both sides of the
35µm EPI layer can be patterned since the support sub
strate, or handle wafer, is background and etched away after
bonding, thereby exposing the previously buried oxide as
the new surface. The original SOI wafer surface is pat
terned with shallow damping control grooves, followed by
a KOH etch outlining the proofmass and terminating on the
buried oxide. Flexures are patterned while the surface
topology is still flat, delayed by a protective oxide while the
proofmass trench is given a head start greater than the
desired flexure thickness. The gap setting sacrificial oxide
is initially on the surface of another wafer and can be ther
mal oxide, or a faster etching CVD phosphosilicate glass.
Flexure formation is simpler than the electrochemical etch

Figure 4b. Right Half of BESOI Accelerometer

After bonding these two wafers together and etchback
of the handle wafer using the buried oxide as an etch stop,
anchor vias are etched on the new epi surface, and bridging
between the silicon epi and new substrate is accomplished
with selective epitaxy. The wafer now resembles the
SIMOX wafer on Figure l d. Figure 5 is a SEM image of a
cleaved BESOI wafer after the epi layer transfer. Damping
control grooves are visible under the proofmass and a flex
ure is visible on the surface. The diaphragm visible in
cross-section serves to reduce the capacitance between the
substrate and guard ring.
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-Figure 5. SEM Image of Cleaved BESOI Wafer

SUMMARY
The design and processing of symmetrical, high-g, nav
igation grade accelerometers presented here overcomes
several performance and manufacturing limitations of prior
approaches.
This new technology combining silicon fusion bonding
and SOI wafers to produce sacrificially released single
crystal epitaxial structures is likely to be increasingly
important for fabrication of future high performance sen
sors and actuators, especially as the price and availability of
SOI wafers continues to improve.
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Advanced Micromachined Condenser Hydrophone
J. Bernstein and M. Weinberg
C.S. Draper Laboratory, Cambridge MA 02139
E. McLaughlin, J. Powers, and F. Tito
NUWC New London Detachment, New London CT 06320
electrode. Acoustic pressure causes motion of the silicon
spring-supported electrode, creating a change in
This research has resulted in small micromachined capacitance and a measured output voltage which is
hydrophones using capacitive detection (condenser buffered by an on-chip JFET (Junction Field Effect
hydrophones). These hydrophones are fluid-filled variable Transistor) source follower. A large (15 GQ) on-chip
capacitors fabricated on a 3 mm silicon chip. Theory resistor is used to set the DC bias on the gate node with
indicates that high sensitivity (-180 dB ref. lV/µPa) can be minimum injection of current noise.
attained using this technology. Underwater test data taken
at NRL-USRD reported here for the first time have shown
Perforated Bridge
sensitivity of 1.6 mV/Pa (-176 dB ref. lV/µPa), 70 Hz to 6
Electrode
kHz. This is approximately 20 dB higher sensitivity than is
available from conventional ceramic hydrophones, the
predominant underwater acoustic sensor technology. Self
noise is within 2 dB of Sea State 0. This sensitivity is an
improvement of 47 dB over previously reported work.
Test data on sensitivity vs. pressure shows less than 2 dB
change in sensitivity from ambient pressure to 520 psi, due
to the fill-fluid which confers practically unlimited depth
capability on these sensors.

Abstract

Introduction
Current undersea hydrophones are almost exclusively
made from ferroelectric ceramics and polymers such as
PZT and PVDF. Fiber optic and magnetic hydrophones Fig. 1 Micromechanical Condenser Hydrophone chip with
have been the subject of much research, but in general are
on-chip electronics and beam lead interconnects.
larger or less efficient than the ferroelectrics.
Micromachining offers both high sensitivity as well as on
Table 1. Summary of Hydrophone Parameters
chip electronics, potentially allowing size reduction 9r
Parameter
Units
Value
multi-sensing in a small package.
Sensitivity (Mo)
dB I I V/µPa -176to -180
Sense Capacitance
pF
4
Previous work on condenser hydrophones goes back
Bias Voltage
V
20 V
to at least 1946 [1], where high sensitivity was achieved.
Diaphragm Diameter
mm
1.0
More recently work on MHz ultrasonic condenser
Package Cavity Volume
330
transducers has been reported [2,3]. These transducers were
mm 3
air-backed, and therefore required a system of pressure
Cavity Compliance
m3/ Pa
3.7 X 10-16
compensation to allow use at depth. In the work reported
Transducer Self-Noise
dB
SS 0 + 2 dB
here, the transducer is completely fluid-filled, and passive
Table 1 lists key parameters for the MCH's. Fill fluid
pressure compensation is achieved by the use of pressure
used
was
Dow Corning DC 200-5 or DC 200-10 silicone oil.
equalization slots through the diaphragm. These act as a
low pass filter so that the sensitive diaphragm is not
Small chip size implies several sensors can go in the
required to withstand large static pressures.
same package, leading to compact multi-sensors. For

example, pressure (depth), sound, acceleration, tilt, electric
field and magnetic sensors could all be put in a single
compact package. Since both the sensors and electronics
are silicon chips, the packaging is potentially simplified,
and a single interconnect scheme such as wire-,bonding,
bump bonding, or beam leads can be used throughout.

High quality condenser, electret and piezoelectric
microphones can be micromachined, hence, this is an
active area of research. Converting a microphone to a
hydrophone requires filling the device with a fluid, and re
optimizing for the increased viscosity, bulk modulus and
radiation mass that the fluid entails. The first generation
"proof of concept" devices were reported in 1992 [4]. Since
that time, the mechanical and electrical designs as well as
the packaging have been improved, yielding an increase of
47 dB in sensitivity.

Theory
The condenser hydrophone is modeled using an
electroacoustic analogy in which pressure (Pa) is the dual
of voltage, and fluid flow (m3 /s) is the dual of current.
The equivalent circuit is shown in Fig. 2. In addition to
the standard electrostatic reciprocal transducer circuit , the
mass LcE and compliance CcE of the perforated counter-

A drawing of an MCH (Micromechanical Condenser
Hydrophone) chip is shown in Fig. 1. The variable
capacitor is formed between a spring-supported silicon
electrode and a stationary, perforated electroformed gold
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electrode are included. The mass and compliance of the
diaphragm (moving) electrode are designated by LM and
C5p respectively. The theory is well developed elsewhere
[4,8], hence only a summary is given here.
The package cavity volume has a compliance C c AV•
Radiation impedance, both resistance (RR) and the
radiation mass LR are included. In a liquid environment
the radiation mass is much larger than the mass of the
diaphragm electrode, and controls the resonant frequency.
Both the diaphragm electrode and the bridge electrode
have a compliance; the reduced spring constant is ksp,par•
RADIATION
IMPEDANCE

MEMBRANE
ELECTRODE

5.

On-Chip and Hybrid Electronics
The goal of the on-chip electronics was to create an
optimal JFET source follower buffer amplifier and large
value bias resistor, to be manufactured with the
hydrophone. The JFET source follower circuit shown in
Fig. 3 is the classic circuit used in condenser microphones.
Although no voltage gain is achieved, the close to unity
gain output can be used to bootstrap the stray capacitances
on the chip, improving gain and linearity. Due to its
simplicity, the source follower can have a lower noise floor
than a charge amplifier using a JFET input op-amp.

COUNTER
ELECTRODE

Ro

Fig. 3 shows the parasitic diode Dp AR between the
diaphragm diffusion and the N-type substrate, as well as
the parasitic capacitance CFOOT under the bridge footings.
The acoustically induced voltage is represented by an AC
source Vl.

�OUT

--

<I> :

Mo =

lli
1

-VDD

Fig. 2. Equivalent circuit of the condenser hydrophone.
The membrane electrode, of area S, has an average
spring constant ksp (N/m), and is separated from the
perforated counter electrode by a gap x. The output
E ScE
.
.
capacitance 1s Co = -x- , where ScE is the area of the
counter electrode. A transformer of turns ratio q> (q> =
CoVbias/S x) links the acoustic and electrical sides of the
equivalent circuit. In acoustic units (m3 /Pa), the
compliance seen by the acoustic wave is the parallel
combination Cpar of the membrane and cavity compliance
CcAv, defined by
_ CcAvCsP
1.
CP
AR - CcAv+ Csp
In our hydrophones the membrane is over damped
due to the flow resistance through the counter electrode
Ro , hence the upper frequency corner is at
2.

fRc=

1
21tRoCPAR

The snap-down voltage is given by
3.
Transducer sensitivity increases as the bias voltage is
.
increased. For the purpose of this analysis, the transducer
bias voltage is assumed to be operated at some safe fraction
(58%) of the snap-down voltage.
The mid-frequency open circuit sensitivity Mo
(V/Pa) of the transducer is given by
4.

Mo =

Fig. 3. On-chip JFET source follower circuit.
The first and only (to date) lot of wafers processed
through the merged (mechanical plus electrical) process
were unsuccessful in making working JFETs due to the
gate implant being done on the wafer backs. The chips
from this fabrication lot contain the large value resistors
(15 GQ), which were used in a charge amplifier circuit. The
only disadvantage of the charge amp circuit is a higher
noise floor compared to the intended single FET source
follower.
The hybrid charge amplifier used throughout this
program is shown in Fig. 4. An on-chip feedback resistor
of 15 GQ and a feedback capacitance of 4.5 pF were used to
give approximately unity gain (hydrophone gap
capacitance equals feedback capacitance). An RC network is
used to filter noise from the bias voltage and protect
against over voltages.

Condenser
Hydrophone
10kQ \

See Vo Cpar
Xo S 2

Using the simplifying assumptions that ksp,par = ksp
(very stiff counter electrode), bias voltage = 0.58 Vso, and
Csp = Ccav (matched spring and cavity compliances), we
derive
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T10nF

C
GAP

Fig. 4. Charge amplifier circuit used with hydrophones.

Fabrication
Hydrophones were fabricated on 3" double side
polished silicon wafers using standard micromachining
techniques. The fabrication process used is a combination
of both bulk micromachining (the boron doped silicon
etch-stop), surface micromachining (the gold bridges), and
microelectronics (the resistors and JFET's). A boron-doped
p+ etch stop, combined with an anisotropic EDP (Ethylene
Diamine Pyrocatechol) etch solution is used to form the
membrane electrode, springs, and a through-hole beneath
each transducer. An infra-red mask aligner is used to
perform a front-to-back alignment for the through holes.
V-groove slots are also cut between chips during etch,
which allows the chips to be snapped apart after etching.
This eliminates the sawing operation and could potentially
save cost in a manufacturing operation. Perforated gold
bridge electrodes (the counter electrodes) are electroplated
through a photoresist mask on top of a temporary
photoresist spacer layer.

Fig. 6. SEM of spring and perforated bridge electrode.
Using the same fabrication process used to make the
metal bridges, it is possible to form metal bumps or beam
leads at the edge of the chip. Although conventional
wirebonding was used throughout the program, beam
leads would allow easy interconnect to off-chip circuitry
without wire-bonds.

The bridge electrodes are dielectrically isolated by
layers of SiO2 both thermally gro':n an� d�posi�ed by
_
chemical vapor deposition.
D1electnc 1solat1on 1s_
preferable to P-N junction isolation, since leakage c:1rrents
are virtually eliminated and there are no constraints on
allowable bias voltages. All fabrication steps were carried
out at Draper Lab's in-house micro-fabrication facility, with
the exception of ion implantation which was carried out at
a vendor.

Tensile stress is desirable in the membrane and
counter electrode to maintain flatness. Test structures
similar to those previously reported [5-7) were used to
measure tensile stress in the silicon and plated metal
layers. Tensile stress at 50 - 60 MPa was measured in the
silicon and the plated gold.

To make the process more manufacturable, several
steps in the JFET process are merged with th� hy�rop�one
process. This includes the boron source/ dram d1ffus1ons,
which are used as p++ thin structural members, and the
contact and metal one masks. The gate implant is also
used to make contact to the N type substrate. The addition
of the on chip JFET and resistors adds only 3 photomasks
to the hydrophone process, for a total of 11 masks.

Packaging
A thick walled Kovar flat-pack (Fig. 7) was used to
house the hydrophone chip and fill fluid. The package has
five glass insulated leads on one side, an OFHC copper fill
tube opposite the leads, and an acoustic window machined
on a third side. The package measures 14 mm X 16 mm X
10 mm, and could be made much smaller. The useful
internal cavity volume of the package is approx. 0.3 cc.

Fig. 5 shows a Phase 1 "1 mm radial" springs device,
with an octagonal moving plate supported by four radial
single crystal silicon springs. This is the device on which
test results were obtained. An SEM of the perforated
electrode, a spring, and a bias resistor is shown in Fig. 6.

Acoustic Window

Fig. 7. Thick wall Kovar package with acoustic window.
For many applications such as towed arrays, a small
cylindrical package would be preferred. An MCH chip
would be placed at one or both ends of the cylindrical
package, with a protective cap and a rubber boot to keep the
internal fluid (silicone oil) separate from the external
fluids. Acceleration insensitivity could be gained by
adding the outputs of the opposing chips which share a
common acoustic cavity.

Fig. 5. SEM of Micromachined Hydrophone.
1mm diaphragm is supported by 4 radial springs
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Packages were fluid filled by first pumping out the air,
then back-filling with silicone oil. Both sides of the chip
are filled completely with fluid, leaving no voids or air
bubbles which would cause resonances. The acoustic
window shown in Fig. 7 is made of Viton rubber. The
window must be large enough to allow for expansion and
contraction of the fill-fluid with temperature.

9...-----------.------7

8

Experimental Results
Micromachined hydrophones were tested at NUWC
and at NRL-USRD (Naval Research Laboratory,
Underwater Sound Reference Detachment). Sensitivity vs
frequency was measured at 16 kPa and 3585 kPa, 22°C and
3 °C. Variation of sensitivity with pressure was less than 2
dB over this pressure range. Typical frequency response is
shown in Fig. 8 for four hydrophones.
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Fig. 9. C-V test of 0.5 mm hydrophone chip using air,
castor oil, and liquid crystal fluid.

As part of the in-process quality control, air
acoustic testing is carried out on each hydrophone
before fluid filling. These hydrophone chips make
highly sensitive microphones, with sensitivity over 20
mV /Pa in a 20 kHz bandwidth. Due to their
optimization for silicone oil, they are under-damped
with a Q of 100 in air. Chips optimized for
microphones would have fewer holes in the bridge
electrode.
Typical sensitivity data for a 1mm
diaphragm is shown in Fig. 10.

----<II
Cl.

>
E

Fig. 8. Free-Field voltage sensitivity for four hydrophones
Temperature= 22°C, Pressure= 3585 kPa
The high frequency response of these hydrophones is
limited by the viscosity of the fluid. At low temperatures,
the viscosity increases, causing the upper 3 dB frequency to
decrease. The high frequency response could be extended
by using a fluid with lower viscosity, or by further
optimization of the perforated electrode.
As part of the chip-level screening, capacitance
voltage testing is carried out on each chip in air and the
intended fill-fluid. Leakage currents and the snap-down
voltage are also measured at that time. Fig. 9 shows C-V
scans using air, castor oil, and a liquid crystal compound
on a 0.5 mm "proof of concept" chip. The liquid crystal
compound shows molecular allignment with the applied
field, and a change in dielectric constant with applied
voltage.

76

AIR

>·s;:
.:
'iii
C

160

100
80
60

Cl)

40

C

0

.r:.

...u

Q.

20

:i

0

0

2-C3 Sensitivity (mV/Pa)
2-6 Sensitivity (mV/Pa)

120

Cl)

Ill

--a---

140

0

Vbias

10

(volts)

20

Fig. 10. Microphone sensitivity vs. bias at 1 kHz
1 mm microphone resonance at 17 kHz

Conclusions
A micromachined condenser hydrophone on a
monolithic silicon chip has demonstrated high sensitivity
of 1.6 mV /Pa (-176 dB ref. 1V /µPa) and low noise (Sea State
0 + 2 dB) using an off-chip charge amplifier. Expected
noise levels with an on-chip amplifier is Sea State 0 - 10
dB. This sensitivity is about 20 dB better than comparably
sized ceramic hydrophones. The small size of the chip
makes it useful where multiple underwater sensors are
needed in one package.
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ABSTRACT

3 µm

�

We have extended the operating range of thermal
conductivity-based pressure sensors (Pirani gauges) to above 200
bar, corrected for the influence of changes in gas composition and
temperature, and demonstrated repeatabilities comparable to state
of-the-art precision (±0.1%) industrial pressure sensors.
This paper describes how such on-line corrections can be
made via thermal measurements with two microbridge sensors of
different dimensions, so that the effect of absolute thermal
conductivity changes are sensed and effectively eliminated. The
required measurements include temperature, heater conditions, and
steady-state and transient heat transfer. For measuring high
pressures, we took advantage of the nonideal gas changes in
thermal conductivity. All the above (thermal-only) measurements
were performed with single, 1.7 x 1.7-mm, Si chip sensors
machined from single Si wafers.

Silicon Nitride

I

Heater Film

Fig. 1. Cross section of pressure microsensor[l ].

INTRODUCTION
This paper describes improvements of the Pirani-type or thermal
conductivity-based, absolute pressure microsensors. Despite of
their attractive overpressure-proof feature, they have suffered from
three major disadvantages: limitation to gaseous fluids, sensitivity
to gas composition changes and operation limited to pressures
below atmospheric. We describe here means to eliminate the last
two by introducing an approach to compensate for composition
changes and by extending the useful operating range to above 150
bar. The goal is to be able to fabricate low-cost, fully compensated
(temperature, composition and pressure) gas flow sensors, for
metering of domestic and compressed natural gas.
The microsensor structure is very similar to those used and
reported earlier[l-3), although the conductor films are of Pt and not
of NiFe[l] or polysilicon[2,3].
The challenge we faced was to derive an on-line, thermal pressure
sensing means, while eliminating the influence of an unknown gas
composition (and temperature), without giving up the burstproof
feature, low-cost, low-power and the self-contained nature of the
sensor. We first pursued a compensation that was based on sensing
the volumetric, isobaric specific heat, Cpv = CpP, which is closely
proportional to pressure[4,5], to which a measurement of thermal
conductivity, k, would be added for composition correction[5]. But
we found that the compensated pressure signal was so sensitive to
prime sensor signal noise as to be useless. That is when we turned
to the use of two microbridge (MB) structures of different
geometry, to take advantage of expected differences in pressure
(or mean-free-path-) dependent heat loss[6], as will be described
below.

Fig. 2. SEM micrograph of thermal pressure sensor,
showing narrow microbridge and gap of 3 µm.
Pressure Sensor

Temp11rature Sensor

EXPERIMENTAL
The silicon-based, micromachined sensor chip, besides supporting
the basic, narrow MB structure shown in Figs. I and 2, also
supported Wheatsone bridge reference resistors to provide for a
first-order temperature compensation[?], and a wide MB structure,
as used for flow measurements[?]. The bridge width and gap
dimensions were about 3 µm for the former and over 100 µm for
the latter. One complete chip layout is shown in Fig.3. To achieve a
combination of the desired level of ruggedness and sufficient
resistance with the narrow MB structure, its 10 segments of self
supported films were anchored to the substrate at intervals of about
60 µm, as shown[l]. All heater serpentines consisted of 0.1-µm

0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.18

Fig. 3. Microsensor chip layout.
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films of Pt, embedded in stress-reduced Si3N4 films of about 1-µm
total thickness. The square Si chip measured 1.7 µm on the side
and was mounted and Au-wire bonded to standard TO5 headers.
These headers could then be fastened and doubly sealed (via a
metal-metal seal and a 0.5-mm-thick O-ring) to the test chamber.
The measurement circuit of the basic pressure microsensor simply
consisted of a DC Wheatstone bridge. It served to maintain the
heated MB structure at a constant temperature, set between 85 and
100°C, by varying the applied potential to keep the bridge in
balance, and to determine its dissipated power by sensing the
heater current and voltage drop. These were then digitized and
multiplied.
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Mean free paths were determined via published values of effective
molecular collision cross sections according to the expression[8]:
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Qvac
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where R = 80.206
Universal Gas Constant; T =
absolute temperature in K; N = 6.023-1023/mol, Avogadro
Number; and 1tam2 = molecular collision cross section, (a-values
in A, as derived from Lennard-Jones potentials, are: 3.65 for air,
3.82 for CI4, 3.40 for Ar and 1.9 for He[8]; better fits were
obtained with 3.6 for CI4, 3.8 for Ar and 1.45 for He and are
within the range of values listed in ref.[8] for alternative methods
for deriving a-values). These cross-section data were used initially
only, for evaluation of experimental data, before the use of
microbridges of different geometry was adopted.
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Fig. 4. Heat dissipated by a wide MB pressure sensor
heater, for four gases. Data without composition
correction. The fitted functions are of the form:
Q= Qvac + ki/karr{A1exp(-A2fp/Lj) +
+ A3exp(-[A4/p/Lj]O.S)}

The on-line determination of k and Cpv was accomplished with the
wide heater elements on the chip, as described earlier[4]. This
method consists of processing measurements of gas tempeature and
both transient and steady-state sensor temperature rise caused by
heat transfer from an adjacent, intermittently heated thin-film
element. Calibration of this k, Cpv and pressure sensor was
accomplished with an automated system, which would expose the
sensor to three gases, six temperatures and six pressures, and
record the measured environmental conditions, the above wide MB
sensor outputs and the wide and narrow MB heater conditions. This
process took about 8-10 hours and could be completed overnight.
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For pressure measurements above 2 bar, the above sensor package
was sealed to a S:3-cm3 stainless steel chamber that could be
connected directly to the s:200-bar gas pressure of a steel gas tank.
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Examples of the measured pressure dependences for both wide and
narrow MBs are shown in Figs.4-6. Note that the steep rise in heat
loss is well on its way at 10-2 bar in Figs.4 and 5 (wide MB) but
not in Fig.6 (narrow MB), indicating the expected shift toward
higher pressures, i.e. smaller mean free paths, as the MB
dimensions are reduced. We verified that the plotted heat loss data
at high pressures were directly proportional to k and that mean free
path, L, and pressure, p, were "interchangeable"; i.e. that by
choosing dry air as reference gas, correcting the heat loss data
points acording the transformation Qcorr = (Q- Qvac)karr/lq + Qvac,
and shifting the pressure points from p to pLair/L, the data of all
gases collapsed into the set measured for air, see Fig.5. In other
words, the experimental heat loss data at low pressure could be
represented by points of heuristic eq.(2) plotted by using either (1)
a L/Lair pressure scale shift and setting all Lj Lair, or (2) no
pressure scale shift and letting Lj represent individual mean free
paths. In both cases, the ki represent the k-values of gases "i":
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Fig. 5. Heat dissipated by a wide MB pressure sensor
heater, for four gases. Data after composition
correction.
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with the constants Qvac = 0.33 mW is the measured residual heat
loss in vacuum, kair = 68.255 µcaV(cmKs), At = 0.64998, A2 =
1.291638-10-6 psi·cm, A3 = 0.65996, and A4 = 2.741976-10-7
psi·cm. The only variables are ki = thermal conductivity of gas "i"
in µcaV(cmKs), Lj = its mean free path in cm and p = pressure in
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Fig. 6. Heat dissipated by a Pirani-type, narrow MB
pressure sensor, up to high pressures. Sensor 13-30
before linearization, in nitrogen.
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psia. In eq.(2) the ki thus define the heat loss at high pressure and
the Li the transition region from the Qvac• The second exponential
term was needed to improve the quality of the curve fits, which
was not deemed surprising in view of the odd geometry of the
narrow MB.
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The determination of effective L(a)-values that led to the best fits
of Q(p), as described in the Experimental section, is offered as a
(possibly new?) tool for probing into the combined influences of
molecular cross section and thermal accommodation at gas-solid
interfaces, involving transfer of kinetic, rotational and/of
vibrational energy[9]. However, in spite of the encouragment
provided by the gained physical understanding, we still needed a
method for on-line, self-contained determination of mean free path,
if this pressure sensing approach was to be practical. But rather
than search for a method to determine L, in view of the range of
uncertainty presented for its values in ref.[8], we decided to first
lump all available data into one fitted expression for presure, p, and
then interpret the physics of the findings later, if warranted. The
chosen expression has the form of a polynomial:
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Fig. 7. Comparison between a narrow MB thermal sensor
and a precision, Si-piezoresistive, industrial-grade
pressure sensor.

where I and V = heater current and voltage, respectively, and the
subsripts H and h refer to the wide and narrow MBs[6]. No effort
was made at the time to determine if all the listed independent
variables were needed, an effort that may indeed improve the
quality of the fit.
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Figs.7 and 8 show examples of results obtained with this method.
They were plotted after a calibration run, as described in the
Experimental section, and show that the composition-dependence
can be eliminated, while achieving pressure measurements to
within an uncertainty of less than ±1%, see Fig.7. A near-term
repeatability of better than ±0.2% is shown in Fig.8. In both figures
the thermal pressure sensor is compared with an industrial-grade,
precision, Si-piezoresistive pressure sensor (Honeywell ST3000).
Fig.8 also shows that the single largest contribution to pressure
signal error is the noise of the Cpv signal; to avoid small (0.1-0.5%)
but systematic errors due to thermal convection effects, we
recommend that the sensor not be used in orientations different
from the one set during calibration, or that means be provided to
compensate for the effect of such convective flows.
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Regarding operation at high pressures, Fig.6 shows that the chosen
narrow MB geometry has shifted the end of the mean free path
dependent heat loss rise to pressures that are high enough to allow
the observation and utilization of the beginning of the increase in
k-values due to the increasingly non-linear behaviour of gases. For
example, Figs. 9 and 10 show the effects of nonideal (i.e.pressure
dependent) behavior of methane[4], which give the appearance of
steadily increasing values of k and Cp above 10 bar. That is
reflected in the renewed rise in heat loss above that pressure in
Fig.6.
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Fig. 8. Short-term repeatability of thermal pressure sensor
measurements, including its compensated output,
compared to a Si-piezoresistive sensor and to
additional MB outputs, for methane; y-scale: 20x.
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A remaining challenge is to extend the composition (and
temperature) correction to those higher pressures, as illustrated in
Fig.11 for CI-4 C2H6 and N2, for 300 and 350 K, using simple
thermal conductivity functions of the type
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which were also used to represent the property data by
Vargaftik[ lO] plotted in Figs.9 and 10. Note that the data plotted in
Fig.9-11 did not take mean-free-path effects into account, but that
Fig.9 shows that eq.(3) successfully compensated for the influences
of both L and T; the magnitude of the approx. k - 'f0.7 influence
is illustrated in Fig.11 by plotting curve sets for both 300 and 350
K. Another challenge is to demonstrate satisfactory stability and
service life, especially at the elevated temperatures many
applications require[l 1,12].
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Fig. 9. Thermal conductivity of methane vs. temperature
and pressure.

We have demonstrated, to our knowledge for the first time, that the
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signals of Pirani pressure sensors can be compensated for changes
in gas composition and gas temperature and that such on-line
corrections can be made via measurements with two microbridge
sensors of different dimensions, so that the effects of absolute
thermal conductivity changes are sensed and effectively
eliminated, provided that temperature and the characteristics of
both heaters are also sensed.
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Furthermore, increases in thermal conductivity because of the
increasingly nonideal behavior of gases above atmospheric
pressure were shown to provide a vehicle to extend the useful gas
pressure sensing range to 200 bar and beyond.
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All the above thermal-only, primary and corrective measurements
were performed with single, 1.7 x 1.7-mm sensor chips machined
from single Si wafers.
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Future work will focus on overall signal noise reduction, reliability
and service life improvements, searching for analytical replace
ments of the fitted, eq.(2)-type functions, and composition
correction methods for use at high pressures.
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For Fabrication Of Electroplated Microstructures
W. H. Juan, S. W. Pang, A. $elvakumar, M. W. Putty*, and K. Najafi
Center for Integratea Sensors ana Circuits
Department of Electrical Engineering and Computer Science
The University of Michigan
Ann Arbor, MI 48109-2122
*General Motors Research and Development Center
Warren, MI 48090
substantial degradation in etch profile. In addition, the plasma
system has a temperature controlled stage that can be cooled
down to -130° C. This helps to maintain vertical etch profile by
suppressing the spontaneous chemical reactions [12]. The
independent control of the ion energy by a rf-powered stage and
the ion flux by the microwave power provides the flexibility
needed to optimize the etching with high etch rate (by high ion
flux) and high etch selectivity to the mask (by low ion energy).
High etch selectivity is important since a thin etch mask has to
hold up throughout the etching of the deep structures.
Using the ECR source, resonant elements that were
32 µm thick with 1 µm gap have been fabricated in polyimide.
The etch conditions were optimized to provide fast etching with
high selectivity, vertical profile, and smooth morphology. By
electroplating Ni through the polyimide molds, resonant
accelerometers were formed with aspect ratio of 11: 1.

Abstract
Dry etching of polyimide with an electron cyclotron
resonance (ECR) source and Ni electroplating were applied to
fabricate laterally driven resonant microsensors. With the ECR
source, the generation of reactive species and the self-induced de
bias voltage can be independently controlled to provide fast
polyimide etch rate (0.91 µm/min) and high selectivity (3150:1)
over Ti etch mask. The etch anisotropy was found to improve at
higher rf power and lower pressure. Compared to conventional
reactive ion etching, etching with ECR source can typically
provide lOx faster etch rate and 6x higher selectivity. Resonant
elements in polyimide that are 32 µm high and 1 µm wide have
been fabricated by etching in an 02 plasma generated using the
ECR source. In addition, high aspect ratio microstructures in Ni
were formed by electroplating through the polyimide mold.

II. Experimental

I. Introduction

A. Plasma System with the ECR Source

Resonant-based microsensors and microactuators have the
advantages of high sensitivity, linear response, and better design
flexibility [1-3]. In order to increase the sensitivity of these
sensors, the interdigitated resonant elements should be thick but
the separation between elements should be small. This requires
pattern transfer technology that is capable of fabricating high
aspect ratio microstructures.
Electroplating of metal through polymeric molds has been
developed to fabricate thick, high aspect ratio microelectro
mechanical devices [4-6]. The first major application of this
technology was demonstrated by the Llthographie, Galvano
formung, Abformung (LIGA) process [4] in which high energy
synchrotron X-ray was required to expose the thick polymethyl
methacrylate (PMMA) resist. Although this technology is
unsurpassed in its capability to fabricate thick high aspect ratio
microstructures, it is limited because of the need for X-ray
sources, facilities, and masks. To overcome this problem, deep
UV lithography has been used to expose photosensitive polymers
and create the required mold [5,6]. This is a very attractive
technique because it is readily available; however, it has
shortcomings in that the aspect ratio is limited to -8. Dry etching
of a polymeric mold using reactive ion etching (RIE) has also
been demonstrated [7,8], and has the same shortcomings as deep
UV due to the slow etch rate and low etch selectivity.
In this work, an electron cyclotron resonance (ECR)
source is used to etch thick polyimide molds with small gaps
between resonant elements to create high aspect ratio
microstructures. Patterns in polyimide were etched in an 02
plasma generated by the ECR source because it has many
advantages over conventional RIE. With the combination of
magnetic confinement and microwave power, the ECR source
provides dissociation efficiency that is typically more than an
order of magnitude higher than RIE [9,10]. The high efficiency
allows high throughput since etching of deep microstructures up
to 50 µm thick are needed [11]. With the magnetic confinement,
plasma can be maintained at much lower pressure with the ECR
source. This reduces scattering of reactive species and promotes
vertical profiles and smooth surface morphology. The reduced
scattering at low pressure is crucial for high aspect ratio structures
since even a slight divergence of the reactive ions can cause
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The plasma etching system with an ECR source and a rf
powered electrode has been previously described [10-12].
Microwave power at 2.45 GHz is coupled into the ECR cavity by
a tunable input probe and a sliding short. Twelve permenant
magnets are spaced evenly around the quartz disk to provide
magnetic field at 875 G for the ECR excitation. The sample stage
is connected to a rf power supply at 13.56 MHz. A self induced
de bias voltage (IVdcl) is developed and it controls the ion energy.
Chamber pressure is controlled by the throttle valve and
gas flow rate is adjusted by the mass flow controller. 02 is
introduced into the base of the ECR source through an annular
gas ring. A 1500 Vs turbomolecular pump is used to maintain
low pressure during etching. The stage position can be adjusted
from 8 to 27 cm below the ECR source. The temperature of stage
can be varied from -130 to 400°C by a combination of resistive
heating and liquid N2 cooling. In order to provide good thermal
conductivity, wafer is clamped down and He is flown at the
backside of the wafer.
B. Device Fabrication
Electrostatic comb-drive accelerometers with Ni plated
resonant elements were fabricated. Stress-compensated SiO2/
ShN4'SiO2 dielectric layers with thicknesses of 300/150/300 nm
were deposited on (100) p-Si (p = 3-10 n-cm) by low pressure
chemical vapor deposition. 2-µm-thick Al was evaporated on top
of the dielectric films as the sacrificial layer so that the resonant
elements can be released from the substrate after Ni plating. The
anchor areas were defined by wet etching of Al. A plating base
which consisted of Cr/Au/Cr (50/300/100 nm) was evaporated
over the entire wafer. Polyimide (Dupont Pyralin® PI-2611) was
then spun on the wafer and multiple coatings were used for
thicker layer. The polyimide was cured at 380°C for 60 min.
200-nm-thick Ti was evaporated as the etch mask and patterned
by RIE. Patterns in polyimide were etched in an 02 plasma
generated by the ECR source. After Ni was electroplated through
the polyimide, the polymer was removed by a high pressure 02
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Despite the lower selectivity at higher rf power, 300-nm-thick Ti
mask can still hold up for the etching of 50 µm thick polyimide.

plasma. Finally the sacrificial Al layer was removed by wet
etching, leaving free standing resonant elements in Ni .
III. Results and Discussion

For the etching of thick polyimide with high aspect ratio
features, it is important to have high etch rate and selectivity.
Figure 1 shows a comparison of etch rate and selectivity (ratio of
polyimide over Ti mask etch rate) between a conventional RIE
process and etching with the ECR source. For RIE, as rf power
was increased from 50 to 300 W, the etch rate increased from
38 to 147 nm/min, but selectivity decreased from 528 to 115.
When polyimide was etched with the ECR source, the etch rate
was more than 6x higher and was 908 nm/min at 300 W. The
increased etch rate is due to the higher ion flux generated by the
microwave power. In addition, selectivity was 3150:1 at 50 W,
much higher than RIE. Since the ECR source can generate high
ion density in the discharge, IVdcl is lower compared to RIE when
the same rf power is applied. At 300 W rf power, IVdcl was
530 V for RIE and 284 V for etching with the ECR source. The
reduced IVdcl provides a higher selectivity since the Ti etch mask
is mainly removed by physical sputtering. The results shows that
the ECR source has the advantages of achieving fast etch rate and
high selectivity due to its high ion flux and low ion energy.
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Fig. 3. . Etch selectivity between polyirnide and Ti, Cr, and Al
masks m an 02 plasma. Flow rate was 20 seem at 0.5 mTorr
with 750 W microwave power and 10 cm below the ECR source.
Since there are features with various sizes on the
rnicrosensors, it is important to study the influence of feature size
on etch rate when thick polyimide is etched. Figure 4 shows the
decreased polyimide etch rate with reduced spacing between
elements. The polyimide was etched down to a depth of 24 µm.
The etch rate was normalized to the etch rate of 30 µm wide
spacing. Both rf power and pressure can change the feature size
dependent etch rate. At 0.5 mTorr and 300 W rf power, the
normalized etch rate varies from 0.91 to 1.0 for spacing ranging
from 4 to 30 µm. When the rf power was reduced to 50 W, the
normalized etch rate decreased significantly from 0.61 to 1.0 for
the same range of spacing. The reduced etch rate for smaller
features at lower rf power could be attributed to the less
directional ions impinging on the samples. When the ion energy
is lower, it is easier for the ions to be deflected by any perturbing
electric field, resulting in lower ion flux at the bottom of high
aspect ratio trenches. At higher pressure, the etch rate reduction
for narrower spacing was more significant. The normalized etch
rate for 4 µm spacing was 0.84 at 3 mTorr and 0.91 at
0.5 mTorr. The stronger dependence of etch rate on feature size
is probably due to the additional scattering at higher pressure.
The increased scattering makes it more difficult for the reactive
radicals and the product species to enter or exit the high aspect
ratio trenches [14]. Therefore, high rf power and low pressure
are. de�irable to provide more directional reactive species to
mamtam constant etch rate.

The rf power not only controls the etch rate, it also has strong
influence on the etch profile. The etch anisotropy was found to
increase with rf power as shown in Fig. 2. At higher ion energy,
the directionality of the ions has a weaker dependence on surface
charge or field distribution across the wafer. The more
directional ions impinging on the samples result in more vertical
etch profile. The etch profile and surface morphology also
depend on the pressure used during etching. More vertical etch
profile and smoother surface morphology were obtained at lower
pressure. This is related to the longer mean free path and reduced
scattering at lower pressure. Since low pressure plasma down to
0.3 mTorr can be maintained with the ECR source, it is most
suitable of generating vertical etch profile for high aspect ratio
resonant elements.
Etching of thick polyimide film requires a high etch
selectivity between the polyimide and the etch mask. Among the
different metal etch masks investigated, Ti was found to provide
the highest selectivity as shown in Fig. 3. At 50 W rf power, the
selectivity for Ti was 3150:1, followed by 790:1 for Cr and 570:1
for Al. Typically, metal mask is oxidized during polyimide
etching in the 02 plasma and it provides higher selectivity than
SiO2 mask. Compared to Cr and Al, Ti mask provides higher
etch resistance because TiOx has the lowest sputtering yield [13].
As rf power was increased from 50 to 300 W, the selectivity
between polyimide and Ti mask decreased from 3150 to 536.
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Fig. 5. The effects of Ar ion beam etching on oxidized Ti mask
removal. The wet etch solution was HF:H2O = 1:10. The ion
beam etching was carried out using 500 V Ar+ with 1.2 mA/cm2
at l.5xI0-4 Torr.

Fig. 4. Influence of feature size on polyimide etch rate. 02 flow
rate was 20 seem and the source distance was 10 cm with micro
wave power at 750 W and rf power at 50 and 300 W.
Since Ti etch mask was oxidized during etching of
polyimide in the 02 plasma, it cannot be efficiently removed by
wet etching in HF. Ar ion beam etching (IBE) was applied to
remove the oxide layer before Ni electroplating. The Ti etch
mask was 250 nm thick and was oxidized in the 02 plasma for
45 min, the time needed to etch 16 µm thick polyimide. Without
oxidation, the Ti etch rate in 1:10 HF:H2O solution was found to
be 47 nm/sec. As shown in Fig. 5, not much oxidized Ti was
etched in the diluted HF solution after 20 s. Up to 60 s of etching
was needed to remove all the Ti. The removal of the oxidized Ti
etch mask is more controllable by IBE with Ar ions at 500 V and
1.2 mA/cm2. The etch rate for the oxidized Ti was 10 nm/min.
After removing the top 50 nm of oxidized Ti by 5 min of IBE in
Ar, the rest of the etch mask can be completely removed in only
5 s by wet etching. The results indicate that IBE is very efficient
in removing the TiOx and the oxidized layer has a thickness of 2550 nm.
Figure 6 shows the high aspect ratio (32:1) resonant
elements in polyimide that were etched with the ECR source. The
polyimide shown in Fig. 6(a) is 32 µm deep with I µm spacing
between elements. Figure 6(b) shows the higher magnification of
the resonant elements in polyimide. The surface is smooth
without any residue and the etch profile is vertical. After
electroplating Ni through the polyimide mold, accelerometers
with interdigitated resonant elements were formed as shown in
Fig. 7. The gap between the Ni elements is 1.3 µm and the Ni is
14 µm thick. With the small spacing, high sensitivity is expected
for the accelerometer.
These results demonstrate that high aspect ratio resonant
elements for microsensors can be fabricated by etching polyimide
in an 02 plasma generated using the ECR source. By optimizing
the etch conditions, fast etch rate, high selectivity, vertical profile,
and smooth surface morphology can be obtained.

H

10µm
(a)

IV. Conclusion
A plasma system with an ECR source was applied to etch
high aspect ratio features in polyimide for the fabrication of
electroplated Ni microsensors. Using the ECR source, polyimide
was etched with fast etch rate, high selectivity, vertical etch
profile, and smooth surface morphology. The high density and
low energy ions generated by the ECR source provide polyimide
etch rate of 0.91 µm/min and selectivity up to 3150. The low
pressure plasma allows etching of polyimide with vertical profile
and smooth surface. Ti was found to have the highest etch
selectivity over polyimide in the 02 plasma. After etching, the
thickness of the oxidized Ti was <50 nm and it can be removed
efficiently by Ar IBE. Microstructures that are 32 µm deep and
I µm wide in polyimide have been fabricated. Electroplated Ni
resonant elements that are 14 µm high with 1.3 µm spacing
between elements have also been made. Plasma etching with an
ECR source has been demonstrated to have the capability of
generating high aspect ratio resonant elements with small spacing
for highly sensitive microsensors.

Fig. 6. High aspect ratio microstructures in polyimide. Etching
was carried out with 750 W microwave power at 0.3 mTorr,
12.5 seem 02 , -300 V, and 10 cm source distance. The
polyimide etch depth was 32 µm with I µm spacing between
resonant elements.
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Abstract

The ZMR SOI Process

Silicon-on-Insulator (SOn wafers produced by the Zone
Melting-Recrystallization (ZMR) method are an attractive
candidate for use in micromachining applications. Mechanical
measurements indicate an orientation dependent tensile strain in
the epitaxial silicon layer on the order of 3x10-4• This is
suitable for applications such as pressure sensors. In this paper
we describe a method for surface micromachining of ZMR, the
measurement of strain in the epitaxial silicon layer and a surface
micromachined pressure sensor process.

The ZMR SOI process begins by first growing a thermal
oxide on a bulk silicon wafer. This oxide becomes the buried
insulator in the SOI structure. A thin polycrystalline silicon film
is deposited next and capped with a CVD oxide. The wafer is
then placed in a system which consists of a lower substrate
platen/heater and an upper scanning wire heater. The substrate
temperature is raised to about 1200-C and the upper wire is
heated and scanned such that only the thin polycrystalline silicon
film melts and recrystallizes. The capping CVD oxide is
subsequently removed and the wafer is complete.

Introduction

One of the advantages of the ZMR SOI process for
MEMS fabrication is its flexibility with respect to the buried
insulator and the silicon layer. Buried insulators other than
oxide can be used and insulator interfaces are clean and abrupt.
The thin silicon layer thickness can be specified within the range
from 0.1 micron to 1.0 micron with a thickness uniformity on
the order of ±0.015 micron as compared to 0.1 micron for
bonded wafer SOI. The resulting SOI structure provides an
excellent starting point for MEMS applications such as pressure
sensors.

SOI wafers consist of a thin layer of single crystalline
silicon separated from a bulk silicon substrate by an insulating
layer. Typically the insulator is silicon dioxide. Electronic and
mechanical devices can be fabricated in the thin epitaxial layer 1 .
Active matrix LCD displays, gate arrays, and 256K static RAMs
are examples of circuits being fabricated. Pressure sensors and
accelerometers are examples of mechanical structures. The
isolation of the silicon devices from the bulk silicon substrate
offers certain performance advantages over bulk silicon
technology. High temperature operation, higher speed, and
greater packing density are some of these advantages. The
principal advantage of SOI in microelectromechanical systems
(MEMS) applications is its compatibility with high temperature
electronics.

Surface Micromachining of ZMR
In surface micromachining of ZMR SOI, the silicon film
can be used to create a variety of mechanical structures. The
underlying oxide layer can be used as a temporary, sacrificial
support structure during processing or as the permanent support
pedestal. Examples of surface rnicromachined structures include
diagnostic devices used in analyzing film strain. On our strain
diagnostic mask we have incorporated structures previously
reported by H. Guckel and D. Bums at the University of
Wisconsin8,9, 10 which include the doubly supported beams used
for compressive strain measurement and ring/beam structures
used for analysis of tensile strain. Spiral structures reported by
the University of California, Berkeleyll for the evaluation of
strain non-uniformity with film thickness were also
incorporated.

Over the past several years, a new microstructure
fabrication technique known as surface micromachining has
beenJ.ievcloned.2,3.4~ futhis orocess. the mechanical structure is
created from thin films deposited on the front side of the wafer.
SOI wafers can be used as the starting material for surface
micromachined devices5, 6 . Using surface micromachining
technology, pressure sensors with diaphragm sizes of a few mils
or less are easily fabricated. These offer a significant size
reduction when compared to bulk micromachined sensors.
Another very important advantage of surface micromachining is
that microsensors can be integrated with microelectronics7•
Using a single technology to fabricate both mechanical a!ld
electrical devices allows them to be integrated together. With
integral electronics, measurement noise can be significantly
reduced, thereby improving the performance of surface
micromachined capacitive sensors.

0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.20

To measure orientation dependent tensile strain, a new
surface micromachined test structure was designed at
Northeastern University12. Two support posts were used to
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wafers, a unique hot plate drying technique was used. No
significant differences were observed between the center and
edge clamped spirals. This suggests that the strain in the ZMR
material is uniform throughout its thickness.

anchor a set of long thin angled beams with vernier position
measuring features at their center. With the device oriented as in
Figure 1 the operation of the structure is described as follows.
The angled beams release tensile strain by bending when etched
free of the underlying oxide. This bending acts to reduce the
angle of the beams and increases the separation between the
vernier comb features. The amount of movement can be
determined by observing the alignment of the comb features.
Taking each comb individually, subsequent prongs are 2
microns longer than their neighbor to the left. The difference in
length between neighboring prongs of the top and bottom combs
is 1 micron. The overlap between left-most prongs in the
unstrained condition is 2 microns. An increase in strain causing
the ends of the left most prongs to come into alignment would
indicate a motion of 1 micron for each comb. A further increase
in strain causes subsequent combs to align. This vernier
arrangement allows the relative motion of the combs to be
measured to within 1 micron. Six orders of magnitude of tensile
strain can be covered with three of these structures.

Base

Stressed
Beams

In initial tests, five three inch wafers with a single flat on
the (110) were evaluated from two separate lots. The tensile
strain structures indicated the presence of a slight tensile strain.
Measurements were made at five locations around the wafer, the
center and four orthogonal perimeter locations. At each location
four devices were sampled and the average reading was
recorded. An asymmetry between the readings on devices
perpendicular to the flat and devices parallel to the flat was
observed. This was consistently observed on both the
ring/beam structures and the vernier devices. For the ring/beam
structures, an average strain between 2.16x10-5 and 8.66x1Q-5
was indicated with the bar perpendicular to the flat and between
1. 54x 10- 5 and 6. l 6x10- 5 parallel to the flat. The vernier
structures indicated an average strain of 1.5x104 perpendicular
to the flat and 1.1 Ix104 parallel to the flat.
In the ZMR process, the wafer is scanned at 45° to the
flat, or in a 100 direction. In a second experiment, alignment of
the test die to the flat was indexed in three steps starting at 0,
then 45° and finally 90° on three separate wafers. The first and
last steps should yield the same results if all other conditions are
equal. An anisotropy in the strain in the epitaxial silicon layer
was found. No measurable strain was found in the direction of
the scan and a strain of 3.08x10-4 was found in the direction
perpendicular to the scan.

Vernier

Figure 1. Schematic view of a tensile strain measurement

structure.

In each of these structures, the silicon film is patterned in
the required shape and size, leaving a large base at the support.
The silicon is then etched using the underlying oxide as an etch
stop. An isotropic etch of the oxide layer is used to undercut
and release the structures from the substrate. The oversized
support base serves to preserve the oxide under it and provide
the required support pedestal.

A Capacitive Pressure Sensor in ZMR
One of the surface micromachined devices we are
developing is a capacitive pressure sensor. This device uses a
port etched into the substrate to allow differential pressure
measurements and serve as an access to the sacrificial oxide
layer under the diaphragm. Twenty six sensors of varying sizes
are included on a die, one half of which are square and the
remainder are circular. The square sensors range in size from 50
microns to 2000 microns on a side providing a maximum
pressure of 265 psi to l x l0-4 psi. The circular sensors range in
size from 27 microns to 1000 microns in radius providing a
maximum pressure of 250 psi to l.3x10-4 psi. Included with
each sensor is a reference capacitor surrounding the device.
Figure 2 shows an optical micrograph of the device.

Work being performed at Northeastern University on
pressure sensors is yet another example of surface
micromachining in ZMR. In a pressure sensor structure, the
silicon film forms the diaphragm of the device. The oxide layer
is used as a sacrificial support structure while a clamp made of
polysilicon or silicon nitride is formed. Removal of this layer by
an isotropic wet etch is facilitated by including etch ports in the
clamp structure or by back etching through the substrate. A
capacitive sensor with integral electronics shows promise for
low noise, high temperature operation and is a potential
application for ZMR SOI.

Strain Measurements of ZMR 11
Strain measurements were performed on the ZMR SOI
film by surface micromachining a variety of diagnostic structures
included in our strain diagnostic test die. The ZMR wafers used
for these studies had both a silicon film and oxide thickness of 1
micron. The wafers were first patterned with an array of
identical test die and the silicon film was etched in a custom built
RIE using an SF6/02 mixture. After etching, the resist was
stripped and the underlying oxide etched in 49% HF to release
the test structures. The wafers were then rinsed thoroughly in
DI water. Due to the delicate nature of the structures, care was
taken during this rinsing step so as not to damage them.
The wafers were placed in a petri dish filled with DI
water and the structures observed under a microscope. The
water was subsequently displaced with isopropyl alcohol.
Observation of the structures in alcohol produced results
equivalent to those obtained after DI rinsing alone. To dry the

Figure 2. An optical micrograph of a capacltlve pressure

sensor fabricated in ZMR SOI with a nitride clamp.
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Conclusions

The sensor process begins with a 3" (100) oriented ZMR
SOI wafer with a 1 micron epitaxial silicon film and a 1 micron
buried oxide. The wafer is nominally 25 mils thick but is
backlapped and polished to 22 mils in preparation for backside
processing. The silicon layer is patterned and etched by
Reactive Ion Etching (RIE) in a SFJO 2 mixture. As before, the
underlying oxide layer acts as an etch stop in this etch. The
oxide layer is isotropically etched in HF to remove the exposed
oxide down to the substrate and to slightly undercut the silicon
structures. A thin silicon nitride layer is deposited to act as a
mask for the backside port etch. The backside is then patterned
in an infrared aligner by aligning to front-side marks. This
pattern defines the square port openings centered under each
device. The nitride layer is etched in the RIE using a O2/CHF3
mixture. The ports are then etched in an anisotropic KOH etch
until they form a point. A TMAH etchant with a lower degree of
anisotropy is now used to break through to the oxide under the
devices and complete the ports. The thin mask nitride is
removed and a thick (1 micron) silicon nitride layer is deposited
to act as the diaphragm clamp structure. The silicon nitride is
oxidized and the front and back are patterned. These patterning
steps expose the silicon diaphragms and reference capacitors on
the front and clear the ports on the backside. The wafer is
dipped in BOE to clear the oxide over these features, the PR
stripped and the nitride etched in phosphoric acid. A chrome
gold layer is deposited on the front-side of the wafer and coated
with PR. The PR is exposed with the contact metal pattern but
not developed at this point. The wafer is immersed in HF to
etch the sacrificial oxide under the silicon diaphragms and free
them from the substrate. After a thorough rinse in DI water, the
wafer is placed in developer to develop the metal pattern. At this
point the wafer is rinsed in DI water, then alcohol, and finally
dried in an oven to prevent the diaphragms from collapsing to
the substrate. A SEM photograph showing a detail of the clamp
structure is shown in Figure 3.

ZMR SOI wafers offer a number of advantages when
used as a starting material for surface micromachining. The
structure of SOI provides three basic structures that can be used
for surface micromachined devices; a silicon substrate, a high
quality sacrificial layer, and a high quality silicon thin film. The
interfaces between the silicon and insulator films are very clean,
pure and abrupt. The silicon film can be specified in a range
from 0.1 micron to 1.0 micron with a thickness uniformity of
0.015 microns. Strain in the silicon film is uniform throughout
its thickness and while a tensile strain is present, it is observed at
a maximum level of 3x10 4.
Surface micromachined pressure sensors have been
fabricated in ZMR SOI. The devices range in size from 50
microns to 2 mm across and offer a pressure range from 250 psi
to lxI0-4 psi. These devices demonstrate how ZMR can be
used for the fabrication of mechanical structures and offer great
promise if combined with integral electronics. ZMR SOI
promises small, low noise, high temperature sensing devices.
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Abstract

Aluminum Microstructures

In this paper, electroplated aluminum is explored as both a
material for the fabrication of microstructures and for use in the
development of micromachining processes. First, a method for the
fabrication of aluminum microstructures is presented. Second, an
extension of the basic photosensitive polyimide process is
demonstrated for use in the fabrication of high aspect ratio
microstructures. Third, electroplated aluminum is used as a
sacrificial layer material in the development of a process for
creation of controllable small gaps between metallic microstructural
components.

By utilizing the material properties of aluminum such as the
high thermal conductivity, high corrosion resistance, low neutron
absorption, electrochemical nobility, stable mechanical properties at
cryogenic temperatures, and non-sparking characteristic, many
micromachining applications can be envisioned including nuclear
applications, and low temperature devices. Historically, the
electrodeposition of aluminum has been investigated for use in
coating steel strip [24,25], in electrorefining [26], in electroforming
[2 7-30], and in the cladding of uranium [31,3 2]. Limited
commercial applications of aluminum plating have been reported
[29, 33]. Aluminum, because it is much more chemically active
than hydrogen, probably cannot be electrodeposited from solutions
that contain water or any other compound with an acidic hydrogen,
for example, acids, alcohols, ammonia, and primary and secondary
amines [34]. It can be electrodeposited from inorganic and organic
fused salt mixtures and from solutions of aluminum compounds in
certain organic solvents. The fused salt baths have proven
unsuitable for electroforming because of inherent thermal distortion
of the deposit due to residual stresses in the films [28]. Many other
fused salt baths were found to yield only thin or mechanically
inferior deposits, and were highly flammable, poisonous, and
inconveniently moisture-sensitive.[28] For the case of aluminum
compounds in organic solvent, the aluminum chloride-lithium
aluminum hydride-ethereal solution, originally developed by
[35,36], yielded satisfactory, low stress deposits. Low volatility,
nonflammable derivatives of the aluminum chloride-lithium
aluminum hydride-ethereal bath have been developed by replacing
part of the ether with a quaternary ammonium salt such as 2ethoxyethyl trimethylammonium chloride [24].
Of the several electrodeposition processes that have had some
commercial success, only the National Bureau of Standards
hydride process has achieved a modest degree of use. Aluminum
electroplating has similar commercial applications to conventional
electroplated metals such as copper and nickel, but due to the
higher cost of the electrolyte (ether vs. water) and the higher initial
facility cost (inert atmosphere and safety requirements), it can only
compete with conventional processes where the material properties
of aluminum are required.
The aluminum electroplating solution composition is shown
in Table 1. Additives can be introduced to the basic solution to
reduce grain size and treeing, particularly in thicker deposits. Since
the bath contains strong reducing agents and is anhydrous, the
electroplating must be carried out in an inert atmosphere. In this
work, electroplating is carried out in a sealed glove box with dry
nitrogen as the ambient gas. To mix the bath, aluminum chloride is
slowly added to diethyl ether in order to avoid localized overheating
of the solution. The reaction of the aluminum chloride with the
ether is exothermic, producing 580 calories per gram of heat. For
large scale aluminum electroplating, external cooling is required
during mixing of the solution. After the addition of the aluminum
chloride, the lithium aluminum hydride is slowly added to prevent
excessive gas evolution. As reported in literature [28,29], the bath
remains operational with no change in plating quality for baths
utilized in excess of four weeks. A typical current density used for
electroplating is 10 - 15 mAfcm2 resulting in an electroplating rate
of 0.4 µm/min to 0.8 µm/min.
In the hydride bath, diethyl ether is used as the solvent. For
this reason, photoresist electroplating mold processes cannot be
utilized for the fabrication of aluminum microstructures. The ether
results in swelling and/or decomposition of the polymers used in
photoresist systems. In this work, the photosensitive polyimide
process (PSPI) is used as a basis to form the electroolated

Introduction
There are many uses of aluminum for the fabrication of
microdevices and for generic micromachining technology. One
important application of aluminum microstructures is in the
fabrication of integrated circuits. Since aluminum is the
predominant material used to define electrical conductors in
integrated circuit technology, microstructures such as high aspect
ratio current carrying traces and micro heat sinks fabricated from
aluminum would be completely compatible with the technology
without the problems associated withinter metallic alloys at
junctions between dissimilar metals. In addition to the use of
aluminum as a material for the fabrication of microstructures, it can
also be used as a processing tool to develop fabrication
technologies. Two examples of the use of aluminum as a
processing tool which are explored in this work include the use of
electroplated aluminum as a means of producing high aspect ratio
metallic microstructures and for producing controllable small gaps
in metallic microdevices.
Metallic microstructures have been under study for
micromachining applications for many years. Some of the more
prominent applications of metal-based microstructures have been as
current conductors in both magnetically [1-6] and electrostatically
_I7,8lgriyen d�yices. In a_qdition,_ there has been applications for
metallic structures with selected mechanical properties [9,10].
Several different fabrication technologies have been developed to
address the needs associated with the differing applications.
Among the processes that have been developed for fabrication of
metallic microstructures are the LIGA process [2,3,5,8-10,11], the
photosensitive polyimide process (PSPI) [1,4,7,12-14], UV-based
positive and negative photoresist processes [6,15,16], and
stenciling [17-19] as well as others [20-23]. Electroplated
microstructures of several different elemental metals and metal
alloys have been demonstrated including gold, silver, copper,
nickel, and nickel alloys. To this point, electroplated aluminum
microstructures have not been investigated for use in
micromachining technology.
The purpose of this research is to introduce the use of
electroplated aluminum as a material for the fabrication of
microstructures and micromachining processes. Since the majority
of the electrolytic solutions used to electroplate aluminum are based
on organic solvents, one of the major problems with implementing
this technology is finding a non-compatible molding material for
the process. First, the issue of a compatible molding material for
the aluminum electroplating process is addressed, and aluminum
microstructures are demonstrated. Second, the basic PSPI process
is extended to using the aluminum microstructures as electroplated
molds for the fabrication of high aspect ratio metallic
microstructures from metals other than aluminum Third,
electroplated aluminum is used as a sacrificial layer material in the
development of a controlled small gap process for metallic
microstructures.
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Table I. Composition of the aluminum electroplating solution
(g / l refers to grams of substituent added per liter of final
plating solution). The solvent-based electrolytic solution is
based on diethyl ether.
Quantity (g/1)

Component
AIC13,

Aluminum Chloride

400

LiAlH4, Lithium Aluminum Hydride

Optical

Mask

Photosensit
Polyimide

15

UV Light

t t t � t

Seed
Layer
(a)

High Aspect
Ratio
Polyimide

Mold

(b)

Electroplated
Aluminum

Figure 2. An electroplated aluminum gear with a thickness of 45
µm, an inner / outer diameter of 50 µm / 300 µm, and a tooth
width of 40 µm.

(c)

Electroplated

Aluminum
Mold

High Aspect Ratio Microstructures Using
Electroplated Aluminum Molds

(d)

(e)

"'-·�;b),1/,
Ratio Metallic

mp���

I

1///1/,,

�
(f)

High aspect ratio metallic microstructures have been a subject
of interest for many years. As mentioned above, several processes
have been demonstrated for the fabrication of high aspect ratio
metallic microstructures. Of these techniques, electroplating of
metals through polymer micromolds is the primary method of
forming the structures. Using micromolding tech�ologies,
_
maximum aspects ratios of beam structures have been ltmited to
approximately 4:1 (height:�idth� by non x-ray b�sed technologies.
_
In this section, metallic m1crostructures with aspect ratios as
large as 20: I are demonstrate� using an extension ?f the basic _PSPl
process [14). This process differs from other available techniques
in that electroplated aluminum micromolds have been used to form
the metallic microstructures instead of polymer molding materials.
The necessary extension of the PSPI process is shown in Figure
l d- l e. The process could be referred to as an inversion proce�s in
which the final metallic microstructures are of the same d1mens10ns
as the polyimide used as the initial molding material in the p�o_c�ss.
High aspect ratio microstructures have been achieved by ut1hz!ng
the inversion characteristic of the process and the fact that high
aspect ratio polyimide microstructures are simpler to fabricate than
high aspect ratio trenches using the PSPI process. To outline the
extended PSPI process, fabrication began with the basic process
using photosensitive polyimide as the molding material through
which aluminum was electroplated. For this study, the
electroplating metal system consisted of a 300 A titanium adhesion
layer between the silicon (or ceramic) substrate and the
electroplating seed layer, 1000 A of either gold or copper as the
electroplating seed layer, and an overlying layer of 1000 A
chromium to protect the electroplating seed layer during processes
used
leading up to the electroplating step. The polyimide material
_
in the molding process was spun on at the des1red thickness and
photolithographically defined into the pattern required for the final
metallic microstructure. After the aluminum has been electroplated
to the top of the polyimide molds, the polyimide is removed leaving
free standing aluminum microstructures (or micromolds in this
case). The polyimide can be removed_ by several stan�ard
techniques. After removal of the poly1m1de, _ the chr�m1�m
protective layer of the metal system is removed usmg reactive 10n
etching with a gas mixture consisting of 25 seem 02 and 25 seem
C HF3 at a pressure of "50 mtorr and 300 watts of power

Figure 1. The extended PSPI process for the fabrication of high
aspect ratio metallic microstructures. Fabrication st��s l a - l d are
required for the basic PSPI process. Steps l e - l f uuhze
electroplated aluminum as a molding material to form high aspect
ratio structures.
aluminum microstructures [14]. The basic PSPI fabrication
procedure, is shown in Figure l a- l d. After the electroplating is
complete, the substrate is rinsed in alcohol to remove residues from
the plating bath and the polyimide mold is removed as in the basic
process.
Various seed layers were investigated as seed layers for
aluminum electroplated microstructures. Among the metallic seed
layers investigated were gold, copper, nickel, chromium and
aluminum. With the exception of chromium, all the seed metals
chosen proved to be adequate as electroplating bases if the metals
were protected from oxidation and contamination prior to the
electrodeposition process. Electroplating using both aluminum and
nickel seed layers were exceptionally sensitive to effects of
oxidation.
Figure 2 shows an electroplated aluminum gear fabricated
using the above process and electroplating bath. The aluminum
gear has a thickness of 45 µm, an outer diameter of 300 µm, an
inner diameter of 50 µm, and a tooth width 0f 40 µm. The surface
of the microstructure is representative of the grain sizes obtained
using the basic aluminum electroplating solution without the
addition of additives at a plating rate of 0.4 µm/min.
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described in the previous section, followed by the deposition of
copper in the pin and field area. The aluminum gear is
approximately 60 µm in thickness with a tooth width of 40 µm, an
outer diameter of 300 µm, and an inner diameter of 50 µm.
The use of this extended process for the realization of high
aspect ratio metallic microstructures is shown in Figure 4. In this
case, beams of electroplated copper are formed using aluminum
molds. The beams are 42 µm in height and have a width of 2 µm
for an aspect ratio of 21: 1. Figure 5 is a close-up of a copper beam
showing the smooth sidewall of the microstructure.
Other advantages of this process include the ability to
fabricate metallic bimorphs for high current carrying applications,
as well as using the electroplated aluminum as a thick sacrificial
release layer for surface micromachining applications.

(approximate etch rate: 55 A/min). At this point in the process, the
seed layer is exposed in the regions initially covered by polyimide
in the basic PSPI process and the electroplated aluminum can be
used as a mold for further electrodeposition of other metals
including copper and nickel.
Figure 3 demonstrates the use of electroplated aluminum
molds for the deposition of formed copper structures. For the case
shown, the aluminum gear is formed initially using the process

Figure 3. Electroplated aluminum gear with a thickness of 45 µm
serving as a mold for the electrodeposition of copper in the field.

Figure 5. Close-up of the copper beam revealing the smooth
sidewalls obtained with the process.
Small Gap Process for Metallic Microstructures
In addition to using aluminum as a processing tool for the
fabrication of high aspect ratio metallic microstructures, it can also
be used as a sacrificial layer in the development of a controllable
small gap process for metallic microstructures. Development of a
silicon based process for obtaining small gaps has already been
reported [37]. In this process, metallic microstructures (other than
aluminum) are fabricated using the basic PSPI process. The free
standing microstructures are then conformally electroplated with
aluminum, thus covering the entire microstructure with a thin layer
of aluminum. The thickness of the aluminum "shell" is controlled
by the electroplating current density and time duration of the
electroplating cycle. The aluminum plating is followed by a second
electroplating cycle in which a metal other than aluminum is
deposited in the regions surrounding the existing structure. The
second electroplating step uses the original seed layer as an
electroplating base, and as in the case of the process for the
fabrication of high aspect ratio microstructures, the metal deposited
during the second cycle does not plate onto the aluminum
encompassing the initial microstructure. The second metal is
deposited to the desired height with respect to the initial
microstructure.
Figure 6 demonstrated the use of aluminum in the controllable
gap process. In this figure, the initial microstructures of copper
with the thin film of electroplated aluminum are shown on either
side of the metal (copper) deposited second. In the next step the

Figure 4. An array of high aspect ratio copper beams fabricated
using the extended PSPI process. The beams have a height of 42
µm and a width of 2 µm for an aspect ratio of 21: 1.
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Figure 8. A cross section of two copper microstructures to study
the sidewall characteristics of the process. The microstructures
are 55 µm in height and the gap is 5 µm.
Conclusion
Electroplated aluminum has been demonstrated to be of use in
both the realization of microstructures and as a processing tool for
micromachining processes.
Electroplated aluminum
microstructures have been demonstrated using a slightly modified
version of the PSPI process. The use of aluminum as a processing
tool for the fabrication of high aspect ratio metallic microstructures
was demonstrated. Also, electroplated aluminum has been used as
a sacrificial layer in the development of a fabrication technique for
obtaining controllable small gaps between metallic microstructural
components.

Figure 6. Demonstration of the use of electroplated aluminum as
a sacrificial layer material for producing controllable small gaps
between metallic microstructures.
aluminum is removed using a 1 vol% HF solution, leaving a small
gap between the copper microstructures. Figure 7 shows a gap of
2 µm between copper structures which are 60 µm and 55 µm in
height for a gap aspect ratio of 27.5:1. Figure 8 shows a cross
section of the gap and the sidewalls obtained using this process. In
Figure 8, the microstructures are 55 µm in height and the gap is 5
µm.
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ABSTRACT
An all-aluminum MEMS process (Al-MEMS) for the fabrication of large-gap electrostatic actuators is
presented. The process is purely additive above the substrate and thereby permits a high degree of design
freedom. All process steps are compatible with the future addition of underlying CMOS control circuits.
Multilayer aluminum metallization is used with organic sacrificial layers to build up the actuator structures.
Oxygen-based dry etching is used to remove the sacrificial layers. While this approach has been previously
used by other investigators to fabricate optical modulators and displays, the specific process presented
herein has been optimized for driving mechanical actuators with relatively large travels and/or out-of-plane
attachments such as electroplated "digits." The gap height between the actuator and the underlying eletrode(s)
can be set using an adjustable polyimide sacrificial layer and aluminum "post" deposition step. Several Al
MEMS electrostatic actuators designed for use as mechanical actuators are presented.
INTRODUCTION
The goal of this work is to develop a versatile
process for the fabrication of electrostatic actuators
for mechanical transducers. An all-aluminum pro
cess, using organic sacrificial layers was developed
along the lines of the process of Hornbeck, et al., at
Texas Instruments [1]. They have demonstrated tor
sionally-actuated optical modulators (and complete
displays built from them) and other devices using
such a technology. While polysilicon-based actua
tors have been successfully integrated with CMOS
processes [2], the use of silicon dioxide sacrificial
layers limits the maximum vertical gap to a few mi
crons at most.
The devices described herein are intended to
be used as drivers for out-of-plane actuators based
on the addition of vertical extensions, or "digits" (by
electroplating or other methods). For these applica
tions, as well as large angular motion optical modu
lators, we require a larger gap for deflection, few
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Figure 1: Scanning electron micrograph (SEM) view illus
trating the basic structure of an Al-MEMS cantilever actua
tor, showing the interconnects, deflection and landing elec
trodes, post, hinge, plate and etching access holes through
the plate.
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ness of 0.5 µm. The first and second aluminum
metallization layers for interconnects, electrodes and
bond pads are deposited in a DC magnetron sputter
ing system, with film thicknesses for each layer of
0.25 µm. The metal patterns are defined by coating
with photoresist, exposure and wet etching.
Between the first two Al layers, an insulating
low temperature oxide (LTO) is deposited in an
LPCVD furnace. To make electrical contact between
the two layers, via holes are etched through the ox
ide to expose the first layer metal using RIE etching
with 02 and CHF3 reactant gases. After resist re
moval, the second metal layer is deposited. The top
metal layer is then patterned with a photoresist mask
and wet etched as for the first layer. At this point,
the processing has progressed to the stage illustrated
in Figure 2A.
In order to define the deflection gap at a de
sired value between I and 20 µm Ultradel 4212 spin
on polyimide (Amoco Chemical Co., Chicago, IL)
is used as the organic sacrificial spacer layer. Using
the unmodified product it is possible to control thick
ness from 5-15 µm. For smaller gaps the polymer
can be diluted I: 1 with the appropriate thinner from
Amoco and for thicker films two layers can be ap
plied with a bake cycle between applications.
The polyimide is spun on to a thickness of 10
µm and cured in a nitrogen purged oven. Since the
subsequent layers used to form the moving parts of
the actuators are opaque, physical alignment marks
must be formed in the top surface of the polyimide.
The polyimide is coated with thick photoresist, pat
terned and oxygen plasma etched to form 1 µm deep
alignment marks in the exposed polyimide. The
masking photoresist is then stripped off in acetone
and isopropyl alcohol, rather than dry etching, to
maintain a smooth surface on the polyimide (critical
for the deposition of suitable Al films above it).
After a bake to remove any adsorbed moisture
and solvents, 0.25 µm of Si is DC magnetron sput
ter deposited as a masking layer for the oxygen RIE
to form the post holes. The silicon masking layer is
patterned using photoresist over the post holes and
plasma etched using SF6 and C2CIF5 reactant gases.
The post holes (approximately 10 µm in diameter)
are then formed by oxygen RIE for 1-3 hours (de
pending on the thickness of the polyimide). The Si
etch mask is left in place to maintain a smooth sur
face onto which the thin hinge layers can be depos-

constraints on geometry, and compatibility with
CMOS processes for ultimately adding control cir
cuits. In addition, we have less stringent require
ments for the surface reflectivities or fill factors
achievable.
Thin metal hinges and thicker plate regions are
used to form the mechanical elements (shown in Fig
ure 1), suspended above the substrate by aluminum
"posts" and released by the dry etch removal of an
organic sacrificial layer. The Al-MEMS process is
described below, as well as some test results on the
resulting actuators.
MATERIALS AND METHODS
As stated above, the overall process is a multi
level aluminum, organic sacrificial layer sequence,
illustrated in Figure 2. The following summarizes
the process, and a more complete description can be
found in [3]. On 100 mm diameter, p- silicon wa
fers, a wet thermal silicon dioxide is grown to a thickLTO

Therma�

Aluminum Electrodes
------------

Si Substrate

Silicon Etch Mask

Oxide

_:::T;x; W <irtitW:\( 1&y'CN: i A

Aluminum
Post

Silicon Hinge
Protection layer

Aluminum
Interconnect

B
Aluminum Plate

C
Aluminum Hinge

Figure 2: Diagram illustrating Al-MEMS process flow (not
to scale). At stage A, the interconnects and deflection elec
trodes have been fabricated on the silicon. At stage B, the
sacrificial polyimide layer has been deposited and patterned
using a silicon etch mask layer. Stage C shows a completed
actuator, prior to patterning of the silicon and hinge alumi
num layers. Stage D shows a released actuator.
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For the devices illustrated and tested herein, the gap
heights were 10 µm and hinge thicknesses were 150
nm.
To date, several types of cantilever designs have
been successfully tested using optical and scanning
electron microscopic observation [3]. Threshold
voltage, Vth' (applied voltage for full deflection)
measurements showed minimum voltages of 7V for

ited. This stage of the processing is illustrated in
Figure 2B.
After etching the post holes into the polyimide,
three low stress layers of Al , Si and Al are DC mag
netron sputter deposited without breaking vacuum.
It was verified that the stress in the Al films could be
kept below 75 MPa (compressive), corresponding
to films of Al that were extremely smooth to optical
and electron microscopic examination. The first layer
of Al is deposited to a thickness between 0.1 and 0.3
µm to form the thin hinge structures. Next, 0.2 µm
of Si is deposited to act as a wet etch mask for the
hinges. Finally, a 1 - 2 µm layer of Al is deposited to
form mechanically stable posts to which the hinges
and moving parts are connected. A thick layer of
photoresist is applied, patterned and used to pattern
the thick upper Al layer using wet etching down to
the Si hinge protection layer. The photoresist is
stripped by oxygen plasma etching followed by an
other application and patterning of photoresist and
plasma patterning of the silicon protective layer (SF6
and C2ClF5 reactant gases) into the final hinge shapes.
Following oxygen plasma stripping of the photore
sist, 0.5 µm of low stress Al is sputtered as before to
form the movable upper electrode plates. As for the
previous metallization steps, this layer is coated with
photoresist and patterned using wet etching to de
fine the plates and the hinges (which are already
masked by the etched silicon protective layer). This
stage of the processing is illustrated in Figure 2C.
Having thus completed the fabrication se
quence, the wafers are coated with photoresist to
protect against particulates and damage from the
water jet during dicing. Following dicing and re
moval of particulates, the individual dice are oxy
gen plasma etched to remove the protective photo
resist, SF6 and C2ClF5 plasma etched to remove the
protective Si layer on the hinges and then oxygen
plasma etched to remove the sacrificial polyimide
layer. Finally, the Si remaining on the underside of
the hinges (from the post-hole mask) is removed
using a SF6 and C2ClF5 plasma etch. The released
structures are illustrated in Figure 2D.

Figure 3: SEM view of a torsional Al-MEMS actuator.

RESULTS
Several different actuator structures were de
signed and fabricated to serve as test vehicles for the
process, including both cantilever and torsional ac
tuators. Examples are shown in Figures 1, 3 and 4.

Figure 4: SEM view of a four-plate, individually-actuated
torsional actuator array.
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cantilever and 6V for torsional structures.
In addition, electroplated digits have been fab
ricated on both cantilever and torsional devices,
forming actuators with out-of-plane digits, ciliary
actuator arrays and accelerometer structures. A low
aspect-ratio digit atop a cantilever actuator is shown
in Figure 6. The additional process steps used to
fabricate this device are the deposition of a thin Ti
Au-Si seed layer, application of thick photoresist,
electroplating, stripping the photoresist and short
ing layer, and removal of the sacrificial layer as de
scribed above.
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Figure 5: SEM view of a cantilever actuator with an
electroplated gold out-of-plane digit.

SUMMARY
We have presented an aluminum/organic sac
rificial layer MEMS process (Al-MEMS) for the fab
rication of mechanical actuators. The process is de
signed to be compatible with the future use of un
derlying, pre-fabricated CMOS circuits by relying
on only process steps known to be compatible with
them. Several mechanical actuator designs have been
demonstrated. Iri addition, we have fabricated elec
troplated digits or proof masses on such aluminum
structures.
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ABSTRACT

multiple-level metallization and plug technologies [8].
Furthermore, tungsten is less reactive with silicon and aluminum
than other materials [9]. While our study concentrates on CVD
tungsten, the process should be extendable to electro or electroless
plating of other metals such as copper or nickel.

A low temperature (440" C) selective chemical vapor deposition
(CVD) tungsten process is used successfully to fabricate multiple
level microstructures and microactuators. The planar, selective
deposition process, combined with a mechanical micro-polishing
sequence, gives excellent control of lateral feature size. The
multiple level process can be used to fabricate a variety of
complex, microstructures with minimum lateral dimensional
constraints. The process is compatible with multiple level
interconnects and plug technology used in integrated circuits. In
this paper, we described the process sequence to produce three
dimensional, three level microactuators.

FABRICATION SEQUENCE
The fabrication steps required to produce multilevel micro
mechanical structures are based on a selective tungsten CVD
technology with multiple layers of CVD silicon dioxide used as
support and sacrificial layers. In essence, the multiple level
process is a repetition of the single level tungsten process.

INTRODUCTION

I. The Basic Process
The most favorable characteristic of the basic tungsten process is
that tungsten is selectively deposited on specific regions of a
wafer by chemical vapor deposition [10-11]. Selective deposition
avoids additional masking and etching steps of the structural
layer, enables self-aligned structures if desired, and simplifies
metallization. A characteristic of our process for the fabrication
of multiple level MEMS, is the achievement of a planar surface
after the formation of the microstructures.

Recent advances in surface micromachining have produced many
microelectromechanical systems (MEMS) and structures.
Conventional microactuators consist of a biased, moving structure
driven electrostatically by nearby fixed electrodes - either planar
electrodes to produce a lateral motion, or a stacked electrode to
produce vertical motion [1-2]. One drawback of surface
micromachining is the difficulty of fabricating multilevel
structures. However, these structures have many applications and
provide extra design freedom in sensing and actuation [3-6].
Recent efforts using polyimide-based processes to create
multilevel magnetic-meander inductors have demonstrated the
importance of multilevel MEMS process technology [6-7].

Figure 1 shows the process flow of the selective tungsten CVD
process. The starting material is a three inch silicon wafer. A
layer of low temperature CVD silicon dioxide (L TO),
approximately 3.0 µm thick, is used to form the trenches for
selective CVD tungsten deposition. A 1000A thick silicon nitride
layer is deposited as the implantation mask (la). The trenches for
the tungsten structures are formed by reactive ion etching (RIE)
the composite dielectric layers in a CHF3 ambient. The trenches
are etched into the LTO to a depth of approximately 2.0 µm, with
1.0 µm LTO left to define the tungsten structure to substrate
spacing ( lb). After the resist is removed by an oxygen plasma
etch step, the bottom of the trenches is made silicon rich by using
ion implantation of silicon atoms at an energy of 40 KeV [11]. A
silicon dosage of lxlOl 7 fcm2 is used to initiate the deposition of
tungsten on LTO. To expose the peak silicon concentration in the
implanted oxide channels, we immersed the wafer in 30: 1
buffered HF. The silicon nitride mask is then removed in hot
phosphoric acid at 155"C for 30 minutes (le). A tungsten film is
then selectively deposited in a Genus 8432 cold wall reactor at a
temperature of 440"C (ld). Deposition pressure is 400 mTorr
with gas flows of 4900 seem H2 and 180 seem WF6.

The primary obstacle to the realization of multiple level
microstructures by surface micromachining is the non-planar
surface resulting from the fabrication of previous levels. For
surface micromachining, structural layers are deposited and then
patterned to define the micromachines. The resulting surface is
non-planar with typical surface height variation of a few microns.
This non-planar surface limits subsequent level definition and
reduces processing latitude. We desire a multiple level process
that produces a planar surface for the deposition and definition of
each successive layer, and accommodates fine-line geometries
and accurate registration. It is difficult to pattern and to plasma
etch small features into a film if the resist covers non planar
topography.
In this work, we discuss the use of selective chemical vapor
deposition (CVD) of tungsten to fabricate multilevel, suspended
microstructures. Our process allows multilevel surface
micromachined structures to be fabricated with minimal
geometrical constraints. The process can be scaled to submicron
dimensions. Other advantages of the tungsten CVD process
include low temperature deposition (440"C), and compatibility
with existing silicon integrated circuit technology, and with
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The growth process for CVD tungsten is selective and only occurs
on the silicon-rich bottom of the trenches. Once tungsten is
deposited on the exposed silicon-rich bottom of the trenches, the
process continues but deposition only occurs on the newly
deposited tungsten surface, not on the surrounding insulating
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polished to planarize the surface, a second LTO layer and 1 OOOA
thick silicon nitride layer are deposited (4a). The LTO thickness
is equal to the thickness of the second level structure plus the air
gap spacing between the two tungsten levels. The basic process is
repeated: RIE of LTO to form the second oxide trenches, silicon
implantation, and removal of nitride mask (4b). The second level
tungsten deposition and mechanical polishing is performed
similarly as described in the previous section (4c). The gap
spacing between the two level of tungsten structures is
determined by the thickness of the second LTO after RIE trench
etch. The thickness of the oxide film is monitored by
interferometry measurements. A third level, tungsten structure is
made by again repeating the basic process again (4d). The three
levels of tungsten are encapsulated in the LTO and the surface of
each level is planar.

surface. Another method to deposit CVD tungsten is to create a
metal-rich trench floor, by evaporation of metals such as gold or
palladium and resist liftoff.
Selectivity deteriorates and surface roughness increases as
tungsten deposition thickness increases, resulting in the
degradation of planarity for subsequent processes. These two
problems are illustrated in Fig. 2 and Fig. 3(a), after a 2.5 µm
thick tungsten deposition. We have planarize such surfaces by
mechanical micro-polishing. The sample is polished sequentially:
I micron polishing compound for rough polishing, 0.3 micron for
medium-fine polishing, and 0.05 micron for very fine polishing.
The polishing steps are performed on three different polishing
wheels. Aluminum oxide has been found to be the most suitable
polishing compound. The time required for each step varies,
depending on the surface roughness of the wafer. Figure 3(b)
shows a planar, smooth surface after polishing. Our results show
that mechanical polishing is sufficient for full planarization of
selective tungsten surfaces. Other planarization techniques, such
as etch-back or chemical-mechanical-polishing, are possible
alternatives [12].

The next process sequence releases the structures and produces air
gaps for the microactuators. The thick layer of sacrificial LTO is
removed by a combination of dry and wet etching. First, a 0.3µm thick PECVD amorphous silicon carbide is deposited on the
planar surface. PECVD silicon carbide has been chosen for its
high selectivity to silicon dioxide in 6:1 buffered HF etchant. As
the total oxide thickness for fabricating three-level tungsten

II. Multilevel Process

Multiple level tungsten microstructures are fabricated by
repeating the basic process. The process flow to create a three
level tungsten microstructure is shown in Fig. 4. After the first
level of tungsten has been formed inside the oxide trenches and

I I

(a)

(d)

(b)

Fig. 1. Selective CVD Tungsten process cross section: (a) after
CVD silicon dioxide and silicon nitride deposition; (b) after oxide
trench etching and silicon implantation; (c) after silicon nitride
removal, creating a silicon-rich bottom trench; and (d) after
selective CVD tungsten deposition.

._ SiO2 �
(b)

(a)

Fig. 3. SEM micrographs of tungsten wafer surface before and
after the micropolish step. (a) A worst case example of surface
roughness for 2.5 µm thick tungsten deposition, and 1.5 µm
feature size; and (b) the planar wafer surface after mechanical
micropolishing.

(b)

Fig. 2. Selective CVD Tungsten surface roughness issues: (a) loss
of selectivity and tungsten particles; and (b) non uniform grain
height.
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second aspect is the projected etch-marks (middle tungsten layer)
due to the RIE CHF3 etching, as shown in Fig. 5(a). Even though
the etch rate is minimal, the etch chemistry of CHF3 on tungsten
needs to be studied. These two problems can be simultaneously
solved by using an etch-stop layer such as silicon carbide to
prevent undercutting the support pads. The addition of the etch
stop layer allow longer wet chemical etching, and no RIE etch
steps would be necessary.

microstructures is typically greater than 8.0 µm, photoresist does
not provide adequate masking to sustain a lengthy sacrificial
oxide etch. A 3-µm resist-mask is used to expose the tungsten
contact pads and isolation released region. The steps to release
the tungsten structures are performed with a combination of a dry
RJE etch and a wet 6:1 BHF etch. A anisotropic etch in a SF6
plasma is used to remove the silcion carbide. This etch is
followed by a CHF3 vertical RIE of LTO (4e ). The photoresist is
then stripped in a 02 plasma. The silicon carbide layer serves as
the etch mask for the wet undercut etch-step, which removes the
LTO between the tungsten structures (4f).

A three level comb-drive actuator [1, 13-15] has been fabricated
as a test structure, as shown in Fig. 6. The suspended second
level moving tungsten plate is placed between the first and the
third level stationary electrode plates. Figure 7 shows a fabricated
three level comb-drive, lateral microactuator with crab-leg
flexures [15]. The multiple level structure is a large area, comb
drive (w = 6 µm) with a small gap (g = 1 µm). There are two
advantages for using a multilevel electrode structures. The first
advantage is a reduced driving voltage fo r electrostatic
microactuators because of the smaller gap spacing between the
electrodes, and an increased electrode surface area. By
controlling the etch depth of the silicon dioxide trenches, we can
obtain small gaps between the electrodes. It is not an easy
process to achieve precise submicron gaps. The limitation here is
not the lithography resolution but the control and monitoring of
the remaining oxide thickness. The second advantage for

Figure 5 shows released, multilevel tungsten microstructures (1.5
µm and 2.5 µm line widths) which have been fabricated using this
technology. The SEM micrographs illustrate that our technology
produces a variety of complex, multiple level geometric structures
with minimal dimensional constraints. There are two aspects of
the process that demand further attention. The time for the wet
release must be properly selected. Since the dimension of the
tungsten structural support is usually greater than the released part
of the structure, the structure is undercut and released before
significant etching of the oxide occurs under the support. The

f.'========1+-- Si3 N 4
+-- 2nd
Si02

---1-■I-(a)

+-- Si02�
Photo
Resist�
SiC�

I
(d)

* gap
(a)

(b)

(e)

, KX
20UN

II
Ill
(c)

20KU WO 7�N

S-00880 P 80819

II
(f)

Fig. 4. Multiple level Selective CVD Tungsten process cross
sections: (a) after CVD silicon dioxide and silicon nitride
deposition on the first level, planar surface; (b) after composite
layer trench etching and followed by silicon implantation; (c)
after silicon nitride implantation mask removal and second level
tungsten deposition; (d) after repeating the basic tungsten process
for the third level; (e) after silicon carbide deposition and RJE dry
etching of the released trench; and (f) after wet chemical etching
to release the multiple-level structures.

(b)

Fig. 5. SEM micrographs of released multiple-level tungsten
microstructures. Three levels of tungsten with each level
thicknesses 1.5 µm, 2.5 µm, and 2 µm. The width of the
structures are (a) 1.5 µm, and (b) 2.5 um.
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investigating multilevel electrodes is that a variety of different
microactuators that require multiple level electrodes can be
fabricated, such as a linear stepping motor [16].

3rd Level Tungsten
Stator

!

CONCLUSIONS
We have demonstrated the feasibility of fabricating multiple level
rnicrostructures using a low temperature, selective CVD tungsten
technology. Micropolishing has been used to fully planarize the
surface. The multiple level tungsten technology allows the
fabrication of small-feature size, suspended beams and structures
for all levels. Multiple level, comb-drive microactuators have
been fabricated to demonstrate the applicability of this technique.

2nd Level Tungsten
Moving Electrodes

Direction of Motion
1st Level Tungsten
Stator
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Studies on the Sealing of Surface Micromachined Cavities
Using Chemical Vapor Deposition Materials
Chang Liu and Yu-Chong Tai
Electrical Engineering 116-81, Caltech, Pasadena, CA 91125
I. INTRODUCTION
Sealing of micromachined cavities [1-12] is an important tech
nique that has been used by many researchers to reduce air damp
ing for electromechanical resonators [1], to establish pressure
measurement references [2,3], and to make vacuum electronics
[8, 11]. As a whole, many different techniques have been ap
plied in order to seal the cavity with a predetermined pressure,
including Chemical Vapor Deposition (CVD) [1-6], thermal ox
idation[4], E-beam evaporation[7,8], sputtering[9], wafer anodic
bonding [10,11,12], and solder glass fritting [13]. Although these
many sealing procedures have been demonstrated, there is little
systematic study just on the sealing methods. Here, we report
our study on sealing of surface-micromachined cavities. In this
work, the main focus is to find out the required thickness to seal
cavities with various geometries using different CVD materials,
including LPCVD silicon nitride, LPCVD polysilicon, LPCVD
Phosphosilicate Glass (PSG), and PECVD silicon nitride.
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Fig. l Schematic configu rations for four different types of test structures.

II. DESIGN AND FABRICATION

l)ll)11H11mni

nitride

/ nitride

-,

Si

l.__iiiiiiiiiii-ilih

Shown in Fig. 1 are four types of test structures which are de
signed around a square diaphragm with different features added
to it. The diaphragms are square in shape with 200 µm by the
side. Type-1 structures have different numbers (4-6) of etching
channels with varying channel widths (2 to 16 µm) and lengths
(8 to 38 µm). The feature of type-1 structures is that these
channels may have little effect on the mechanical integrity of the
diaphragms. Type 2 and 3 structures have center [6] and cor
ner etching holes on the diaphragm, respectively. Such etching
hole structures do not occupy extra space in addition to the di
aphragm. A range of hole sizes (2-16 µm ) and numbers (1,2,6)
have been included in our design. Type-4 structures have one
to four side openings, 120 or 180 µm long; they are studied here
because the side opening can facilitate chemicals (or gas prod
ucts) to go in and come out of the cavity during sacrificial layer
or silicon etching. Since our current study is based on statistical
data, a large number of samples is desirable. In our design, each
die (1 x lcm2 ) has 126 different cavities (72, 36, 3 , 15 for type 1,
2, 3, 4 respectively). A 4" wafer has 48 dies and therefore each
individual cavity has a sample space of 48.
All the test structures are fabricated in one process which is
shown in Fig. 2. Starting with 4" wafers, we deposit 600 nm
low-stress LPCVD silicon nitride as the insulation layer. This
nitride is patterned and plasma-etched ( 600 nm into the silicon
for the subsequent fully-recessed LOCOS process) to define the
cavity wells (200x200 µm2 ). Thermal oxide of 1.3 µm then is
grown in the wells up to silicon nitride level to maintain wafer
surface flatness. PSG is deposited and patterned as the sacrificial
layer; most of the wafers have a PSG of 220 nm thick but we have
included other thicknesses of 280, 480, and 720 nm for studies
of gap-height effects on sealing. The wafers are then deposited
with 800 nm low-stress silicon nitride as the diaphragm material,
which is then patterned to have etching holes (lOxlO µm2 ) for
PSG etch. Using concentrated HF (49 %), we etch away the PSG
and thermal oxide (located only underneath the diaphragm, not
the channels) in 20 minutes. Since HF etches silicon nitride inside
the etching channel, the gap height is the PSG thickness plus 200
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Fig.2 Major fabrication steps for micro-cavity structures.

nm (a measured value) by the end of this HF etching. Wafers
are thoroughly rinsed in DI water for 20 minutes and then dried
in a spin-dryer. Alley et. al. [14] reported a stiction problem
using spin dry for their suspended polysilicon beams; however,
in our case, the spin dry does not cause serious sticking problem
between the diaphragm and cavity bottom (the yield is more
than 95 % for all structures). Finally, wafers are baked at 400 °C
in nitrogen for 10 minutes to drive out moisture in the cavities
and ready for sealing experiments.

III. EXPERIMENTS AND RESULTS

Many sequential depositions with an incremental thickness
(30-60 nm) of CVD materials, including LPCVD silicon nitride,
LPCVD polysilicon, LPCVD PSG, and PECVD silicon nitride,
are performed to seal the cavities (deposition parameters listed
in Table 1). Since the diaphragm over a sealed cavity will be
deformed by the differential pressure between the atmosphere
and the cavity interior, interference patterns (Newton ring) can
be observed on the diaphragm. The presence of Newton Ring
is thus used as an indication of complete sealing. Optical mi
croscope pictures of sealed and unsealed structures are shown in
Fig. 3. After each sealing deposition, we count the quantities of
successfully sealed cavities and statistically evaluate the degree
Material

Dow ratio

pressure(mTorr) temp.('C)/power(W)

LPCVD nitride

NHfDCS-3/1

330

LPCVDPolysilicon
LPCVDPSG

Silane(SiH4)
O,'SiH4/PH3 -6:1:2

220

620/N.A.

150

450/N.A.

PECVD nitride

NHfSiH4-7:3

400

300/50

820/N.A.

Tablel CVD processing parameters for various sealing materials.
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Fig. 3 Optical photographs of some test structures: (a) sealed type-1
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of sealing completeness. These data points are then compared
between sealing materials, deposition thickness, cavity geometry
and channel heights. To quantify the sealing results of a spe
cific structure at a cumulative deposition thickness, we define
the scaling factor, SF, as the ratio between the number of sealed
cavities and the total number of the cavities of its kind (48, in
our case); an SF of 1 means that all 48 cavities are sealed. We
also define an unitless thickness t11 as the cumulative deposition
thickness normalized by the gap height. The tn ,min then is the
minimum t11 that is required to seal a cavity with SF larger than
0.95. Because we can only deposit sealing materials with a fi
nite thickness increment (30 60 nm), there is an inherent error
associated with t n,min ·
Our experiment results show that type 1 structures have been
successfully sealed by all the deposition materials at certain t11 's,
whereas some structures of types 2, 3 and 4 can not be sealed by
certain materials within reasonable deposition thickness range.
As type-1 structures provide a larger and more complete data
base compared with other types they are thus the emphasis of
our sealing data analysis.
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Fig. 4 SF as a function of deposition thickness of three LPCVD mate
rials for twelve type-1 structures. The channel height for the samples are •
all 420 nm. The lengths are 8, 18 and 38 µm and the widths are 16, 10, 8,
6 and 4 µm .

Material Effects
Deposited materials greatly influence the
sealing results. The material effects are studied by concentrating
on data analysis of type-1 structures. For example, Fig. 4abc
show the SF vs. deposition thickness for three different LPCVD
materials. Each figure provides information for 12 type-1 cavi
ties, all having 8 channels with the same 420 nm gap height but
different lengths and widths. One can clearly see that for each
LPCVD material, there is a tn value (0.338 for nitride, 0.173 for
polysilicon, and 1.86 for PSG) that any smaller t11 will not seal
the structures at all. On the other hand, there is another value
(0.67 for nitride, 0 .62 for polysilicon, and 4.52 for PSG) that
any larger tn will seal the structures completely. Any t11 between
these two values will have partial seal of the structures.
Due to size variations, SF data points scatter; therefore we
compare sealing data obtained from a fixed structure to study
material effects. In our case, all data points are obtained for a

structure with 8 channels, each 18 µm long and 4 µm wide. Fig. 5
is partly extracted from Fig. 4 and, with the addition of PECVD
sealing data points, shows comparison of sealing results using
four different CVD materials. It is found that tn,min is about 5.2
for PECVD nitride, 4.5 for LPCVD PSG, 0.67 for LPCVD nitride
and 0.62 for LPCVD polysilicon. Clearly, LPCVD polysilicon
and nitride require the thinnest deposition to seal the structure,
thus are the most effective materials. On the other hand, al
though thicker deposition is required, PECVD methods have the
advantage of sealing at a much lower temperature about 300 °C.
Gap Height Effects - For each sealing material, it is impor
tant to find out whether tn,min obtained at one gap height can be
applied to various other heights. Extra wafers with different gap
heights (520 nm, 743 nm, and 1.01 µm ) are prepared, and seal
ing tests are performed on those wafers by incremental LPCVD
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study are type-1 with eight etching channels, each 18 µm long and 4 µm
wide. Etching channel height is 420 nm. Clearly, tn ,min required for suc
cessful sealing depends on the sealing materials, 0.67 for LPCVD nitride,

0.8

0.62 for LPCVD polysilicon, 4.5 for LPCVD PSG and 5.2 for PECVD

0.6

nitride.
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silicon-nitride deposition. Fig. 6 shows the results of tn,min vs.
gap heights; tn ,min 's are 0.57±0.08, 0.347±0.03, 0.449±0.04 and
0.44±0.03 for the four gap heights studied. Taken into account
of experimental errors, the trend shows that tn,min converges to
a constant value of approximately 0.44 for larger gap. Since the
incremental deposition thickness is finite, the error in tn ,min is
thus large for small gap height and small for large gap heights,
Currently, gap height effects for other materials are not avail
able for various reasons. For example, in the case of LPCVD
PSG, thick PSG tends to fracture when the film is over 4 µm
In another case, LPCVD polysilicon becomes opaque when
its thickness exceeds 300 nm and making identification of sealed
structures by Newton rings impossible.
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Geometric Effects �- For type-1 structures, it is also found
through our experiments that geometry could affect the sealing
significantly. In fact, different materials have totally different
effects. To study geometric effects, we compared sealing data
of various sized type-1 structures at a fixed material deposition
thickness. Fig. 7abc plots SF vs. channel length with widths
ranging from 4-16 µm using three LPCVD material thicknesses.
For LPCVD silicon nitride (tn = 0.49), Fig. 7a shows the trend
that longer and wider channels can be sealed with higher seal-
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Fig. 7 SF as functions of channel lengths and widths for LPCVD
silicon nitride, polrilicon and PSG sealing,
material
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Table 2 For type-1 structures, trends of geometric effects on SF within
the range of our current design.
0.4

ing percentage. For LPCVD polysilicon(tn = 0.45), 4,owe'ver, it
seems that ( as shown in Fig. 76) shorter and narrower channels
have a hi_gher SF although this trend is not as conclusive as in
the silicon nitride case because of limited data points. As for
LPCVD PSG (tn = 4.5), the narrower the channels, the better
SF . Channel length has little effect. As a whole, the trends of
the geometric effects of sealing type-1 structures are summarized
in Table 2.
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Fig. 6 Values of tn ,mi n at various channel heights (420 nm, 520 nm,
743 nm, and 1.01 µm) using LPCVD nitride sealing. T he test structure is

Sealing of Types 2,3 and 4 Structures
In our work, geometric effects on sealing types 2,3 and 4 structures were also using

the same one that is used in Fig. 5: a type-1 cavity with eight channels,
each 18 µm long and 4 µm wide.
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samples of a fixed height. Conceptually, type-2 cavities require
much thicker deposition to seal than structures of other types
because of the large gap height, which is 1.3 µm thick thermal
oxide plus PSG thickness. This has been confirmed using nitride
and polysilicon. Type-3 structures show excellent sealing quality
using all three LPCVD sealing materials. Compared with type-1
structures, type-3 structures have identical gap heights and thus
comparable sealing performance; SF's for all type-3 structures
exceed 0.95 at t11's of 0.67 (for silicon nitride), 0.62 (for polysil
icon) and 4.5 (for PSG). As for type-4 structures, only cavities
with one side opened survive the fabrication process for sealing
analysis; cavities with more side openings tend to stick to the
bottom. For a type-4 structure with one side opening 120 µm
long (60 % of the cavity side length), SF's of greater than 0.95
are achieved at at71 of 0.67 for nitride and at,. of 0.62 for polysil
icon deposition. The general trends of sealing types 2,3 and 4
structures are summarized in Table 3.

LPCVDnitride
LPCVDpolysilicon
LPCVDPSG

TYPE2

TYPE3

TYPE4

poor
poor

good

good
good

na

good
good

IV. CONCLUSIONS
We have fabricated test structures and studied the sealing of
four types of surface-micromachined cavities using LPCVD ni
tride, polysilicon, PSG, and PECVD nitride. Among all tested
materials, LPCVD nitride and polysilicon provide the most effec
tive sealing. LPCVD PSG and PECVD nitride requires higher
tn,min to seal but offers the advantage of low temperature process
ing. Using LPCVD nitride as the sealing material, tn ,min almost
remains constant (0.44) for different gap heights. Qualitative ge
ometric effects have also been studied for type-1 structures; the
results point out geometric trends for designing cavity structures
that are easy to seal. Sealing results for types 2,3 and 4 struc
tures are briefly discussed; cavity structures and materials that
could produce good sealing results are identified.
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Abstract

patterned gold film is 55µm, covering about half of the surface
of the top cantilever. This sputtered gold film is also used to
provide the heating resistor (Fig. 1). The tweezers structure is
etched in EDP as a final step to remove the silicon between the
two arms and complete the device fabrication.
The top arm of the microtweezers incorporating the bimetal
lic actuation is hereafter referred as the 'actuation arm'. Electric
power input into the metallic strip by resistive heating will raise
the temperature of the gold/p+ silicon bimetallic actuation arm.
Because of the thermal expansion coefficient difference between
p+ silicon and gold, the actuation arm will deform toward the
lower p+ silicon cantilever. This accomplishes the gripping func
tion of the microtweezers. When electric power is removed, the
temperature of the actuation arm decreases back to room tem
perature and the microtweezers open.

A new microtweezers design is presented based on bimetal
lic actuation and silicon bulk micromachining. The two arms of
the tweezers are 2000µm long and lO0µm wide p+ silicon can
tilevers, each several microns thick. Bimetallic actuation us
ing gold is integrated on one arm while the other arm is pas
sive. The metal/p+ silicon thicknesses of the actuation arm are
7800A/5µm. A 30mW input power deflects the actuation arm
by 200µm at the tip, fully closing the tweezers. At 30mW input
power, the gripping force of the actuation arm is estimated near
llµN for a 200µm-sized object.

1

Introduction

Of the different thermal microactuation techniques reported, in
cluding bimetallic, thermopneumatic, and shape memory alloy,
the bimetallic effect is well suited for microfabrication. Although
several papers have been published on bimetallic actuation [1]
[3], basic information on the thermo-mechanical characteristics
of bimetallic actuators is sparse. The primary objective of this
paper is to further investigate bimetallic microactuation through
a study of microfabricated bimetallic cantilever microactuators.
As a vehicle for the basic studies here, we have developed and
used a device (i.e., microtweezers) that utilizes bimetallic can
tilever microactuators to address micromanipulation needs.

B

A'

I
I

gold
heating
resistor B'
(a)

2

Microtweezers Design and Fabri
cation

gold heating resistor

A new design for microtweezers is presented in this paper and
is shown schematically in Fig. 1. A brief discussion of the mi
crotweezers design and fabrication is provided here. For details,
the reader is referred to [4]. The microtweezers design utilizes
two cantilevered gripping arms each 2000µm long and l00µm
wide connected to a silicon support piece as shown in Fig. 1.
The two cantilevers function as the two arms of the tweezers to
clamp and release the object to be manipulated.
Heavily-boron-doped (p+ ) silicon is used as the primary struc
tural material for the two cantilevers. The silicon support, which
has a 3x3mm2 area and is 275µm thick, serves as the mechani
cal support handle of the microtweezers (Fig. 1). The two can
tilevers are aligned along the <100> direction, and the edges of
the square silicon support are aligned along the <110> direction.
A 0.45µm silicon dioxide layer is thermally grown on the top sur
face of the top p+ silicon cantilever arm for electrical isolation.
A 7600A/200A gold/chromium film is sputtered and patterned
on top of the upper arm in order to provide for bimetallic ac
tuation of that arm. The wafer is annealed in N2 at 450° C for
20 minutes to obtain good adhesion between the gold/chromium
film and silicon dioxide, as well as to stablize the mechanical
and electrical properties of the gold [4]. The total width of the

0-9640024-0-X/hh1994/$20©1994TRF
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p+ smcon

SiOz

(b)

(c)

Figure 1: Schematic diagrams showing the new microtweezers
design (not to scale): (a) top view; (b) cross-sectional view along
line A-A'; (c) cross-sectional view along line B-B'.
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In order to simplify the fabrication, only the top cantilever
of the microtweezers has the metallic heating element on it. The
bottom cantilever (hereafter referred to as the passive arm) is
made thicker to stiffen that arm against bending during the
gripping action. However, the actuation mechanism can also
be applied to the bottom cantilever, in which case both arms
would be actuated for the gripping action. With both arms ac
tive, a smaller temperature increase would be required to close
the tweezers since each arm would only have to bend half of the
initial separation distance at the tip.
The proposed microtweezers design has some advantages over
previous designs [5, 6]. Bimetallic microactuation provides sig
nificantly larger gripping forces than electrostatic microactua
tion. The bimetallic design has a wide gripping range (e.g., over
two hundred micrometers). Finally, the design presented can
be integrated with strain sensors to provide direct force feed
back. One major drawback of the bimetallic microtweezers is
that the temperature of the microtweezers may be much higher
than room temperature when gripping objects. Based on our
current design, the temperature may be as high as l70° C at
tweezers tip for complete closure. However, it is possible to re
design the device such that the heating resistor is well away from
the grasping region.
The actuation arm of the microtweezers is made of p+ silicon,
silicon dioxide, and gold. Therefore, the shape (or curvature) of
the actuation arm upon fabrication depends not only on the in
ternal residual stress distribution in p+ silicon but also on the
stresses inside the gold film and the silicon dioxide layer. The
overall bending moment generated by p+ silicon, silicon dioxide,
and gold determines the final shape of the actuation arm of the
microtweezers. Our goal has been to develop a fabrication pro
cess to produce bimetallic microtweezers with a desired actuation
arm curvature. The tweezers initial (i.e., power off) opening is
determined by the actuation arm curvature and the wafer thick
ness (i.e., 275µm for our wafers), assuming the passive arm to
be flat.
Figure 2 shows a scanning electron microscope photo of two
fabricated microtweezers. The picture has been taken with the
actuation arms of the two microtweezers in the lower position
with respect to the passive arms. The thick (i.e., 13.5µm) p+
passive arms are flat as can be seen in the figure. The bending
moment generated as a result of residual stresses inside the ac
tuation arm constituent films causes an initial curvature of this
arm. The actuation arm is made thin (i.e., near 5µm thick for
the p+ portion) and therefore compliant to enhance its actuated
motion. As a result, its curvature is sensitive to the residual
stress induced bending moments.
The upper tweezers in Fig. 2 is typical of the actuation arm
curvature and tweezers initial opening (which is near 200µm)
which result from the baseline fabrication process. As will be
seen later, tweezers with 200µm openings can be closed fully
with an input power of about 30mW and display a linear open
ing/input power behavior. The variation in the tweezers' open
ings as a result of process variation on a wafer or from wafer to
wafer are discussed in [4].
It is possible to vary the tweezers initial opening over a wide
range by manipulating the p+ diffusion and the subsequent ther
mal oxidation process steps. The lower tweezers in Fig. 2 demon
strates this capability. Note that the required input power, as
well as the maximum temperature of the tweezers actuation arm,
for closing the tweezers on an object is affected by the initial
opening size of the tweezers. Correspondingly, for small objects,
a small initial opening may be more desirable.

Figure 2: A SEM photo showing two microfabricated tweezers.
The upper tweezers is from a typical wafer resulting from our
baseline process. The lower tweezers demonstrate the capability
of adjusting the microtweezers initial opening.

3

Thermal Characterization

The temperature profile of the actuation arm of the microtweez
ers is measured using a thermocouple direct contact and an in
frared scanning microscope method. The data is then compared
with finite element thermal analysis results from [4]. For the
direct thermocouple contact method, a tiny E-type (Chromel
Constantant) thermocouple [7] with a lOµm wire diameter and
a 25µm radius tip mounted on a three-axis micropositioner has
been used. The micropositioner has an accuracy of lµm about
each of the three axes. The thermocouple thus can be positioned
to measure the surface temperature along any axis by direct con
tact with the surface of device. 'TC Method' is used hereafter
to indicate temperature measurements using a thermocouple.
Due to the small dimensions of the microtweezers, ordinary
precision infrared pyrometers cannot be used to measure the
surface temperature of the microtweezers because of the rela
tively large spot size (or measuring area of ordinary pyrome
ters). Considering the microtweezers small dimensions, Com
puTherm III [8] is capable of measuring the surface tempera
ture of the microtweezers with sufficient spatial resolution (i.e.,
15µm). This instrument is an infrared scanning microscope. It
uses an indium antimonide (liquid N2 cooled) infrared detector
to detect the emitted IR energy in the 3 to 5µm spectral range.
'IR method' is used hereafter to indicate the temperature mea
surements using the CompuTherm III system.
The surface temperature along the length (e.g., X-axis) of the
actuation arm was measured using both TC and IR methods at
different input power levels. In all temperature measurement ex
periments, a constant voltage source was used to supply power to
the actuation arm and the current was monitored by an amme
ter. The applied voltage was adjusted to obtain a desired input
power with an accuracy of ±0.5 mW.
Figure 3 shows the measured temperature profiles for the
bimetallic actuation arm using TC and IR methods at input pow
ers of 18 and 20mW, respectively. Reliable data from the infrared
scanning microscope measurement ends at around X=lO00µ m
for reasons described in [4]. An can be seen from Fig. 3, both ex
perimental methods indicate the same temperature decrease to
ward the mechanical support. The difference between these two
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For input powers below 40mW, the tip position and the cur
vature of the actuation arm recover their original power-off val
ues as the input power is removed after each cycle of operation.
However, at high input powers (2:40mW), the tip position and
the curvature of the actuation arm do not return to their original
power-off values when the input power is removed. For exam
ple, the power-off tweezers opening increases by nearly 20µm
from its original value (e.g., 200µm) after it has been operated
with an input power of 52mW. The maximum temperature of
the actuation arm is near 220° C for an input power of 40mW. It
seems that at temperatures above 220° C further annealing of the
· gold takes place. In addition to affecting its electrical properties,
this annealing also leads to a change in the mechanical proper
ties (e.g., residual stress) of the film, affecting the power-off tip
position and curvature of the actuation arm.
Therefore, for reliable operation of the microtweezers, the
maximum temperature of the actuation arm must be kept well
under the annealing temperature. This condition is satisfied
since an input power of 30mW is sufficient to fully close the
microtweezers. In this regime of operation, the relationship be
tween the microtweezers tip opening and input power is lin
ear; the slope of the model tip deflection versus input power
is 6.7µm/mW. This is in good agreement with the experimental
data which is 6.9µm/mW. Thus, for the low input power regime,
the thermo-mechanical models are effective tools for predicting
the tip deflection of the actuation arm. The equivalent force (4]
is estimated at 15µN for an input power of 40mW, which corre
sponds to 3.7 x 10-4 N /W in the linear characteristic region.

measurements for the maximum temperature is less than 10%,
which is within the input power difference for the two measure
ments. Clearly, the silicon support acts as a heat sink, reducing
the temperature toward the support end. Therefore, a constant
temperature profile along the length for a bimetallic cantilever
as has been assume in previous work (1]-(3] is not accurate.
The fit to the temperature data using finite element analysis
described in (4] is also shown in Fig. 3 for a 20mW input power.
This temperature distribution is in good agreement with the
experimental results, assuming a heat transfer coefficient (htc)
of 480W/m 2 K.
A point of concern in our temperature measurements using
the TC method is the extent to which the thermocouple modifies
the temperature distribution around the cantilever, in particular
in the tip region. We have noted that the temperature data from
the TC method consistently show a drop near the tip region (see
Fig. 3) which is not predicted by the finite element model when a
good fit is obtained toward the support end (see Fig. 3). The heat
loss due to conduction through the thermocouple is thought to
be responsible for this effect. A model was constructed to study
(using finite element thermal analysis) the temperature change in
the actuation arm due to the introduction of the thermocouple.
Preliminary results from the model confirm that the presence of
the thermocouple near the tip of the actuation arm results in a
decrease (by as much as 20%) in the temperature of that region.

4

Power /Deflection Relation

As described earlier, the microtweezers typically have an initial
opening near 200µm. An input power near 30mW has typi
cally been needed to just close the microtweezers. This input
power corresponds to a maximum actuation arm temperature
near 170° C.
The tip deflection of the actuation arm at different input
powers was measured (4]. Fi gure 4 shows the measured tip de
flection of the actuation arm under different input powers. For
this measurement, the passive tweezers arm was broken off so
that the actuation arm could be deflected beyond 200µm. The
fit of a thermo-mechanical model derived in (4] to the data is also
shown in Fig. 4. Finite element thermal analysis is used to de
termine the cantilever temperature profile for each input power.
A constant htc of 480W /m 2 K is used for the thermal analysis
based on the results f�om the temperature measurements above.
The temperature data at a given input power is then used to
calculate the cantilever deflection by integrating the curvature
equation derived in (9] along the cantilever length.
As seen from the experimental data, the tip deflection of the
actuation arm increases linearly with input power up to around
40mW, at which point the slope of the tip deflection versus in
put power decreases. This general behavior is also found in the
work from others [l]. The experimental tip deflection results de
viate from the model also for input powers larger than 40mW.
There could be two explanations for the discrepancy between
the model and the experimental results at larger input powers.
First, a constant heat transfer coefficient (htc =480W/m 2 K) is no
longer valid in this regime. Therefore, the calculated tempera
ture distribution is overestimated by using a lower htc value and
results in a higher tip deflection.
A second explanation is the re-annealing of the actuation arm
at higher operating temperatures (higher input powers). The
bimetallic actuation arm fabricated in our microtweezers is an
nealed in N2 at 450° C for 20 minutes for good adhesion between
the gold and p+ silicon, as well as to stablize the electrical and
mechanical properties of the gold (4]. The resistivity of the gold
film would decrease with further annealing. As a result, the resis
tance of the heating resistor would decrease, leading to increased
heat generation in parasitic series resistances and reduced heat
generation in the heating resistor.

5

Response Time

Although the response speed is not critical for the operation of
the microtweezers, it is still helpful to know the response time
of the bimetallic cantilever actuator. A high speed video camera
system (SP2000 (10]) is used to record and analyze the motion
of the actuation arm. Figure 5 shows the step response of the tip
deflection of the actuation arm during heating and cooling cycles,
respectively. Although the recording speed in the measurement
is 1000 frame per second, the relatively small changes in the tip
deflection lead to an error of ±2msec in the time measurement.
As can be seen from the data, the step response time for both
cases is near 60msec; the heating and cooling times are nearly
the same.

6

Manipulation of Objects

Successful demonstrations of the microtweezers operation have
been made. In these demonstrations, the microtweezers were
amounted on a micropositioner and used to manipulate objects
under a microscope. An adjustable voltage source was used to
control the opening and closure of the microtweezers to pick up
or to release the objects. In one demonstration, small crystals
of salt about lO0µm in size were picked up, rotated (e.g., 360° ),
moved around, and repositioned. In a second demonstration,
grabbing and moving of an optical fiber (also around lO0µm)
into a v-groove was demonstrated. Finally, the alignment of two
optical fibers by using the microtweezers to grab and align one
fiber to the other was demonstrated.

1

Conclusion

A microtweezers design utilizing bulk micromachining and bimetal
lic actuation has been presented, demonstrating the potential of
using bimetallic actuation to obtain large forces and deflections.
It was experimentally demonstrated that the temperature dis
tribution along the length of a bimetallic cantilever may not be
constant since the support can act as a heat sink. It was noted
that the re-annealing of the metal in the bimetallic cantilever
may take place during operation if the input power is sufficiently
high.
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mounted shear-stress sensors would provide valuable
instrumentation for modeling and controlling turbulent boundary
layer characteristics since they allow instantaneous shear rates to
be determined (since the viscosity of air is a well-tabulated
parameter). This paper describes silicon microfabricated floating
el�ment sensors [3] (for direct shear-stress measurements) and hot
wrre anemometers (for indirect shear-stress measurements) that
meet the performance and packaging requirements of commercial
polymer extruders (high shear-stress - 100 kPA high
pr�ssure - 6000 psi, and �igh temperature - 300 °C) and lo�-speed
wmd tunnels (flow velocity < 40 m/s and shear-stress sensitivity 1 Pa).
It is imperative for these microfabricated shear-stress
sensors that the transducer structure, the electrical connections to
the sensor chiJ:?, and the sensor package do not form protrusions
(even on the micron scale) that will perturb the flow characteristics
of the system in the vicinity of the wall-mounted sensor.
Micromachining permits the fabrication of very planar sensor
struct:ures that ai:e compatible with this requirement, however,
electrtcal connectton often poses a problem. Previously, designers
ot: ��ll-mounted fl�w �ensors have addressed this concern by
unhzmg enlarged chip sizes or long probe stalks which attempt to
!ocate the �onding _pad� sufficiently 'down stream' (3 - 6], or by
implementmg ve�ical mtegration schemes that require unique
transducer matenals [7]. Comparatively, a backside electrical
contact scheme would also allow the transducer elements to be in
i�timate contact with the sensing environment while
simultane�usly maintaining electrical / physical isolation between
the electrtcal leads and the sensing environment, but it does not
specifically require an increase in the overall size of the flow
sensor. Several types of integrated devices with backside electrical
contacts have been fabricated and they have employed junction
isolated leads (8 - 10], dielectrically-isolated leads (11 12] and
thermomigrated aluminum interconnect (13]. To facilitat� the
packaging of our wall-mounted shear-stress sensors, we have
successfully developed a new microfabrication process to allow
cont:ict of the device from the backside of the chip by anisotropic
etchmg of t�rou_gh-wafer vias that utilize dielectrically-isolated
!eads_ to �vmd hi¥h-temperature leakage effects associated with
Junctton-1solated mterconnect. It is a significant improvement in
terms of process simplicity and yield over a previously described
method (14].

ABSTRACT
Measurement of shear stress is of great importance for
polymer ex�sion process contr�l, and for turbulent boundary
layer _modehng and control for wmd tunnel research. This paper
descnbes wall-mounted sensors for both the direct and indirect
measurement of shear stress. Floating-element sensors (L = 140 500 µm, W= 120 - 500 µm, and T= 5 µm) and hot-wire
anemometers (L = 65 - 650 µm, W= 5 µm, T = 5 µm) were
successfully microfabricated using silicon wafer bonding and etch
back technology. A new fabrication scheme has been developed to
:tilow cont_act of the devices from the back side of the chip by
rmplementmg through-wafer vias. This was done to facilitate the
packaging of these wall-mounted devices.
INTRODUCTION
Flow of fluid over a rigid surface will produce a shear
stress (tw ) on the surface, acting in the direction of the flow. This
is schematically illustrated for a simple one-dimensional case in
Figure 1, where the shear stress is given by
t w = ( fluid viscosity)x ( shear rate)=µ•

(t:

11)

where V11 is the streamwise fluid velocity and n is the direction
normal to the surface. Shear stress is an important flow parameter
to measure because it contains information about fluid composition
(viscosity) as well as flow characteristics (shear rate).
Within many industrial extrusion processes and wind tunnel
research applications, there is a growing need for wall-mounted
shear-stress sensors (as in Figure 1) that allow flow properties to
be measured, modeled, and controlled. A basic extrusion process
invo!ves the conv�rsion of a s_uitable raw �aterial into a product of
specific cross secnon by forcmg the matenal through an orifice or
die under controlled conditions [1]. Shear-stress sensors can be
used _in extrude;s to determine viscosity (the near-wall fluid
vel�ity pro�ile is �el�-u�derstood for a �iven extruder design),
which can give an mdicauon of the chemical composition of the
polymer. For wind tunnel research, a turbulent boundary layer
may extend significantly into the flow stream, but the near-wall
re�on is considered the most important area for the production and
mamtenance of turbulence because this is where the maximal
turbulent fluctuations and Reynolds stresses occur,
and where the mean shear is the strongest (2]. Wall-

SENSOR DESIGN
Floating-Element Shear-Stress Sensor
The floating-element shear-stress sensor with backside
contacts was microfabricated in <100> single-crystal silicon and
the �tructure is schematically shown in Figure 2. The sensor
c�msists of a tethered plate, or 'floating element', which can
displa�e laterally (as a ngid body) under a shear load against the
restonng force of four tethers [3]. The pressure drop across the
element induces some fluid flow underneath the plate, but the shear
stress generated on the bottom of the floating element can be
neglected due to the small gap size (the floating element is
suspended only 1 µm above the silicon substrate). The shear force
on the plate is equally distributed between the four tethers and the
axial stress imparted on each tether is given by
't A plate
O"tether = 4 A
tether
where Aplate is the area of the floating-element plate and Atether

FLOW==}

wall-mounted sensor

,I

Figure 1: Schematic of a wall-mounted shear-stress sensor for
determining fluid composition and flow characteristics.
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Figure 3: Schematic of the hot-wire anemometer chip. (Notation:
A= hot-film element, B= backside contacts, C= microstructure
anchors).
Cross-section through 1-1'

Figure 2: Top and cross-sectional schematic of the floating
element shear-stress sensor with a piezoresistive readout scheme.
(Notation: A = floating-element transducer, B = backside contacts,
C= microstructure anchora).

chip in a wind tunnel. The two resistive hot-wire elements are
oriented at 90-degrees with respect to each other. By measuring
both the common-mode and differential convective cooling of the
anemometer pair, we can infer both the magnitude and direction of
the local wall shear stress (assuming no reverse flow). The
resistive microbridges, which form the hot-wire elements, have a
nominal width of 5 µm, a nominal thickness of 5 µm, and lengths
which vary (65 µm, 130 µm, 325 µm, and 650 µm) to set both the
sensitivity and dynamic operating range of the devices. The
resistive microbridges are electrically isolated from the handle
wafer substrate and they are suspended 1 µm above the handle
wafer (providing thermal isolation from the substrate). Also, the
backside contacts provide a relatively large surface area for
conductive heat transfer to occur between the silicon microbridge
anchors and the silicon substrate. This minimizes the parasitic
Joule heating of the silicon microbridge anchors (please refer to
Figure 3), which can influence the overall spatial and temporal
resolution of the anemometer chip. The lateral gaps around the
microbridge structure are nominally 5 µm wide, which is much less
than the smallest turbulent length scale of most wind tunnels
(approximately 35 µm at 20 m/s). Thus, any flow perturbations
due to the sensor can be safely ignored.

is the cross-sectional area of the tether. The resulting strain is
transduced through the two piezoresistive tethers (one undergoes
compressive axial strain and the other undergoes tensile axial
strain). The change in the resistance of the tethers can be
expressed as
L\ R G
G O"tether
R = etether = �
where £tether is the axial strain in a tether; G and Esi are the gauge
factor and Young's modulus for <110> single-crystal silicon,
respectively. For a half-bridge readout configuration (as shown in
Figure 2), the output response (L\Vout) is linear and is given by
V applied G A plate
. 't ·
L\Vout =
8 A tether ES1.
To achieve the range of device sensitivities and dynamic
ranges needed for polymer extrusion, two plate sizes were
fabricated (120 µm x 140 µm and 500 µm x 500 µm). By simply
increasing the plate size, it is possible to make a sensor which
approaches the sensitivity needed for wind tunnel turbulence
measurements.

FABRICATION

To begin the process, a <100> silicon handle wafer is
thermally oxidized (1 µm) and an oxide gap, where the suspended
microstructure will reside, is formed on the front side of the wafer.
Subsequently, a handle wafer contact, for electrochemical wafer
thinning (ECE), is formed on the back side of the wafer. The
wafer is coated with LPCVD silicon nitride and the back side is
patterned and etched to expose the regions that will form the via
openings, as shown in Figure 4A. Anisotropic silicon etching
(KOH:H20) is used to form the through-wafer via holes.
Figure 4B shows the handle wafer after the exposed oxide at the

Hot-Wire Anemometers

Figure 3 is a schematic of a hot-wire anemometer pair
whose suspended microbridge structure is similar to surface
micromachined anemometer devices [15, 16], but in addition
utilizes backside electrical contacts for flush-mounting the sensor
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The process yielded floating-element shear stress sensors
and hot-film anemometers, with backside contacts that were planar
microstructures. The shear stress sensor chip is 5 mm by 5 mm
and a photomicrograph of a microfabricated device is shown in
Figure 5 for a 120 µm by 140 µm floating element. The
anemometer chip is the same size as the shear-stress sensor and
consists of two hot-wire elements, as shown in the
photomicrograph of Figure 6 for the 325-µm long microresistors.

top of the vias is removed by wet etching. The exposed <111> via
sidewalls are then oxidized (-7000 A) to provide electrical
isolation, completing the handle wafer processing (the resulting
structure is shown in Figure 4C). Figure 4D shows how the front
side of the handle wafer is bonded [ 17] to the front side of a p-type
device wafer which contains a n-type diffused layer (5 µm thick).
A 2.5-µm thick polysilicon layer is deposited and doped to form
the interconnect for the backside contacts. The device wafer is
selectively thinned back to the p-n junction using ECE
techniques [18] (the backside contacts are exploited for making
electrical connection to both the n-type device layer and handle
wafer) and the resulting structure is shown in Figure 4E. A high
dose phosphorus implant was performed on the device layer to
create the n+ diffusion interconnect while the piezoresistive tether
regions are masked so they remain lightly-doped. The suspended
sensor structure has been released using dry etching and it was
thermally oxidized (450 A) to form a three-dimensional
passivation coating. The finished sensor is shown in Figure 4F,
where individual backside contact pads have been formed, and
metal (1 µm of aluminum) has been deposited and patterned to
facilitate external lead attachment.
Silicon Nitride

l� �
. ::�� �I
t Via
[fu{Backside

�,

(B)

�

l��'�I

Figure 5: Photomicrograph of a microfabricated floating-element
shear-stress sensor.

::�::

Oxidized Via Sidewall �
(C)

(D)

�
(E)

Figure 4: Sensor fabrication sequence.

Figure 6: Photomicrograph of a microfabricated hot-wire
anemometer chip.
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The first fabrication run had a functional device yield
which was directly related to the sensor lead count: there was a
36 % yield for the anemometer chips (composed of 2 adjacent hot
wire elements that require 2 functional backside contacts), a 50 %
yield for the floating-element shear-stress sensors (require 3
functional backside contacts for operation), and a 72 % yield for
the individual hot-wire elements (require only 2 backside contacts
for operation). The dominant failure mode is electrical lead
conduction to the substrate. We are investigating this phenomena,
and are exploring process options to improve the yield.

RESULTS AND DISCUSSION
Electrical Functionality of the Devices
The sensors were probed to evaluate the electrical
functionality of the backside contacts. The via resistance is
composed of the ohmic losses within the through-wafer polysilicon
interconnect and the lateral sheet resistance of the silicon anchors
for the suspended microstructures. The via resistance was
measured to be � 40 n and it will not adversely affect performance
of any of the sensors; the via resistance was calculated to be
- 47 n with 99.2 % of this value attributed to the lateral sheet
resistance of the silicon anchors. The via capacitance (i.e. via
contact to handle wafer) was calculated to be 30 pF.

Sensor Responses
Floatin&-Element Shear-Stress Sensor
Sensors with exactly the same floating-element structures,
but with frontside electrical contacts, have been previously
calibrated in a cone-and-plate viscometer and have shown
excellent agreement with the theoretical models [3]. Those sensors
had also survived an extrusion environment (up to 20 hrs. of
processing time in a polyethylene resin which was temperature
cycled to 220 °C and which achieved hydrostatic pressures of 6000
psi) [3].

The measured microbridge resistances for the anemometers
and the tether resistances for the shear-stress sensor are listed in
Table 1. All measured values are within the range of expected
values (within the accuracy imposed by the via resistances and
process tolerances). Figure 7 shows typical measured current
voltage characteristics of a microfabricated anemometer during no
flow conditions. The curvature of the measured voltage curve (at
the higher bias currents) demonstrates Joule heating of the
microresistor. The incremental resistance, derived from the
measured current-voltage characteristics, is also shown in Figure 7.
Two features of this incremental resistance can be highlighted.
First, the resistance increases due to the reduction in carrier
mobility as the silicon heats. Second, at high enough temperature
(~ 900 - 1000 °C), the silicon becomes intrinsic and the resistance
decreases due to the extra thermally generated carriers. The linear
TCR of the film was found to be (2.2 ± 0.4) X 10 -3 / ·c which is
comparable to previously published data for the TCR of
homogeneously-doped silicon samples ((1.24 - 2.13) X 10 -3 / •c,
extracted from resistivity data presented in reference [19]).

Currently, the new electrically-functional sensors with
backside contacts are being calibrated in viscometers and are being
mounted in industrial polymer extruders to evaluate their use as
process control monitors. Initial shear-stress responses have been
obtained by mounting the sensors in an uncalibrated nitrogen flow
stream (set up on a probe station) and a typical response is shown
in Figure 8. The effective shear stress was calculated, from the
sensor response, to be on the order of 350 Pa and the flow noise
from manual closing of the flow valve was also transduced by the
sensor.
Hot-Wire Shear-Stress Sensors
A plastic plug package was designed to allow the sensors to
be flush-mounted into our low-turbulence wind tunnel There was
a pre-drilled channel to allow access to the backside wire leads of
the sensor. Wires were silver epoxied to the backside electrical
contacts of the anemometer chips. The chips were flush-mounted
into the chip recess of the plug and molding clay was used to fill in
the gaps and to ensure that the chip surface was flush with the
surface of the plug. The plugs fit into the precisely machined
openings of a plastic port flush-mounted into the wall of a flat plate
(the plate forms a section of the wind tunnel wall), positioned
where a clean laminar boundary layer flow is established (sensors
were located approximately 1 meter from the sharp leading edge of
the plate). Flow speeds varied from 1 - 20 m/s.

verage
Average
Measured Measured
Tether#2
HalfResistance Bridge
Resistance
1289il

1282 n

2291 n

Table 1: Average measured hot-wire element resistances for
various microbridge lengths (about 30 elements per microbridge
length were measured) and average measured resistances of the
piezoresistive tethers of the shear-stress sensors (about 22 sensors
were measured).
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A COMPACT PASSIVE STRAIN SENSOR WITH A BENT BEAM DEFORMATION MULTIPLIER
AND A COMPLEMENTARY MOTION VERNIER
Yogesh B. Gianchandani and Khalil Najafi
Centerfor IntegrateaSensors ana Circuits
University of Michigan
Ann Arbor, Michigan 48109-2122

Passive strain sensors are attractive for research and
development applications because they can provide quantitative
readout by observing the deformation under a microscope (or some
other equally simple technique). Unfortunately, all of the devices
that have been developed in the past are very large (1-4 mm) in at
least one dimension. (The buckling rings and bridges are smaller,
but require great multiplicity). This means that not only do they
occupy a large area, but they are also prone to clamping to the
substrate in wet release processes. Furthermore, some of these
devices employ long cantilevers to multiply the strain displacement
[7, 8, 9]. Long cantilevers are susceptible to out-of-plane
deformations, e.g. those caused by non-uniform stress through the
cross-section of the device, making the readout more difficult and
less reliable. Many of the devices developed in the past also have
the additional disadvantage of only being able to measure either
compressive or tensile strain, but not both. In order to overcome
these problems we have developed a strain sensor using a bent
beam structure (for both tensile and compressive deformations)
which offers high resolution and sensitivity as well as significant
advantages in size and resistance to out-of-plane deformation.
This device has been used to measure strain in polysilicon thin
films and in heavily boron doped silicon. The strain has been
estimated from the deformations using a simple analytical
technique, and verified by finite element modeling and by
comparision to measurements taken by other methods.

ABSTRACT
A new type of passive strain sensor has been developed for
characterizing materials for microstructures. It basically utilizes a
narrow beam slightly bent at its mid-point to amplify and
transform deformations caused by intrinsic stress into a lateral
displacement of the apex. Pairs of such beams, bent towards each
other with vernier scales between their apices, have been used to
form highly sensitive strain sensors. Analytical and finite element
modeling show that strain levels below 5 XI0-5 (with stress < 8
MPa) can be measured by a bridge only 400 µm long. Bent beam
strain sensors have been fabricated with heavily boron doped
single crystal silicon and with phosphorous doped polysilicon.
Strain measurements from these devices agree with those obtained
by other methods.

INTRODUCTION
A crucial aspect of characterizing the mechanical properties
of materials for microstructures involves the measurement of
intrinsic stress of thin films. Many different techniques to perform
these measurements have been developed in past years.
Measurements of wafer curvature can provide average film stress.
Other methods rely on the deformation produced by external
loading in specially designed structures to calculate material
properties like Young's modulus and intrinsic stress. Examples of
these methods are the load-deflection of composite membranes [ l],
electrostatic pull-in voltages of bridges [2], and frequency
measurements of resonant microstructures [3, 4]. Another method
utilizes strain sensors designed to operate passively, providing
measurable deformation from intrinsic stresses. Passive strain
sensors that have been developed in the past include bridges and
rings that buckle under compressive and tensile forces respectively
[5]. T-shaped structures with a wide, long center stem and a thinner
deformable cross that provides a measure of the deformation either
directly [6] or by tilting a long cantilever [7], and bridges with an
intermediate lateral displacement that rotate a long pointer when
deformed [8, 9].

DEVICE STRUCTURE AND MODELING
An SEM micrograph of a finished device.is shown in Fig.
I. The device, as drawn for the lithography mask, is basically a
400 µm long bridge clamped at both ends. Half this undercut
length is relatively wide (100 µm) and undifferentiated, whereas
the other half is comprised of two narrow (4 µm) beams bent
towards each other at their midpoints, making an angle of 0.1
radians with the long axis of the bridge. A vernier scale is located
at this point to measure deformation caused by the release of
internal stresses. The vernier has a nominal resolution of 0.2 µm
and range of ±1.0 µm. A simple model for the behavior of the
strain sensor is provided in Fig. 2. The elasticity of the structural
material is modeled by springs k l, k2, and k3 for the single wide
and two narrow regions respectively. The elasticity due to bending
of the two narrow beams is modeled by k4 and k5. Fig. 2
qualitatively shows the state of each spring in the unreleased and
released states. (The former corresponds to the point in fabrication
just after the structural material has been deposited and patterned,
and the latter corresponds to the finished structure formed when
the sacrificial material is removed.) In the unreleased state the
material may have some intrinsic stress, but the structure is
basically not deformed. When the device is freed and responds to
the internal stresses, the wide portion of the bridge relaxes, causing
a deformation in the bent beam springs which is a combination of
more bending and stretching. Changes in the projected axial length
of the narrow beams that are caused by additional bending are
amplified ("'lOX) by the geometry into vertical displacements at
the apex points, where the vernier is attached. (This motion is like
that of parallelogram actuators [10].) The beams bend towards
each other, further amplifying the apparent vernier displacement by
two. The readout of the vernier provides a quantitative measure of
the (tensile or compressive) intrinsic strain. Note that some of the
net amplification is lost because of the elasticity of the material
itself. At very small angles the elasticity of the material
contributes more to the extension of the beams than does their
bending.

fi1rnre 1 A.Scanning Electron Micrograph of a Bent Beam Strain
Sensor fabricated using a bulk silicon dissolved wafer process.
The bridge length is 400 µm, and its thickness about 6 µm. The
beams are at an angle of 0.1 radians to the x axis.
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readings from different fabrication runs and corresponding values
of stress and strain obtained by the analytical method are listed in
Table II. The stress is in the range of 12-25 MPa (tensile), in very
good agreement with previous measurements at this laboratory
made using both the pull-in voltage and the resonant frequency
techniques [2, 4]. For devices with beams as thick and narrow as
those in Table II, we expect that one of the primary sources of error
is non-uniformity in beam width along the x and z axes.

Modified Strain Sensor
A modified version of the bent beam strain sensor has been
fabricated from polysilicon using surface micromachining
techniques. The structure of this device is similar to the one
described above, except that the wide region of the bridge is
effectively eliminated by retaining the sacrificial material
underneath it. Only the narrow beams and the vernier are released.
The response of a device with 200 µm long, 2 µm wide, and 1.5
µm thick beams has been calculated using the analytical technique
described above, and is plotted in Fig. 3b. The Young's modulus
of the material was assumed to be 160 GPa. In this case the
minimum vernier reading of 0.2 µm corresponds to a strain of
about 6.2 XlQ-5, and a stress of about 10 MPa.

Figure 2 A simple model for the strain sensor. The springs k l , k2,
and k3 represent the elasticity of the material, whereas k4 and k5
represent the bending of the narrow beams upon release. The
vernier measures the extension in k4 and k5, which is then
correlated to extension in the other springs.

Analytical Modeling

The modified strain sensors were fabricated by depositing
LPCVD polysilicon at 625°C on about 1 µm of oxide thermally
grown on a (100) silicon substrate. The samples were then
subjected to different combinations of doping (P, 950°C, 30 min.
dep., 30 min. soak), and annealing (1050°C, 60 min.), patterned,
and released. Some unpatterned monitor wafers were also
fabricated to permit comparative measurements by the wafer
curvature technique using a Plexus 2-300 machine. The oxide and
polysilicon were removed from the backside of the monitors, and
the PSG was removed from their front sides. Table III shows the
Plexus readings of the monitors, as well as the vernier readings of
the modified bent beam devices and the corresponding stress
values obtained by the analytical technique. As expected, the
polysilicon was found to be in compression, with the undoped,
unannealed samples showing the highest stress. An optical
micrograph of the vernier for this material shows that the
deflection was beyond its measurement range (Fig. 4). (It was
measurerl using a calibrated microscope.) Table III shows that
stress values obtained analytically will require significant
correction for high deflections such as this one. However, it is
important to note that the Plexus and the strain sensor agree
completely on the relative levels of stress in the samples.

The form of a bent beam under axial loading can be
approximated by the equations in Table I [ll]. The x axis is along
the long axis of the bridge. The change in the y coordinate of the
apex can be calculated for an arbitrary axial load. The
corresponding projected length of the beam along x axis can then
be obtained for each axial load by using the formula [12]:

l I (ay)2

�l=--f
2
0

-ax

dx

A tensile load will increase this length, and a compressive load will
reduce it. The extension due to elastic stretching of the material
can also be added in, and the sum related to the strain in the bridge
upon release. The vernier readout thus provides a value for the
strain in the material. Prior knowledge of Young's modulus is
necessary. Fig. 3a shows the relationship between strain and the
vernier readout for a 6 µm thick device with 4 µm wide spring
beams, assuming a Young's modulus of 175 GPa. The strain value
corresponding to the minimum vernier reading of 0.2 µm is about
4.3 x10-s and the stress is 7.6 MPa under these conditions. The
response is linear over a large range in both tensile and
compressive materials. This compares very favorably with devices
that have been developed in the past, particularly if the size of the
device is taken into account.

Table I Equations for the form of a bent beam with fixed
boundary conditions subject to axial loading [11].

Finite Element Modeling
Results from the analytical model for the device described
above have been compared to a finite element analysis performed
with ANSYS. Intrinsic stress was introduced in the model by the
standard technique of applying a uniform temperature change:
T.E.a = cr(l- v)
where T = temperature change, E = Young's modulus, a= the
thermal expansion coefficient, and v = Poisson's ratio. The finite
element model yields vernier displacements that are about 30%
less than those obtained by the analytical technique. Comparison
of linear and non-linear computations at different temperatures
indicates that for stress levels of several tens of MPa, the device
has an essentially linear response for both compressive and tensile
materials. The results also confirm that in the released structure
the wide region of the bridge sustains negligible stress, as was
assumed in the analytical model.

Y= MA F3+..B.t....F4+.fLF2· k=✓PIE.I;
P

Coeff.

C2
C3
C4
Ca l
Ca2
F3
F4
Fa2

MEASUREMENTS
The bent beam strain sensor shown in Fig. l has been
fabricated from boron doped silicon using a modified version of
the bulk silicon dissolved wafer process that was described in ref.
f4]. The finished structure rests on a glass substrate. Vernier
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k.P

I

k a '

Tension

sinh(kl)
cosh(kl) -1
sinh(kl) -kl
cosh k(l-a)
sinh k(l-a)
cosh(kx) -1
sinh(kx) -kx
sinh k<X-a>

I Compression

sin(kl)
1 - cos(kl)
kl - sin(kl)
cos k(l-a)
sin k(l-a)
1 - cos(kx)
kx - sin(kx)
sin k <x-a>

Further improvements can be expected from optimization of the
bending angle and the vernier design. Finite element modeling
yields results within 30% of the analytical model for values of
intrinsic stress in the range of several tens of MPa. The behavior
of the devices is determined to be linear for both compression and
tension in this range. Bent beam strain sensors fabricated from
boron doped silicon and phosphorous doped polysilicon yield
results consistent with other measurement techniques.

analytical response

2

Table III Vernier readings of modified strain sensors with 200 µm
long, 2 µm wide, and 1.5 µm thick beams and no wide region,
fabricated from LPCVD polysilicon (625°C), with optional doping
(P, 950 °C) and annealing (1050 °C). Stresses obtained analytically
using E=160 GPa are compared to Flexus measurements.

3 4 5 6

..

C -7 -6 -5

·;

...."'

-2

doped

-3

y
y

vernier (µm)

N
N

Fj�ure 3 Calculated strain vs. vernier readout for (a) a 400 µm
long, 6 µm thick strain sensor with 200 µm long and 4 µm wide
beams, assuming E=l75GPa; (b) a modified strain sensor with 200
µm long, 2 µm wide, and 1.5 µm thick beams and no wide portion,
assuming E=l60 GPa. The plots are inaccurate at high strains.

)

strain
(anal tical)

1.5 e-04
.9 e-05
8.0 e-05
.7 e-05
e-05
e-05
1.1 e-04
.7 e-05
1.3 e-04

N
y
N

-0.4
-0.2
-0.1
-2.4

strain
(analvt.)

-1.2 e-4
-o.3 e-5
-3.1 e-5
-8.0 e-4

stress
(MPa)

-20
-10
-5
-130

Flexus

(MPa)

-26.6
-17.4

-

-231
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It is worth noting that although the small size (200 µm) of
the modified bent beam sensor greatly helps to reduce its
susceptibility to stiction, it does not make it immune to this
problem. When the devices are thick and suspended several
microns above the substrate, as in Table II, they do not clamp to
the substrate. When both the structural material and the sacrificial
layer underneath it are thin, as in Table III, clamping can and does
occur. Although the sensors are able to respond to the intrinsic
stresses before they clamp upon removal from the wet sacrificial
etch, this must be recognized as a potential source of error in the
readings. In order to be useful, a material characterization tool
such as a local strain sensor must have higher yield than all the
other micromechanical devices on the mask. We believe that the
size advantage afforded by the bent beams and the complementary
motion vernier (or the enhanced sensitivity at a particular size) can
help accomplish this goal.

vermer width thickness

annealed vernier

stress
(MPa)

12
14
12
15
17
19
15
2

CONCLUSION
Sensitive and compact strain sensors have been developed
using pairs of bent beams to amplify and transform deformations
caused by intrinsic stress in the structural material. The pairs are
designed to cause complementary motion in a vernier scale,
thereby doubling the apparent displacement. Two types of
structures have been evaluated: (a) a 6 µm thick, 400 µm long
bridge with a wide portion that is 200 µm long and bent beams that
are 200 µm long and 4 µm wide, and (b) a 1.5 µm thick, 200 µm
long structure with no wide portion, and bent beams that are 200
µm long and 2 µm wide. The bent beams make an angle of 0.1
radians with the axis of the bridge in both cases. A simple
analytical technique, based on the deflection of the beams and the
elastic extension of the material, indicates that a vernier reading of
0.2 µm corresponds to a strain of 4 Xl0-5 in (a) and 6 XlQ-5 in (b).
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A close-up top view of a large vernier deflection.

Reliability Study of Polysilicon for Microhotplates
N. R. Swart and A. Nathan
Department of Electrical and Computer Engineering
University of Waterloo
Waterloo, Ontario N2L 3Gl, CANADA

Abstract

In this paper, we present measurement results of poly
silicon resistance variations for different stress levels
and under DC and AC conditions. The measure
ments were performed for microhotplate test struc
tures comprising of two meandering resistors with one
acting as control. In particular, two hot plate configu
rations were considered; structures with and without
metallization over the active area.

Measurement results of resistance variations in thin
film polycrystalline heating elements for thermally
isolated microhotplate applications are presented for
DC and AC conditions and different stress levels.
The resistance variations observed were due solely
to thermal effects arising from current-induced self
heating resulting in grain growth (recrystallization} of
the polysilicon. Although the or,erating currents were
low(I � l.5mA, J � 105 A/cm ), catastrophic failure
of the microhotplate was observed and this was due
to microstructure damage caused by excessively high
temperatures. No electromigration effects were ob
served.

1

2

A photomicrograph of the microhotplate test struc
ture used in the experiments is shown in Fig. la
along with its schematic in Fig. lb. The device was
fabricated using the Northern Telecom 1.2µm CMOS
process. Two symmetrical polysilicon resistors, sand
wiched in oxide, with a nominal room temperature
resistance of 29.9 kO, meander in parallel over the hot
plate as shown in Fig 1b. The resistors, denoted as Rh
(heater) and Re (control), have a 1.2 µm line width
and a process specified sheet resistance of 30 0/D.
The sheet resistance was found to have a scatter of

Introduction

Polycrystalline silicon is widely used not only in the
integrated circuit(IC) technology, but also in thermal
based microsensing applications where it serves as
a heating or sensing element. Although the depo
sition conditions and hence, the material character
istics may be identical in both categories of appli
cations, the long term reliability issues, in the two
cases, can turn out to be significantly different in view
of differences in device operation. In VLSI and re
lated applications, variations in resistance leading to
failure can be attributed to electromigration arising
from very large current densities(� 10 6 A/cm 2 )(see
[l, 2]). In thermal-based microsensors and related ap
plications, the high thermal isolation with microma
chining can result in high resistor temperatures even
at low current densities (� 105 A/cm2 ), leading to
significant resistance drifts(see [3, 4]).
In general, the reliability of polysilicon is governed
by the electrical current density in the material and
the temperature, although the latter is a function of
the electrical current itself by virtue of Joule heat
ing [1]. At relatively lower currents, the self heating
of the film results in movement of grain boundaries
giving rise to grain growth (recrystallization) in re
gions where the local temperature exceeds some crit
ical value [5]. This leads .to a decrease in the resis
tance of the thin film. At higher currents and with
extended operation, the temperatures become signif
icant and an increase in resistance can be observed
due to thermally-induced motion (electromigration)
of impurities. This gives rise to local depletion of im
purities thus significantly increasing material resistiv
ity and eventually leading to catastrophic failure [l].
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Experimental Setup

Fi g . la - SEM of microhotplate structure used for
reliability studies.

Fig. 1 b - Schematic of microhotplate test structure
with cut-away view showing Rh and Re (see text).
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gradients result near the two corners of the hot plate
attached to the support beams as seen in Fig. 2b. As
a consequence, a hot plate operated at the same aver
age temperature with metallization layers, will have
less severe hot spot temperatures than one operated
without.

less than 0.5 % over all samples tested. Power is sup
plied to the hot plate through metal lines along the
support beams. The structure is underetched (micro
machined) using EDP to a depth of approximately
80 µm providing a high degree of thermal isolation
from the silicon substrate. The active hot plate area
(the area comprising the polysilicon resistors) is ap
proximately 87µm x 71µm.

The normal operation of the test structure involves
applying a high bias to Rh to heat the plate, and si
multaneously a low bias to Re. In this way, any elec
trically induced variations in Rh hve minimal influ
ence on Re whose resistance changes are purely ther
mally induced. The tight thermal coupling obtained
from the close spacing (approximately 1.6 µm) of the
two resistors, in addition to the minimal heat loss
above and below the structure, ensures that Rh and
Re are at almost the same temperature along their
entire length. In addition to Rh and Re, a third re
sistor located (on the substrate) in close proximity
to the hot plate is used to momtor the elevation of
the substrate temperature during electrical stressing.
For all experiments described in the next section, it
was found that the substrate did not increase in tem
perature by more than 3° C. This validates the earlier
assumption that the ends of the support beams at the
substrate can be considered to be at room tempera
ture; this constitutes data crucial for the boundary
conditions in the numerical simulations.

Two variations of the design are examined, one in
which the active hot plate area is covered with two
layers of metal (metal! and metal2 in the CMOS pro
cess), and the other where the active area is non
metallized. Figures 2a and 2b are surface plots ob
tained from simulations of the hot plate temperature
distribution under medium bias, with and without the
temperature levelling metal layers. In these simula�

0
0
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11�

All current-voltage measurements were performed at
room temperature using the Keithley 236 Source Mea
sure Units (SMU's). The SMU's can be configured to
�weep a voit�ge '?r current source at precisely timed
mtervals, while simultaneously measuring the corre
sponding current or voltage. A microcomputer was
used to control and retrieve data from the SMU's
for the reliability studies. The resistance was con
stantly monitored and any changes exceeding 0.5%
were recorded. In addition to the current-voltage
cha;racterisation, the temperature coefficient, a of all
resistors was measured before and after stressing. The
temperature coefficient, defined by R = Ro(l + aT)
where Ro is the resistance at 0° C, was found to be
5.87 x 10-4 /° C in the range 0° C to 120° C. The mea
surements were performed in an oven capable of con
trolling the chip temperature to within 0.5° 0. The
temperature was measured using a thermocouple at
tached to the chip carrier. A low bias of 35 µA was
used for the resistance measurement in order to min
imise Joule heating. It was found that this bias raised
the temperature of the resistor by less than 3° C. A
total of 8 samples were measured with the scatter in
a being less than 1%.

·l

Fig. 2a - Surface temperature of hot plate under a

medium bias with metallized active area.
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Measurements and Discussion

The current voltage characteristics of the resistor Rh
of both the metallized and non-metallized hot plate
s�ructures are . shown in Fig. 3. The characteris
tics were obta;med by steI?ping the current through
the sample with a hold time of 5 ms at each bias
point. At relatively low bias, one can observe that
the resistance increases with increasing voltage for
both structures due to the positive temperature co
efficient of the polysilicon. The heater resistances in
both structures are initially similar in behaviour and

Fig. 2b - Surface temperature of hot plate under a
medium bias without the metallized active area.

tions the ends of the support beams attached to the
substrate were assumed equal to the substrate tem
perature (23° C). The additional metal layers lower
the net thermal conductivity of the hot plate rela
tive to the support beams resulting in a significantly
more uniform temperature distribution over the ac
tive area. Without these layers, large temperature
120

kink where after the resistance decreases sharply. Un
der these bias conditions, the temperature of the hot
plate is much in excess of 800°C. At these temper
atures, there is movement of grain boundaries lead
ing to graiD: growth . or re�ry�tallization [5, 8]. The
subsequent mcrease m gram size· leads to lower resis
tivity of the �hill: polyc_rystalline film. As expected,
the recrystallization pomts occurs at higher voltages
(currents) for the structure with metallization; more
of the device active (resistor) area is at an isothermal
state with a lower average temperature. One also
observes !1- second �ink after which we see a sharp
decrease m the resistance. The reasons for this are
not very clear but we suspect that this may be due to
secondary recrystallization which takes place at much
higher temperatures [5]. We also note that the con
t�ol .and heater �esistances ?ecome increasingly more
distmct as �he bias current mcreases. This can possi
bly be attributed to thermally-induced variations af
ter all, despite the close proximity of heater and the
control, there are differences in temperature at the
two locations.
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Fi�. 3 - Curr�nt-_vol�ag� characteristics o( heating
resistor, Rh; solid lme mdicates structure with metal
layers over active area, dashed line denotes structure
without metal layers.

So far, all electrical stressing of samples were based
on variable but direct current (DC) conditions. Ex
periments were also performed tor smgle bias DC and
AC conditions to deduce the possible effects of electric
fields. For the AC case, the polarity of the applied
bias was switched at a frequency of 25 mHz. The
measured resistances of heater and control in both
microhotplate structures are shown in Fig. 5 as a
function of stress times. The heater and control volt
ages were maintained at 35 V and 1.5 V, respectively.
In these structures, the effect of heating is expected
to be similar as before. No difference in the relative
change in resistance (�R/Ro) was observed between
heater and the control for both structwes. Here Ro
is the respective resistance of the heater and the �on
�rol, meas_ur�d 1 s after the bias is applied, and �R
is the deviat10n from Ro. This indicates that the re
sistance variation observed is purely due to thermal
effects. A direct comparison of room temperature re
sistance values at the start and end of a 48 hour DC
12 .-�--.-,�,,.,.,-���n-rr-����

the effects of nonuniform temperature start prevailing
at I > 0.5 mA. The resistance of the metallized hot
pl_ate is lower in vi�w �f its lower peak temperatures;
without the metalhzat10n, very high peak local tem
peratures (hot spots) are reached. In addition there
is more heat loss with the metallized structure 'occur
ri?g primarily through the supporting beams. At very
hi�h voltages, we note that the heater exhibits neg
ative differential resistance (Fig. 3), similar to what
was observed in [6, 7]. The increase in temperature
�t increa�ing currents leads to significant reduction
�n the gram b_oundary barrier potential possibly lead
mg to format10n of narrow filaments of molten silicon
creating low resistivity paths for current flow.
The resistance of the heater and control resistors for
both structures is shown in Fig. 4. We note a distinct
60 ,----,---,---.---.----,----.-----,
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Fig. 4 - The resistance as a function of current for
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100

Fig. 5 - Percentage change in heater and control re
sistances as a function of time for a constant voltage
bias. The solid and dashed lines represent DC and
AC stressing, respectively (see text).

the same conditions as in Fig. 3. Resistors Rh and
Re are indicated by the solid and dashed lines, respec
tively.
121

clearly within the region indicated by dashes in the
isothermal plot (Fig. 6). For all intents and purposes,
this region is an isothermal surface at a temperature
in excess of 900 °C. The contour lines shown are based
on simulation results and the slight asymmetry is due
to asymmetries in device and resistor geometry.

and AC stress test is shown in Tables la and lb. Also
included are the values of the temperature coefficient,
a. No significant differences were observed between
the two operating conditions. The slight discrepancy
in the variation in R and a may be due to intrinsic
differences in the pre-test resistance and hence, in the
self-heating.

4

Rh
Re
ah
as
start 29764 29968 0.585 0.584
end 35186 34660 0.513 0.585
.6. % 18.2% 15.7% -12.3% -17.0%
Table la - Heater and control resistances, and corre
sponding temperature coefficients, measured at room
temperature at the start and end of a constant DC
voltage stress test.

Conclusions

We have presented measurement results of resis
tance drifts in polysilicon heating elements in ther
mally isolated microhotplates. Based on measure
ment data obtained for long stress durations, we find
that safe and reliable operation, with plate temper
atures around 350° C, is possible with metallization
over the active hot plate area. At this temperature,
the variation in heater resistance was found to be less
than 1% over 100 hours of operation.

Rh
Re
ah
as
start 29868 30055 0.591 0.594
end 34871 34544 0.549 0.533
.6. % 16.8 % 14.9% -7.1% -10.3%

Acknowledgements

Table 1 b - As in Table la, but for AC voltage stress
test.

None of the structures tested exhibited electromigra
tion for the given range of test conditions. Unlike
non-thermally isolated structures, the current densi
ties in the structures considered ha.d to be restricted
(J � 105 A/cm2) due to excessive temperature build
up as a result of thermal isolation. Electromigration,
which is characterised by resistance increase, is caused
by local depletion of impurities thus significantly in
creasing material resistivity and eventually leading to
catastrophic failure. In our structures, catastrophic
failure was observed only when the temperature of
the active device area became high enough leading
to damage of the microstructure due to mismatch
in expansion coefficients and thermal melt down. In
the structure with metallization, the damage occurred
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ABSTRACT

where E'(/3,k) is the complementary elliptical integral of the second
kind and F'(/3,k) is the complementary elliptic integral of the first
kind. Since Equation 1 is not invertable, calculation for a particular
value of R requires an iterative or table-lookup procedure to determine
the corresponding value fork. For large values of R, an approximate
capacitance formula has been derived by Love[3] effectively based on
a series expansion of the elliptic integrals. This results in the
expression:
1
C1.o., I e= R +-(1 + ln 2nR)
(2)
1r

Approaches for calculating the capacitance pf parallel plate
capacitors of a variety of shapes and plate spacing are presented.
Accurate solutions based on the method of subareas is compared to a
new, geometry-based approximation which can be rapidly evaluated
and shows excellent agreement over a wide range of capacitor
configurations. The new approach reduces the computational cost of
coupled electromechanical calculations of MEMS structures by
essentially eliminating the cost of capacitance calculation in solving
the coupled system until the final iteration.

This gives capacitance values within 3% of the exact value for R > 3.

INTRODUCTION
Many MEMS structures utilize beams driven electrostatically.
The approach advanced for the modeling of such structures, which
can have substantial fringing-field effects, is coupled finite- and/or
boundary-element electrostatic and mechanical calculations[l]. Such
calculations incur a computational burden that should be minimized as
far as possible. It is of interest and importance to find means of
expressing the capacitance of MEMS beam structures in simple but
accurate mathematical expressions that can be rapidly evaluated. Such
expressions could be used directly for capacitance estimation. They
could also be used in the initial iterations of the coupled-field solution
of electromechanical systems to reduce computation time, switching
to a more conventional approach for the final iteration where
necessary.
Here we present approaches to the calculation of capacitance
for parallel-plate capacitors of various plate shapes and plate spacings
in vacuum. 3D capacitance calculations can be made directly, or
approximate expressions derived by extension of 2D calculations for
infinite parallel-plates. All capacitance calculations scale according to
a single length parameter, so the results can be applied to structures at
any length scale. Normalized results can be obtained by dividing by
the capacitance of an equivalent parallel plate capacitor neglecting
fringing fields.

The zeroeth-order approximation for the capacitance per unit
length is simply ew/g. Deviations from this value are called fringing
field corrections. Figure l shows the effect of fringing fields on the
capacitance of the two beams, based on eleven evenly spaced values
of the gap-to-width ratio, using the exact method. The data are
labeled Exact and MSA Beams.
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for Square�
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CALCULATING CAPACITANCE IN 2D
The mutual capacitance per unit length of a pair of infinitely
long parallel plates, or, by a familiar application of the method of
images, of a single infinitely-long plate above an infinite ground
plane, can be obtained exactly using the Schwartz-Christoffel
transformation [2]. The capacitance in either case is given by

•

• ' Exact & MSA
Beams

1------�---��_.___.____.___.

0.0

where K(k) is the complete elliptic integral of the first kind, and
K'(k)= K(l-k 2) is the complementary complete elliptic integral.
The parameter k is an implicit function of the ratio of plate width to
plate gap, R= w I g ,
R = l:_(K'E'(/3,k)-E'F'(/3,k))
1r

(l)

K'-E'
.
sm2 /3=---
(l-k 2)K'
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Figure l. (Exact & MSA Beams) The mutual capacitance per unit length of a
pair of infinitely long parallel plates, normalized by the mutual capacitance
neglecting fringe-field effects ewlg, is shown plotted as a function of the gap-to
width ratio glw. Straight-line segments connect points calculated using the exact
method. Filled circles represent values calculated using the method of subareas.
(MSA Squares) The mutual capacitance of a pair of square plates, normalized
by the mutual capacitance neglecting fringe-field effects eA/g is shown in the
same manner. (Perimeter approx.) The approximate formula for the
capacitance of planar structures using the area and perimeter terms of the geometric
expansion of Eq. 7 provides a good approximation to the actual capacitances.
(Approx. of Love) Love's approximation [3] provides a series-based alternative
to the perimeter approximation. (MSA Squares - Reitan) The data of Reitan
using a 6x6 mesh [4] are shown for comparison.
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Figure 1 shows as filled circles the results of eleven MSA
calculations made for the same eleven values of glw as were used for
the exact calculations. The number of subdivisions across each beam
was 1000. The convergence analysis indicated that these values could
be used without power-law extrapolation and were accurate to 0.02%.
Extrapolation via the power law could be used to reduce the error to
below 0.01 %.

An alternative to transformation-based methods is the method
of subareas (MSA) described by Reitan[4]. This scheme subdivides
the plates into a number of small subareas such that the charge density
is essentially constant over each subarea. In 2D, the potential at
subareaj due to charge on subarea i can be written

The MSA can also be used to calculate the capacitance to
infinity of a single plate in a similar manner.

where q; is the charge per unit length on subarea i, h is the subarea
width, and Ax, Ay are the distances between the centers of the
subareas along the x and y axes. This integral holds even when
i = j. The total potential at subarea i is then given by
n

CALCUIATING CAPACITANCE IN 3D
The only three-dimensional capacitance formula known is that
for the capacitance to infinity of an elliptical disk. There are no
formulae available for finite, parallel-plate capacitors. Approximate
solutions can be obtained by applying the method of subareas in 3D.
For square subareas, Equation 3 becomes

(4)

V; = LV;i
j=l

For a charged conductor at equilibrium, the potential is
constant across the entire surface, V; = V0• In that case, Equation 4
represents a set of n simultaneous linear equations which can be
solved for the individual subarea charges. By symmetry, the top and
bottom plates must have equal magnitude charge distributions but
opposite polarity, and charge distribution for each plate must be
symmetric about the center line. Consequently, charges for only a
quarter of the total subareas need be explicitly calculated. The overall
capacitance is given by C= QI V0, where Q is the total charge on one
plate.

12
q h/2 h/2
Vll = - i J J((x+Ax)2 +(y+Ay)2 +(&)2 f dxdy
4m; -h/2-h/2

where qi is the charge on subarea i. A set of linear equations for the
subarea charges is formed as before and the system solved to yield the
subarea charges. Square plates have eight-fold symmetry, so only
1/16 of the total number of subareas need be explicitly calculated in
that case. The rectangular and L-plate examples presented later have
reduced symmetry and so require explicit calculation of a larger
fraction of subareas.

For a gap-to-width ratio of 0.1, uniform discretizations with
numbers of subdivisons m across each plate of 2, 10, 20, 30, 100,
200, 300, 1000 were used. A convergence analysis indicated that the
discretization error converged to the following power law with
exponent /}=-1.00:
C- Co = ahP,

Because 3D MSA computations can be expected to require
many more subareas than their 2D counterparts, we made an initial set
of 3D MSA runs to determine the convergence behavior for square
plates with gap-to-width ratio of 0.1 at a set of increasingly fine
uniform discretizations. Each square was divided into mxm subareas,
and computations were made with m ranging from 20 to 110 in steps
of 10. A power-law fit to the trio of results using m=90, 100, and
110 gave a power law of J}=-0.9401; a fit using m=80, 90, and 100
gave
J}=-0.9339; and a fit using the trio m=70, 80, and 90 gave
J}=-0.9261. In a similar fashion, fits to the exponent for gap-to-width
ratio of 1.0 gave /3=-0.9776, /3=-0.9759, and /3=- 0. 9739,
respectively. To test if the exponents for these two gap-to-width
ratios were converging, we then performed power-law fits of the
convergence of the /J's, under the following assumed power law:

(5)

where a is a constant determined by curve fitting. The convergence
is demonstrated graphically in Figure 2.
101

(6)

where /30 is the converged value of /3 being determined. The fits
gave /3 =-0.998 and -1.007 for gap-to-width ratios of 0.1 and 1.0,
respectively.

0
0

0

We then tentatively assumed that the asymptotic value for /3
was unity in this 3D case, as it was in the 2D case, and we performed
a variety of checks of the consistency and adequacy of this
assumption. An integration of Equations 5 and 6 gave the following
formula for the converged value of the capacitance Co, based on the
capacitances computed for the five finest meshes:

101

102

where C3 is the capacitance computed for the middle (h3) of the three
finest meshes of the five, C1 is the capacitance computed for the
middle (h 1) of the three coarsest meshes of the five, S is given by

103

Figure 2. The results of the 2D MSA computations follow a power-law behavior
with exponent -1.00, in the limit of small subdivision size h. The results of the
3D computations have not yet reached the region of asymptotic slope by h·1=110,
although a detailed analysis shows that the slopes themselves are converging via a
power law to asymptotic values near -1.00.

and all the other constants are determined in the course of fitting to
Equation 6. This procedure gave Co = l.3059 for a gap-to-width ratio
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value over the area of the plate, an additional edge charge around the
perimeter of the plate, a further increase in charge at exterior comers,
and a decrease in charge at interior comers. These components can
also be seen in the cross-sections of Figure 5.

of 0.1 and Ca=0.33429 for a gap-to-width ratio of 1.0. Figure 2
shows the discretization error as a function of the length of a
subdivison of the discretization, on the assumption that the converged
values Co are 1.3059 and 0.33 429 for gap-to-width ratios of 0.1 and
1.0, respectively.

1

Under the assumption that /J=l, a simpler extrapolation from
the finest two discretizations, that is, from the computations at m=lO0
and 110, gave C a=l 15.59, and an extrapolation from the
computations made at m =40 and 60 gave C 0=115. 61. Our
conclusion is that extrapolations can be made from the moderately
coarse discretizations of n=40 and 60 using an assumed value of
/J=l, and that the error introduced in this way is less than 0.1%. The
extrapolation method assuming /J=l was then applied to computations
for squares with gap-to-width ratios ranging from 0.1 to 1.0 for
discretizations of m=40 and m=60. The results are shown in Table 1.
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Figure l includes a plot of the mutual capacitance of two
parallel square plates, or, equivalently, of a single square plate above
an infinite ground plane, as a function of the gap-to-width ratio,
based on the computations and extrapolations discussed above. The
normaliztion factor is the zeroeth-order capacitance EA/g, where A is
the area of one plate, A=w2. The effect of fringing in the 3D case is
roughly double that observed in 2D.

0

GEOMETRIC EXPANSION
The association of capacitor charges with geometic features of the
plates suggests an approach to rapidly estimating capacitance based
on geometry:
C = A Care« + P Cpe,un +EC,,,,+ I Cint +...

"C

�

(7 )

where A is the plate area, Pis the perimeter length, Eis the number of
exterior comers, and I is the number of interior comers. The first
term can be identified with the ideal capacitance expression,
Carea = e I g. The second term can be obtained from the known
capacitance of infinite parallel plates per unit length:
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Figure 4. 3D plot of the charge density on one of two parallel square plates with
holes in their centers. The plot is based on the average charge over each subarea
and thus shows effects of discretization. Nonetheless, the very strong singularity
in charge density at the exterior corners is observed, as are the decrease in charge
density at interior corners and the singularity at the edges.

To verify the accuracy of the 3D MSA code, two calculations
with known solutions were made. First, we considered the
capacitance to infinity of a circular disc of radius r, which is known to
be C = 8£r. Approximating the circle using a square grid with up to
110 subareas across the diameter, convergence analysis yields a
capacitance of 35.337 pF for a 1 meter diameter, compared to an
exact solution of 35.417 pF. Second, we considered the capacitance
between two long parallel plates. As the length of the plates
increases, the capacitance per unit length approaches the exact 2D
result for infinite parallel plates, as shown in Figure 3.
�
Q)
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E
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(8 )

.9! 11 0

For hand calculations, the approximate formula of Love (Eq. 2) can
also be used. Neglecting further terms in the geometric expansion,
we can compare capacitances calculated using this approach with the
results of MSA for parallel plate capacitors with a variety of shapes.
Summaries of the results are presented in Tables 1 and 2. The simple
geometric approach of Eq. 8 shows excellent agreement over a wide
range of plate shapes and plate gaps.
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------------------Infinite beam solution

100 ._____.____..___.___.....____._____,
15
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0
Rectangle length (meters)
Figure 3. The capacitance per unit length of rectangular beams converges to the
capacitance of an infinite beam, in the limit of the long side of the rectangle going
to infinity, while holding the length of the short side constant.
Our 3D MSA code is capable of calculating capacitance for a
number of different conductor shapes including rectangles, rectangles
with a rectangular hole in the center, and rectangles with one quadrant
removed. A plot of charge density across a 1 meter square plate of a
parallel-plate capacitor with 0.1 meter gap is shown in Figure 4. The
square has a 0.5 meter square hole in the center, which appears as a
region of zero charge density in the plot. This clearly shows the
components of the charge distribution of the capacitor: a constant

Gap

2D Exact

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

103.414
57.470
41.787
33.785
28.895
25.581
23.176
21.346
19.903
18.734

3D Geometric
aooroximation

118.29
70.67
54.06
45.43
40.08
36.40
33.70
31.62
29.97
28.61

3DMSA
7200 subareas
114.461
68.089
52.230
44.163
39.267
35.979
33.621
31.850
30.473
29.375

3DMSA
extraoolated Error
115.53
2.4%
68.71
2.9%
52.69
2.6%
44.54
2.0%
39.59
1.2%
36.27
0.4%
·�o.6%
33.89
32.10
-1.5%
30.70
-2.4%
29.59
-3.3%

Table I. Square l x l parallel plate capacitor calculations for a variety of plate
gaps. For plate dimensions in meters, the capacitance values are in picofarads.
MSA linear extrapolation was based on 3200 and 7200 subarea calculations. The
2D Exact calculation uses Eq. 1 for infinite parallel plates of width I and
corresponding length.
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Shape

300

lxl souare
3xl rectanole
9xl rectanole
2x2 L-shane
3x3 lxl bole

250

3D Geometric
annroximation
118.3
325.6
946.8
325.6
828.3

3DMSA
114.24
319.25
933.98
317.13
812.38

3DMSA
extraoolated
115.5
322.5
941.7
321.4
821.3

Error
2.4%
1.0%

0.5%

1.3%
0.9%

Table 2. Parallel plate capacitor calculations for a variety of plate shapes with
plate gap 0.1. For plate dimensions in meters, the capacitance values are in
picoFarads. MSA calculations used 5000 subareas and linear extrapolation
between the 3200 and 5000 subarea calculations, except for the square with a bole
which used 5184 and 7744 subareas.

20

40

60

We have also made comparisons in Figure 1 with the MSA
results of Reitan [4] that used a 6x6 discretization and with the
approximate equation of Love that is valid for g/w<<l . Finally, we
made several runs using FASTCAP [5]. For beams with length 100
and width 1, the FASTCAP results were consistently low by a large
margin. FASTCAP runs for a variety of squares also gave results
that were also consistently low. For example, our result from a
FASTCAP run fo r a lxl square with a gap of 0.1 agreed with the
FASTCAP User's Guide [5], but was low by 10% compared to our
3D MSAruns.
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CONCLUSION
Geometric-based electrostatic calculations provide a simple
and rapid means of calculating capacitances for MEMS, at least for
the simple flat geometries discussed in this paper. Future research
should be able to extend these concepts to include more realistic
MEMS geometries that include thicknesses and rounded comers.
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For self-consistent coupled electrostatic and mechanical
modeling, the approximate expressions for capacitance presented here
can be used in at least two ways. For initial exploration of system
behavior, they provide a much quicker solution than a detailed
capacitance calculation. For more accurate calculations they can be
used in the initial iterations of the coupled system, switching to a
more detailed calculation when the system is close to convergence.
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Figures 5. This figure shows the charge density across one of the two square
plates with a bole in it for three different cuts, as indicated.
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ABSTRACT

conducted in a cleanroom environment. The surface preparation
step involves cleaning the mirror-smooth, flat surfaces of two
wafers to form a hydrated surface. Following this preparation, the
wafers are contacted in a clean environment by gently pressing the
two surfaces together at one point. The surfaces come into contact
at this point and are bound by a surface attraction of the two
hydrated surfaces. A contact wave is initiated at this point and
sweeps across the wafer surfaces, bringing them into intimate
contact over the entire surface. The exact origin of the attractive
force is not universally agreed upon [3], and depends to a certain
extent on whether the bond is Si-Si or Si-SiO2. The most common
assumption is that a bond is formed between -OH groups on the
opposing surfaces. The final step in the bonding process is a high
temperature anneal of the contacted pair at temperatures between
800-1200C. While the room temperature contacted samples are well
adhered, this anneal generally increases the bond strength by more
than an order of magnitude. Measurements of the bond strength as a
function of anneal temperature indicate three distinct regions. The
first region, for anneal temperatures less than 300C, exhibits a
relatively constant bond strength equal to the bond strength of the
wafers prior to. anneal. At temperatures greater than 300C, the bond
strength increases and then levels out. It is presumed that a Si-O-Si
bridging bond is formed between the surfaces and a water molecule
is liberated. At temperatures greater than 800C, the bond strength
begins to increase again. In this third region it has been suggested
that surfaces can more easily deform (oxide flow) and trapped water
may oxidize surfaces bringing them into better contact. At
temperatures of lOOOC or greater, the bond strength is in the range
of the strength of the silicon crystal itself.

The process for bonding silicon wafers together at high temperature
is reviewed. Specific details of the bonding process as they pertain
to the formation of micromechanical devices are described. Methods
of characterization of the bonded wafers are discussed.
INTRODUCTION
Micromachining encompasses a broad range of technologies
anchored in the core technology of microlithographic pattern
transfer. A large fraction of the micromachining technologies are
specific to the silicon material system principally due to the origins
of the field, namely the silicon integrated circuit industry. In the
silicon micromachining field, there have been two dominant
fabrication methods, broadly classified as bulk micromachining
(etching deep features into a wafer) and surface micromachining
(depositing, patterning, and selective etching of films on a wafer).
Fundamentally, both of these techniques rely on some form of
etching or material removal. More recently, techniques have
emerged for bonding or fusing of silicon wafers. As the bulk or
surface micromachining technologies might be compared to material
removal processes in conventional machining (end-milling, drilling),
the wafer bonding processes are analogous to welding processes in
conventional machining.
There is some potential for confusion in discussing wafer bonding
processes since a wide range of processes exist. For example, the
silicon-glass anodic bond is routinely used in many commercially
available sensors. Additionally, low-temperature metal eutectic
bonds are often used. While these bonds are quite useful in low
temperature, back-end processes, they generally are not applicable
as high temperature stable bonds. Thus the distinguishing feature
between these methods and the bonding that we will discuss in this
paper will be the ability of the bond to withstand high temperature
processing without the need for intermediate layers, externally
applied pressure, or electrostatic fields to assist the bond. This bond
can be performed between nearly any smooth surfaces [1-3], but
generally, we will restrict our discussion to bonding of silicon
wafers with or without silicon dioxide.

WAFER BONDING CHARACTERIZATION
Several non-destructive and destructive techniques exist for
mechanical characterization of the bonding process. These
techniques are bond imaging, cross-sectional analysis, and bond
strength measurement. The imaging methods are non-destructive
and can be used as in-process monitors, while the cross-sectional
analysis and bond strength measurements are destructive and require
control wafers for characterization.
The three dominant methods for imaging a bonded pair of silicon
wafers are infrared transmission, ultrasonic, and X-ray topography.
Examples of the images obtained by these methods for a poorly
bonded 4" silicon wafer pair are shown in Figure 1. A simplified
schematic of an infrared imaging system is shown in Figure 2. It
consists of an IR source (typically an incandescent light bulb), and
an IR-sensitive camera. A silicon CCD camera has sufficient
sensitivity in the near-IR range that it can be used when outfitted
with a filter for visible light. The bonded wafer pair is located
between the source and camera. Any imperfection in the bond
shows up as changes in contrast in the IR image. Large un-bonded
regions ('voids') appear with a characteristic 'Newton's Rings'
pattern. This imaging method generally can not image voids with a
separation of surfaces less than one quarter of the wavelength of the
IR source. Based on a typical particle void, this translates to a
spatial resolution of several millimeter. Figure 1 clearly illustrates
voids not present in the IR image which do show up in the other
methods. Also, this technique works for silicon wafers of moderate
doping level with smooth surfaces. Highly doped layers, IR
absorbing films, or rough surfaces (backside of wafer), can limit the
image quality. In spite of this resolution limit, the IR method has
the advantage of being simple, fast and inexpensive. It can be used
directly in the cleanroom to image the wafers before and after
anneal. The other two imaging methods offer higher resolution at
the expense of speed, cost and incompatibility with cleanroom
T)rocessing.

Interest in the process of wafer bonding as defined in the preceding
paragraph was generated by the publications in 1985-86 of Lasky
[4] and Shimbo [5]. Subsequently, a number of investigators have
explored the use of this process for fabrication of electronic devices
(SOI MOSFETs, Power Devices) [l-6]. Several commercially
available electronic products exist today which employ silicon wafer
bonding. Additionally, a number of investigators considered the
application of wafer bonding to sensor and actuator structures. Two
of the first sensors to be fabricated by wafer bonding were reported
at the 1988 Solid-State Sensor and Actuator Workshop in Hilton
Head [7 ,8]. These included a pressure sensor and an accelerometer.
Since that time, a significant number of sensors and actuators have
been reported which employ silicon wafer bonding. Several
micromachined sensor products which use silicon wafer bonding are
now available commercially.
THE BONDING PROCESS
Extensive review articles have been written on the wafer bonding
process, particularly as it pertains to electronic device fabrication (13 ). This section will simply summarize the major points of the
process for the bonding of silicon or silicon dioxide surfaces. The
silicon wafer bonding process consists of three basic steps: surface
preparation, contacting, and annealing. All of the process steps are
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INFRARED IMAGE

X-RAY TOPOGRAPH

ULTRASONIC IMAGE

Figure 1. Images of a Bonded Silicon Wafer Pair by Several
Methods. (Courtesy of Dr. T. Abe - SEH)

Cross-sectional analysis can be performed at the bonded interface by
cleaving the sample. SEM and TEM techniques have been used to
image the bonded interface at a submicron scale. These studies have
helped to understand the composition of the bonded interface [3].
Additionally, it is possible to gain a great deal of information about
the bonded interface by simply defect etching the cross-sectioned
sample. Several groups have demonstrated the benefit of this
approach, particularly for visualization of voids on the order of tens
of microns ('microvoids') [9].

IR
SENSITIVE
CAMERA

The bond strength has been characterized by a number of
techniques. Figure 3 highlights the most common techniques.
Pressure burst tests can often yield a number which has engineering
significance in the design of sensors, but yields little information
about the detailed nature of the bond due to the complicated loading
of the interface. A tensile/shear test sample gives better information
on the bonded interface, but is often limited by difficulties in loading
and sample handling [10]. The knife-edge technique has the
advantage of creating a very well defined loading on the bonded
interface. A blade of defined thickness is inserted between the
bonded pair in a region where a crack has been initiated. Using IR
imaging methods, the length of the crack is measured, from which
the surface energy can be inferred through a knowledge of the
sample and blade thicknesses and the elastic properties of the wafer
[11]. This method has been used with very good success.
Unfortunately, the surface energy is forth power dependent on the
crack length, and thus uncertainties in the crack length produce large
uncertainties in the extracted surface energy. Other methods based
on patterned samples have been proposed to eliminate this problem
[12].

IR
SOURCE

Figure 2. IR Imaging System

DETAILED PROCESS ISSUES

TENSILE OR
SHEAR LOAD

A number of factors contribute to the success of the wafer bonding
process. Some of the more important details as they pertain to
application in micromechanics are summarized in this section.
Starting Material and Surface Preparation
The large scale and small scale roughness of the wafer surface is
very important to the success of a wafer bonding process. It is
difficult to establish strict requirements on the needed wafer bow
and microscale surface roughness since the surface preparation and
contacting methods play a large roll. Generally, people have found
that VLSI grade wafers tend to be acceptable for bonding if their
microscale roughness is less than 5 A (measured optically or by
STM) and the bow is of the order of 5 µm (on a 4" wafer). Abe and
Masara have done careful studies of the influence of roughness
[13,14]. Protrusions and particles are sources of problems.
Protrusions might be present in deposited films (epi-spikes) or be
formed by processes such as oxidation of etched cavities prior to
bonding [15]. Wafer polishing can be employed to minimize this
problem.

Figure 3. Examples of three bond strength measurements.
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600C - 1 Hour

400C - 1 Hour

As Contacted

Figure 4. IR image of intrinsic voids formed in a silicon-silicon
wafer bonded pair as a function of anneal temperature.

Generally, it is believed that the surface preparation should include a
vigorous hydration of the surface to make it hydrophilic, followed
by a de-ionized water rinse and spin dry. Processes ranging from
simple water rinses to hot acid dips have been used for the
hydration. However, people have also reported that HF dips, which
produce a hydrophobic surface, can also be used. While the
hydrophobic wafers do not contact as easily as hydrophilic wafers,
there is some evidence that the final bond is better [3]. A major
concern in surface preparation is hydrocarbon contamination.
Exposure to plastic wafer holders has been shown to cause
hydrocarbon contamination of the surfaces. These contaminants are
not readily removed by standard wafer cleans, and can cause
complications in the bonding as will be discussed later. Various
groups have tried methods such as high temperature bakes and
oxidation followed by oxide strips prior to the hydration step to
minimize this problem.

Annealing

1In general, the highest possible anneal temperature should be used to,
get the best quality bond. There is very little evidence to suggest
that the ambient used during the anneal has an impact on the bond
quality. When processing wafers with cavities, it is important to
slowly ramp the annealing temperature. Rapid temperature rises can
cause the gas in the cavity to expand, building up a pressure which
can separate the wafers before the bond has time to anneal. All
evidence suggest that the bonding is generally complete within
minutes of reaching the anneal temperature, although there is
evidence that some incremental increase in bonding occurs over
much longer times.
Structure of the Bonded Interface

When bonding silicon dioxide surfaces either to silicon or silicon
dioxide, the bonded interface appears, based on TEM, to be nearly
identical to a bulk silicon dioxide film or a thermally-grown
silicon/silicon dioxide interface. Occasionally, there are small
(micron-scale) voids or occlusions present. In contrast, the
structure of the silicon-silicon bonded interface is very'Sensitive to
surface preparation (hydrophobic/hydrophilic), the crystal alignment
of the wafer, and the type of crystal (czochralski or float-zone).
Bengtsson provides a detailed summary of the observations of this
interface [3]. For hydrophilic surfaces, an interfacial SiOx layer is
observed (5-40 A thick), but this layer can breakdown or form
spheroids of SiOx under conditions of perfect alignment of crystal
planes. Preliminary evidence suggests that the hydrophobic
surfaces do not have as much of an interfacial layer, which would be
consistent with the removal of the native oxide layer during the HF
dip used to create the hydrophobic surface.

Contacting

The contacting is performed immediately after the surface
preparation to minimize contamination. This is done in a cleanroom,
although some work has demonstrated the ability to do the bonding
in a 'micro-cleanroom' [16] and under water [17]. The contact
should be initiated at one point and allowed to propagate across the
wafer surfaces. Contacting at multiple points can cause air pockets
to be trapped between the wafers. As discussed later, in some
instances it is desirable to contact the wafers in an ambient other than
air, such as oxygen or vacuum. There is considerable interest in
aligned bonding of wafers, and a variety of schemes have been
proposed. These include the use of specialized alignment tools or
mechanical fixtures which align to previously etched features in the
wafer. Two common methods of mechanical alignment are to use
optical fibers in v-grooves etched in the edge of the wafers, or to use
reference flats on the wafers.
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Voids
When contacting and annealing a wafer pair, voids are sometimes
observed upon inspection. These voids are generally lumped in two
categories; extrinsic and intrinsic. The extrinsic voids are those
created by particles, protrusions on the wafers surface, or trapped
air. These voids are usually observed on contact and do not change
significantly during annealing. Figure 1 shows a wafer with various
forms of extrinsic voids. Intrinsic voids are voids which are
generated during the anneal cycle. Figure 4 is a series of IR images
of a silicon-silicon bonded pair annealed at increasing temperatures.
After contact, the wafer pair appears void-free. As the anneal
temperature is increased, voids begin to appear above 400C, and
subsequently disappear above 900C. The voids are usually only
seen when bonding silicon to silicon without an intermediate oxide
and they are often attributed to hydrocarbon contamination, although
there is not a consensus on their origin. It has been observed that
cavities in the wafers can serve to 'getter' these microvoids, thus
minimizing the problem [18].
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GENERALIZED BONDING
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While we have exclusively discussed bonding of silicon wafers, the
same basic process steps can be applied to bonding a variety of
materials. Quartz wafers can be bonded by this method [19].
Examples of bonding of dissimilar materials include the bonding of
GaAs to Si [20] and Si to glass [21]. Provided the surfaces are
mirror smooth and can be hydrated, the bonding proceeds in a
fashion identical to Si-Si bonding. When bonding dissimilar
materials, the major complication is stresses generated during the
high temperature anneal due to differences in thermal coefficient of
expansion of the two materials [21].
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Figure 5. Sealed Cavity Formation.
thickness control between 0.25-1.0 µm. Chemical etch-stops such
as the p ++ etch-stop have also been used with good success.
However, several complications result in using this process. First,
the surface roughness of a p++ layer is sometimes too great to
achieve good bonding. Second, the residual stress in the layer can
produce a large wafer bow which prevents bonding. Lastly, the p++
layer is formed prior to bonding, and thus the bonding temperature
and time must be minimized to eliminate diffusion of the layer.
Counter doping the p++ with Ge to reduce the stress in the material
can eliminate some of these problems. Electrochemical etch-stop
methods have been used successfully in a number of wafer bonding
applications [27]. One disadvantage of this etch-stop is that it
requires complicated fixturing.

Bonding has also been demonstrated for samples with deposited
films. Examples of bonding to silicon wafers with deposited
polysilicon or silicon nitride have been reported [22-24]. Polishing
is often needed to establish the necessary level of roughness.
BONDING WITH SEALED CAVITIES
Nearly all micromechanical applications of silicon wafer bonding
require bonding of wafers with cavities etched in one or the other
wafer, thus forming sealed cavities in the wafer after the bond. The
nature of gases that exist in the cavities can be very important
particularly in subsequent high temperature bonding. It has been
shown that when wafers are contacted in air, and subsequently
annealed at high temperature, the oxygen in the cavity can react with
the silicon surface and create a partial vacuum (Figure 5) [25].
When the oxygen is completely consumed (for shallow cavities), the
resultant pressure inside the cavity is 0.8 atm, consistent with the
consumption of the 20% oxygen in air. These results indicate that
the bonding process forms rapidly enough that it can trap gasses in
the cavities. Under high temperatures, the residual gases trapped in
the cavities can induce plastic deformation in thin silicon membranes
as the gases expand [25]. This problem can be reduced or
eliminated by controlling the ambient under which the wafers are
contacted. We have demonstrated that the pressure inside the cavity
can be reduced by bonding the wafers in an oxygen rich ambient
[26]. Alternatively, it is possible to bond the wafers in a vacuum.

CONCLUSIONS
The wafer bonding process is an extremely powerful process for
micromechanical devices. It complements other micromachining
techniques by permitting the 'welding' of silicon wafers. This paper
reviewed the methods for silicon wafer bonding. A detailed
description of the process of wafer bonding has been described.
Issues which impact the success of the wafer bonding process were
identified. While a better understanding of the process is still
possible, the bonding process is readily applicable in a broad range
of devices.
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THINNING METHODS
Controlled wafer thinning is often a necessary process following the
wafer bonding. This is particularly true in microelectronic
applications such as SOI, but also in micromechanics. The two
methods usually applied are precision grinding/polishing and
chemical etching wi� etch-stops. Most of these techniques have
been very effectively summarized in review articles on wafer
bonding [1,2]. The precision grinding and polishing yield absolute
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ABSTRACT
Polysilicon machines composed of beams up to I JO µm high, 18
µm wide and 1000 µm long have been fabricated by CYD molding.
Silicon wafers are patterned by etching trenches up to 110 µm deep
to form molds of arbitrary shape. Hexagonal honeycomb geometry
is used to form 3 dimensionally rigid parts. These rnilli-scale struc
tures have been integrated with surface silicon devices. After etch
release, the molded parts are removed from the mold, and the mold
wafers are reused to fabricate more parts. This technology has been
applied to produce (1) membrane particle filters with 50 µm tall
stiffening ribs, (2) 3 mm diameter, 45 to 65 µm thick, micro tensile
testing machines for transmission electron microscopy, and (3) hol
low tubing, with a height to wall thickness ratio of I 05, suitable for
conducting fluids.
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INTRODUCTION
High aspect ratio structures that would normally be associated with
LIGA can now be made of CYD polysilicon. We call this HEXSIL
the HEXagonal honeycomb is an efficient geometry for making
rigid structures with thin films, and SILicon allows conventional
surface silicon micromachines and CMOS electronics to be fabri
cated in subsequent overlying layers. There has long been a need to
make CYD structures of arbitrary shape with dimensions perpen
dicular to the plane of the wafer greater than 20 µm.The CYD pro
cess can only deposit thin films on surfaces. If those surfaces are the
opposing faces of a deep narrow trench, the growing films will
merge to form a solid beam. The thickness of the beam will be
twice the thickness of the deposited film. A groove remains in the
surface over the center of the trench where the films grew together
(this can be smoothed by continuing to deposit beyond the time at
which the sidewalls merge).
Figure I shows the basic fabrication procedure. The first
step is to etch trenches in the silicon wafer. The depth of the
trenches is equal to the desired height of the beams. The width of
the trenches is equal to the width of the beams plus twice the thick
ness of the sacrificial oxide that is deposited in step 2. The trench
volume that remains after oxide deposition, is filled with polysili
con (POLY 1) in step 3. The surface layer of polysilicon can be pat
terned if desired, but the grooves centered over the trenches make
photolithography difficult. This can be remedied by lapping and
polishing (step 4). A lapped and polished surface at this stage can
be seen in figure 5.
The desired thickness of surface polysilicon (POLY 2) can
now be deposited and patterned to make surface structures which
are anchored to the HEXSIL foundation (step 5). In step 6 the sacri
ficial oxide is dissolved in 49% HF with about 0.1 % triton X-100
surfactant. The parts are removed from the wafer, and the wafer is
returned to step 2 for another mold cycle. Since the same wafer can
be used to mold parts many times, a wide variety of silicon machin
ing methods for trench forming would be economically viable, and
several different levels of trench depth could be machined in the
same wafer.
The central features of this work are:
1. Mass production of CVD parts via r,wsable molds
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132

Solid-State Sensors, Actuators, and Microsystems Workshop
Hilton Head Island, South Carolina, June 12-16, 1994

2.

Integration of size r anges: milli-scale structures carrying
micro-scale devices which in turn support nano-scale fea
tures
3. The potential for adding electronics that conform to the
molded structure in both size and mass.
Figure 2 shows a membrane particle filter (patent applied
for) with nano-scale (<100 A) pore construction (not visible) inte
rior to the 6 µm thick surface silicon which is integrated with milli
scale support ribs 48µm high, 9 µm wide, and 500 �lm long. Figure
3 shows a cross section of a stiffening rib of the filter. Lapping (pro
cessing step 4) was not done in this case. Figure 4 shows the central
part of a microtensile testing machine (patent applied for) for use
in the transmission electron microscope (TEM) that consists of
rigid honeycomb levers connected by flexures. It is actuated by in
plane thermal expansion from resistive heating of its 3 mm diame
ter 45 µm thick support frame (see also figure 14).
This work extends the range of what is achievable by means
of sidewall processing strategies. Previous workers have used side
wall structures to make micro-scale devices (ref I). Micro-scale
hollow beams have also been made (ref 2). These cannot handle
milli-scale forces that are of interest in many applications. Micro
scale structures have been plasma etched directly from the wafer
(ref 3), but depth has been limited to less than 20 µm. Milli-scale
structures have been made by wet etching silicon, but designs are
highly constrained by crystallographic planes (ref 4). LIGA (refs
5,6) provides a unique path to plated metal or molded plastic struc
tures, but silicon parts cannot be made.
A technology is useful only to the extent that it can be eco
nomically integrated into a complete working system that performs
a useful job. Integrated systems that can operate over the continu
ous range of forces and displacements from nano-scale to milli
scale require fabrication strategies that can yield a continuous range
of machine sizes in 3 dimensions, unconstrained by crystal planes.
This report offers such a strategy.

FIGURE 2. Surface silicon membrane filter integrated with
48 µm tall molded ribs.

PROCEDURE
Trench etching:

Thermal oxide and CVD silicon dioxide have been used as
masks. One µm of oxide is needed for each 20 µm of depth to be
etched into the wafer. A LAM Research Rainbow etcher was used
in plasma etching mode (power to the top electrode). The condi
tions used were 400 seem He, 180 seem Cl2 , 425 mT, 300 W, elec
trode gap 0.8 cm. The etch rate for silicon was 40 µm per hour. A 7
second SF6 pre-etch (100 seem, 200 W, 400mT, I cm gap) was
used to remove any native oxide. During the chlorine etch a thin
layer of white material forms on the silicon side walls. When the
etch depth reaches about 45 µm, the thickness of the sidewall
deposit is high enough for internal stress to make it start peeling
away from the wall. This obstructs the path of ions entering the
trench, and may deflect them into the sidewalls causing accelerated
lateral etching. Conditions must be adjusted to maintain just enough
deposit to protect the sidewalls from etching to obtain vertical side
walls deeper than 45µm. The white deposit (which is insoluble in
°
49% HF, 20% KOH, or 120 C piranha) can be reduced by increas
ing the chlorine concentration in the plasma (e.g., 200 seem Cl 2,
350 seem He).
Another feature of concern is the final roughness of the
trench sidewalls and bottoms. After the plasma etch, the wafers are
°
put in a tube furnace for wet oxidation at 1100 C for 2.5 hours to
grow 1 micron of oxide. This is then completely removed by a 49%
HF wet etch. If this smoothing treatment is not done, stress concen
trations are severe enough to cause the sacrificial oxide layer to
form many tiny cracks. The surface mobility of the polysilicon dur
ing deposition allows it to fill these cracks so that very thin polysil
icon spikes are left protruding from the bottoms of the polysilicon
beams.

FIGURE 3. Cross section through filter membrane and 48
µm stiffening rib prior to etch release from the
wafer.

FIGURE 4. Centr_al part of a �EXSIL microtensile testing
machine 45 µm thick and 3 mm in diameter. The
thin tensile specimen is visible near the center
between the long straight springs.
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Smoothing has also been accomplished by timed isotropic
etch with a solution of 65% nitric acid, 3% ammonium fluoride, and
32% DI water at room temperature.
An example of a mold surface that is ready for the sacrificial
oxide to be deposited is shown in figure 6.
Sacrificial Oxide:

The methods that have been used to create the layer of sacri
ficial oxide are:
1. Thermal oxidation of the wafer. This consumes silicon
from the mold, so it should only be done once for smoothing the
etched surface.
2. CVD polysilicon (580" C, 65 A/min), followed by com
plete conversion of this layer to oxide by wet thermal oxidation at
1100" C. This produces a very conformal coating regardless of
trench aspect ratio, and does not consume the mold. The trench can
be made permanently narrower by depositing polysilicon and not
oxidizing it. This allows higher aspect ratios than can be achieved
directly by plasma etching.
3. CVD phosphosilicate glass (PSG) at 450" C, 140 A;
minute, 8% phosphorous in the film. The thickness of the deposit
decreases with depth in the trench. An anneal in nitrogen for 1 hour
at 1000· C is done to densify the PSG. PSG provides a relatively
fast etching layer (up to about 20 µm per minute in 49% HF).
4. CVD undoped oxide (low temperature oxide, LTO) at
450' C. Conformity is comparable to that of PSG. If nonconductive
polysilicon structures are needed, then a layer of LTO may be
deposited over the PSG to prevent diffusion of phosphorous into
the polysilicon during the stress relief anneal.
Any combination of these methods can be used depending
on the requirements of the finished pan. The best dimensional toler
ances are achieved by oxidation of 580' C CVD polysilicon since it
is extremely conformal with uniform thickness. A thin layer of PSG
may be applied to decrease the time required for etch release. The
thicker the PSG is, the greater are the dimensional variations that
occur due to depleted deposition with trench depth, and surface ten
sion effects during reflow. If the densification anneal is done at
1050" C the molded parts are very smooth with specularly reflect
ing surfaces, but then a larger scale (5 to 20 ftm) waviness develops
due to surface tension of the free surface of the PSG. The oxide
layer shown in figure 3 was made by first growing 2.2 µm of ther
mal oxide from the mold surface. Then 1.1µm of PSG was depos
ited,and densified at 1000" C for 1 hour in nitrogen. This provides a
fast etching layer. Then 0.8 µm of CVD polysilicon was deposited
at 580" C, and then completely oxidized at 1100" C in pyrogenic
steam for 6 hours. It can be seen that the sharp corners at the mouth
of the trench cause the PSG to increase its radius of curvature by
moving material towards the center of the trench, thereby constrict
ing it. When the polysilicon is deposited to form the molded pan, it
is choked off at this PSG constriction before the wider cross section
down in the trench can be completely filled. This leaves a void in
the middle of the beam. The thermal oxidation is not completely
conformal at the trench corners either, but the major contribution to
the distortion appears to be from the PSG. This should not be a
problem in most structural applications.
It can be seen in figure 3 that the oxide lining is actually
rougher than the walls of the etched trench. Thinner PSG and lower
densification temperatures should minimize this. Oxidation of in
situ phosphorous doped polysilicon may be another way to produce
a fast etching layer that would be more conformal.

FIGURE 5. Top view after lapping back to the original wafer
surface showing the tops of the single crystal
silicon columns, the PSG (dark rings), and the
molded polysilicon honeycomb.

FIGURE 6. Oblique view of a region of the mold wafer that
forms the honeycomb structure. Etch depth is 45
µm, undercut 2 µm. Hexagonal columns are located
on 25 µm centers.

..,

Polyslllcon Deposition:

All CVD polysilicon in this work was formed undoped at
580" C with a deposition rate of 0.39 µm per hour, I 00 seem silane,
at 300 mT. The as-deposited film is expected to be essentially amor
phous or very fine grained (ref 7). It has high tensile stress Uudging
by the cracks that open up in excessively thick deposits). Annealing

�

FIGURE 7. T hermal expansion frame of TEM microtensile
tester. View of the bottom surface of the molded

polysilicon which replicates the roughness of the
sacrificial oxide.
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is required to relieve the stress before removing the parts from the
wafer so that they remain straight and flat. In this work, all polysili
con anneals were done at 1000' C for I hour in nitrogen. Polysili
con film thicknesses used have ranged from 0. 9 to 8 µm. Thick
films can be built up by annealing after accumulating 4 microns of
growth. An attempt to grow an 8 µm thick film without an interme
diate anneal resulted in cracks through the film. The opening of the
cracks indicate that the stress was highly tensile. The cracks
occurred during the deposition, then as polysilicon continued to
form, the fragments were welded back together sufficiently for
most of the machines to be usable.
Higher deposition rates could be achieved at higher temper
atures, but the effects of larger grain size, deposition rate as a func
tion of trench depth, and concentration of impurities at the grain
boundaries would have to be evaluated for each particular applica
tion.
Phosphorous Diffusion Anneal:

Additional annealing in nitrogen may be done to increase
the electrical conductivity of the polysilicon by diffusing phospho
rous into it from the PSG layer. Diffusions have been done at I ooo·
C and at 1050 ° C for one hour in the case of the tensile testing
machine which works by ohmic heating and therefore must be con
ductive.

FIGURE 8. HEXSIL beam after removal from 11 O µm deep
mold. A smooth surface was not maintained
when etching to this depth.

Hydraulic Ejection of Molded Parts
(proposed)

Lapping and Polishing:

The most effective way to maintain flat surfaces amenable to photo
lithography is by lapping and polishing. In this work a slurry of 0.3
µm deagglomerated gamma alumina (Buehler Inc) in glycerin was
used. The films deposited on the back of the wafer should also be
lapped (alternatively they can be etched) as needed to keep the
wafer flat. The wafer will warp if stressed material is removed from
one side only.
Etch Release:

The sacrificial oxide is dissolved with 49% HF with a sur
factant (triton X-100, at a concentration of about 0.1 %) in complete
darkness. If a surfactant is not used, the released silicon surfaces are
hydrophobic and will stick together to minimize contact with the
aqueous solution. Enough surfactant must be present to form a
monolayer on all surfaces. The use of an opaque container is a pre
caution against photon induced etching of silicon.

• wafers • poly 1
•poly2

□ wax

fluid passageways

(photoelectrochemically
etched in n-type wafer)

FIGURE 9. A proposed method for controlled removal of

Mold Extraction:

parts from the mold wafer.

The apparatus to remove the parts from the wafer in a con
trolled manner has not been fabricated as yet. Several crude meth
ods have been used for experimental purposes. The wafer can be
submerged in a solution that forms gas bubbles which either float,
or push the parts out. Freshly mixed piranha (5 parts sulfuric acid, 1
part 30% hydrogen peroxide) is preferred. Greater force can be
obtained by soaking the wafer in saturated aqueous sodium bicar
bonate, and then immersing it in 5% aqueous acetic acid. Lower
temperatures or concentrations may be used to obtain gentler
action.
A layer of sticky wax, or double sided tape, may be put on a
glass slide and pressed lightly against the wafer. If the slide is then
pulled straight up, the devices stuck to it will be pulled out of the
mold.
Molded parts with a depth of 45 µm and trench wall clear
ance of 3 µm on each side of the beams are easy to remove by these
methods.
Figure 9 shows the planned strategy of etching the trenches
in an n-type silicon wafer and then using photoelectrochemical
etching (refs 8,9) to form straight 5 µm diameter pores extending to
the back of the wafer. Pore formation should occur only at the bot
toms of the trenches since the electric field will direct the holes
(generated by photons impinging on the back side of the wafer) to
those locations. These pores are narrow enough to be plugged by

FIGURE 10. Polysilicon structural panel with 300 µm high

corrugations, and 4 µm wall thickness after removal
from the mold wafer.
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seen in figure 2). These minimize stress concentrations. The designs with square
walled outer perimeters were not quite as robust.
Wafer molds for filters have been put through 2 molding cycles, and there
does not seem to be any fundamental reason why they could not continue to be
used for thousands of cycles.
Tensile Testers:

10 µm relative motion between opposing levers was achieved with 120 ma
60 Hz ac (de current will be used in the TEM). This deflection of the 64 µm tall, 14
µm wide, 1000 µm long, folded spring corresponds to a calculated force of 500 µN
applied to the test specimen. A design error caused one link in the mechanism to
rotate about 10 degrees which wasted much of the pure translation that was
desired. When this is corrected, performance should improve. The strategy of
using in-plane thermal expansion is convenient since no additional materials have
to be deposited. Rigidity in 3 dimensions is required since the thermal expansion is
small and can be lost entirely if any part warps out of plane. The use of levers and
flexures maximizes the output force available, in contrast to thermal bimorphs
where one side has to stretch the other side creating internal stress at the expense
of useful force.

1.

2. BOND WAFERS TOGETHER

Structural Panels:

Figure 10 shows a structural panel after it was removed from the wafer on
which it was formed. The polysilicon film is 4 µm thick, and the height of the cor
rugations is 300 µm. Continuous sheets up to 4 cm x 6 cm were produced. The
mold wafer was patterned with a dicing saw. The saw can make deep trenches with
smooth vertical side walls, but the pattern is limited to straight lines.

■

-

5. ETCH RELEASE WITH HF, AND PULL MOLD WAFERS APART

6. FINISHED PART

• wafer: single crystal silicon
Th':@ sacrificial oxide
• polysilicon

Tubing Manifolds:
Figure 12 shows a free standing rectangular polysilicon tube that could be
used for conducting fluids. This was made by cutting grooves in a wafer with a
dicing saw, coating it with oxide, and bonding to another oxide coated wafer, with
a flat surface, to form passageways open only at the periphery of the wafer assem
bly. Figure 11 shows the general strategy for molding vessels with tubing ports.
FUTURE WORK
Figure 13 shows a proposed strategy for anchoring a layer of single crystal
silicon (SCS) to the HEXSIL foundation. At this point the ass.embly looks like a
conventional SOI wafer and could be processed as such to fabricate CMOS cir
cuits. The SCS layer is then patterned to leave islands of appropriate shape to con
form to the footprint of the machine. Freestanding flexible sinusoidal metallized
SCS interconnects provide electrical pathways between SCS islands on different
parts of the machine that will move relative to each other. After etch release from
the mold wafer, this would provide a submilligram machine carrying the submilli
gram of electronics that interface it to the world. Thus the dead weight and volume
of the silicon die is eliminated. The capability to produce such devices will be
important in applications where mass or volume must be minimized. Figure 14

FIGURE 11. Method for molding tubes and vessels
the sacrificial oxide, so polysilicon will not form in them. Then
after the oxide is etched out with HF, fluid pressure applied from
the back of the wafer would generate sufficient flow through the
pores to carry the parts out of the mold. The overall efficiency of
the molding cycle will be increased by using hydraulic ejection of
parts since smaller clearances would suffice for mold extraction.
Therefore a thinner layer of sacrificial oxide could be used and less
time would be needed to deposit it. To preserve the organization of
the parts, the front of the mold wafer may be bonded to a wax
coated transfer wafer prior to etch release.
RESULTS
The fabrication strategy described above has been used to
make the following:
FIiters:

Quantitative testing remains to be done, but the stiffening
rib patterns most resistant to handling breakage were found to be
the hexagonal ones, and the ones with a circular outer perimeter (as

FIGURE 12. Rectangular grid with 1 mm spacing of

rectangular polysilicon tubing 21 O µmx 11 o µmin
cross section with wall thickness of 2 µm.
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1. MECHANICAL STRUCTURES FORMED IN MOLD WAFER

JlirTI

2. BUILD SOI ASSEMBLY

3. ANCHOR SINGLE CRYSTAL LAYER TO HEXSIL

lll!IIHEJCSIL
- 81HCll.f CRYSTAL SILICON

- POLYBaUCON ANCHORS: HEX&IL TOSINOLiCRYSTALRICON

FIGURE 14. Schematic implementation of 3 mm diameter
HEXSIL micro tensile testing machine with
attached CMOS layer for use in the TEM.

4. FABRICATE STANDARD CMOS ELECTRONICS

rr- 71

with a pathway to milli-scale polysilicon structures which can
accommodate forces and deflections in excess of 0. I N and IO µm
respectively.
The demonstrated devices are intended to be directly
installed in the using system. There is no intervening device pack
aging . This improves system performance/volume, but requires
careful handling prior to installation. To the extent that electronics
can be built on foundations that are also mechanically functional,
diverse new niches will be opened for evolving MEMS. Neural sen
sors (ref 10) are a well known example (although they do not have
moving parts).
The economics of long-lived capital intensive molds that
has been so successful in the plastics industry can now be utilized
in CVD microfabrication.

PSG
-·· -- -... ·· - CMOS devices
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FIGURE 13. Proposed method for inte9rating

microelectronics with micromechanics by
eliminating the silicon die

schematically illustrates the application of this idea to the microten
sile testing machine for use in the TEM where no space is available
for a die. In this case piezoresistive strain gages, wheatstone
bridges, and buffers are needed on the device.
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High Density Vertical Comb Array Microactuators Fabricated Using
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ABSTRACT
This paper reports the development of a new fabrication
technology for the implementation of electrostatically-driven vertical
microactuators. It combines bulk and surface micromachining
techniques to produce thick (> 10µm) polysilicon microstructures by
depositing 1-2µm thick polysilicon films. Deep (10 -15µm) and
narrow (-4µm diameter) trenches are RIB etched in a boron doped
silicon chassis and are then completely refilled with polysilicon. The
polysilicon microstructure and the p++ chassis are both released
using EDP. This technology can be used for the fabrication of a
variety of microactuators with different electrostatic drive structures
that can generate large vertical motion for the polysilicon
microstructure out of the plane of the wafer. In addition to allowing
the simultaneous formation of polysilicon and p++ silicon
microstructures, the technology allows the creation of sub-micron
gaps between these two structures, which in turn allows the
generation of a large amount of force. Several bridge structures have
been fabricated using this technique. Polysilicon fingers and beams
as thick as 8µm, and as narrow as 2µm have been fabricated in 4µm
wide trenches in a p++ chassis. A vertical out -of-plane force of
about lµN can be generated using an array of 13 , l00µm-long
polysilicon beams driven with a lOV signal.

INTRODUCTION
Microactuators have been widely used in many different
devices and applications like resonant sensors, micromechanical
displays, micromotors, accelerometer feedback drives, micropumps,
microvalves, switches, etc. [l]. With dimensions constantly being
scaled down using micromachining technology, electrostatic drives
are predominantly employed for their higher energy density [l]. The
most widely used and practical electrostatic drive that many
microactuators utilize are the parallel plate capacitive drive [2], and
the lateral interdigitated comb drive [3,4]. The former can generate a
substantial amount of force when the gap spacing between the two
plates of the capacitor are small (�lµm), however, the force that it
produces is nonlinear with respect to both voltage and electrode
separation, resulting in a limited range of motion (typically <2µm).
The latter technique, lateral comb drive [3], produces an electrostatic
force that is nearly independent of displacement, and hence permits
much larger motion parallel to the wafer surface. Both of these
actuation techniques have been used successfully in different
devices, and both have been fabricated using either surface or bulk
micromachining technologies [2,5].
Surface micromachined actuators are most suitable for
devices where motion lateral to the wafer surface is desirable, and
where large layer thicknesses are not required. For example, the
lateral polysilicon comb drives developed by Tang et. al [2] can be
moved over a fairly large distance lateral to the wafer surface. One
shortcoming of polysilicon micromachined devices is the small
thickness of the mechanical structure that can be achieved, which is
primarily due to the limited thickness (typically a few microns) that
can be deposited using CVD techniques. Bulk micromachining
technologies do not suffer from this limitation and fabrication
processes have been developed that can produce laterally driven
microactuators as thick as 15µm [5]. These technologies,however,
possess their own limitations, most important of which is their lack
of flexibility in forming complex micromechanical systems. While
laterally-driven microactuators have been fabricated using both of
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these technologies, vertically driven microactuating systems have so
far been limited to those that utilize parallel plate capacitive drives.
By combining bulk and surface micromachining techniques, one can
produce more sophisticated micromechanical devices and develop
alternative vertical actuation topologies.
This paper reports on the development of a new fabrication
technology that combines bulk and surface micromachining
techniques by utilizing silicon micromechanics formed from both
bulk silicon and deposited polysilicon. The technology allows the
fabrication of thick polysilicon microstructures (>lOµm),without the
need for large deposited layer thicknesses, by using a trench refill
technique,and combining thick polysilicon and bulk micromachined
microstructures to create three-dimensional micromechanical devices.
Using this technology it is possible to form lateral comb drives, as
well as vertical comb arrays that offer features similar to those
produced by laterally-driven microactuators. The proposed vertical
comb arrays can produce large deflections (several microns) vertical
to and out of the plane of the wafer surface The moveable comb and
microstructure is made from polysilicon, while the fixed drive
electrode is made out of p++ silicon. In this paper we will discuss in
detail the development of this new combined bulk-silicon poly
silicon technology that can be used for the development of a variety
of devices, and will discuss its use in vertical comb array
microactuators that can produce large motion vertical to the wafer
surface, in much the same way that lateral comb drives can produce
motion lateral to the wafer surface.

DEVICE STRUCTURE
A typical microactuator structure is shown in Fig. 1, and is
fabricated on a single silicon wafer. This device structure is only a
representation of a range of devices that can be fabricated and is
chosen because it contains all the main elements needed for different
microactuators. It consists of an etch pit spanned by a two-part
bridge made up of (i) a flexible mechanical polysilicon (MP) bridge
which supports an array of thick polysilicon fingers (or beams), and
is suspended over (ii) a rigid p++ chassis containing a number of
holes (or slots) through which the fingers (or beams) pass . The MP
bridge is the dynamic element of the actuator which deflects on the
application of a driving signal applied between it and the p++
chassis. The MP bridge and its array of fingers (or beams) are made
by refilling deep and narrow trenches etched in the p++ chassis. The
gap between the MP and the p++ chassis on top and on the sidewall
of the trench is defined by a LPCVD silicon dioxide and a sacrificial
polysilicon (SP) layer which is removed later. Since the trenches are
about 4µm wide, it is possible to completely refill and close the
trench by depositing polysilicon thin films with a thickness of about
l - 2µm. This will allow the formation of narrow (about 2 - 3µm) and
thick (greater than lOµm) polysilicon fingers (or beams) buried
within the p++ chassis. Since the thickness of the p++ boron-doped
silicon chassis here (typically about 5µm) is smaller than the depth of
the trenches (typically l0µm), when the bridge is undercut using a
concentration-dependent etchant such as EDP, the polysilicon fingers
(or beams) protrude below the lower surface of the chassis by several
microns. The extent of this protrusion is defined by the depth of the
trenches which can be controlled using the dry etching step that is
used to form them. A protective oxide layer prevents MP from
getting attacked by EDP while the chassis is undercut. The MP
fingers (or beams) protruding below the p++ chassis and suspended
through the holes in the chassis, are shown in the cut-away view in
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Fig. 1 (the bridge is shown undercut in the figure). It is also
possible to partially remove the mechanical polysilicon over the
fingers (or beams) and leave these portions open but connected on
the side to the main MP layer at the edges (this will be discussed in
more detail later in the paper). A control polysilicon (CP) electrode
(not shown in the figure) is deposited on top of the p++ chassis, and
is located between the chassis and the MP layer. It is insulated by a
layer of oxide, and provides a means to shield the p++ chassis from
the MP layer. This is important as will also be discussed in the
paper. The above structure utilizes features offered by both surface
and bulk micromachining. It allows the formation of thick
microstructures made from polysilicon, and provides the capability to
form vertical comb arrays that can be used in a vertical drive actuation
scheme similar to that used in laterally-driven comb microstructures.

(4µm wide) and deep trench (-lOµm deep). Because all etching is
done through the same mask and in one step, the control polysilicon
is self-aligned with the deep trench. This ensures that CP covers the
top surface of the chassis everywhere.
A thin LPCVD oxide (#2, -2500A) is now deposited to
conformally cover all the exposed silicon regions (polysilicon as well
as the trench sidewall), and is followed by the deposition of a Iµm
thick sacrificial LPCVD polysilicon (SP) layer. The SP layer
thickness together with the oxide #2 and oxide #3 thicknesses (oxide
thicknesses are negligible) determines the finger to chassis gap
distance, and can be changed easily to accommodate different gap
separations between the polysilicon fingers and the p++ chassis. The
fourth masking step is used to pattern the SP layer (Fig. 2b). After
the SP layer is patterned and removed in the areas where anchors for
the MP layer are to be created to the substrate, a 2500A LPCVD
oxide (#3) and 1.5µm LPCVD polysilicon layer (MP) are deposited.
This third polysilicon layer (MP) refills the trenches and planarizes
the wafer for subsequent processing. This layer when patterned
forms the dynamic bridge-component of the actuator as shown in
Fig. 2c. It is also possible to selectively remove part of the MP layer
over the regions where the fingers or beams are located (as shown in
Fig. 2c). Note that this is required for the fabrication of vertical
comb arrays. In order to do this, a high pressure isotropic RIE etch
is performed through a mask. This etch will remove the top part of
the MP layer and part of polysilicon refill in the trenches to achieve
the desired height for the polysilicon beams and fingers.

FABRICATION
The fabrication process requires seven masks, and involves
both surface and bulk micromachining techniques, as illustrated in
Fig. 2. On a standard, p-type <100> silicon wafer, using a thermal
masking oxide, we perform deep boron diffusion at 1175°C for 2.5
hours to achieve a 5µm boron etch stop depth, which defines the
thickness of the rigid p++ chassis. The boron diffusion is masked
from the regions where the etch pit is to be formed to allow access to,
and final etching of the undoped silicon needed for releasing the p++
chassis. This chassis functions as the skeletal frame for the refill
process and as one of the two drive electrodes in the vertical comb
arrays.

The ensuing and final furnace step is the deposition of an
LPCVD oxide layer (#4) which will serve to protect the MP layer
from the EDP �tch. This oxide is patterned to (i) provide access
through etch windows for the EDP to undercut the structure; (ii)
remove the sacrificial layer, (Note that oxide layers #2 and #3 are
patterned to provide a passage for EDP to etch SP and to protect MP
and CP from being attacked); and (iii) provide contact openings for
the metal lines and pads. After the oxide patterning step, Cr/Au is
deposited and patterned to form bonding pads and make connections
to the three layers (i.e. p++ silicon, MP, and CP). The final step of
the process is the removal of SP and undercutting of the bridge (Fig.
2c,d). Undercutting of the bridge is possible because it is aligned 45°
to the major flat of the wafer. The etch pits 'V' outward from each
side of the bridge till the bridge is completely undercut which takes
3.5 hours. The SP layer is also etched in the same step, which
results in releasing the MP bridge and fingers which are encapsulated
by the protecting oxide shell. This oxide shell is removed by a brief
BHP dip to release the final structure as shown in Fig. 2d.

This is followed by the deposition of 1000A of LPCVD
silicon dioxide (#1), and 4000A of polysilicon (which forms the
control polysilicon, CP). The oxide insulates the polysilicon from
the chassis. The CP layer is now doped with phosphorus, and a thin
layer of oxide is grown in preparation for the second masking step.
The CP layer is patterned, using an RIE process to define only its
outer boundaries; the RIE etch terminates on the silicon substrate
below CP. Next, a thin layer of oxide is deposited on the CP layer,
and the wafer is prepared for the deep RIE trench etching process. A
2500A layer of aluminum is deposited on the wafer and patterned to
expose those areas where the deep trenches are to be formed. RIE
etching is now used to etch through the control polysilicon layer, the
oxide layer, and the single crystal silicon underneath to form the deep
trenches [5]. This RIE etch is done using 17 .5sccm of SF6 and
7.5sccm of Oz at a pressure of 5mT, a power of 60W for about
lOOmin; the etch rate is about 0.lµm/min. The RIE etches through
the doped p++ silicon into the undoped silicon and forms a narrow

Etch
pit

Figure I: Three-dimensional view of a microactuator structure. It contains a p++ chassis with holes and slots through it, a mechanical
polysilicon layer that is supported on the p++ chassis and fills up the holes, and a control polysilicon which shields the p++ chassis and the
MP layer for proper device operation.
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addition to allowing the simultaneous formation of polysilicon and
p++ silicon microstructures, the technology allows the creation of
sub-micron gaps between these two structures, which in turn allows
the generation of a large amount of force. Analytical and electrostatic
simulations using FASTCAP have shown that a force of about lµN
can be generated using only an array of 13, lOOµm long beams.

FABRICATION RESULTS
The above fabrication process has been used to fabricate a
number of prototype microstructures. Figure 3 shows a SEM
photograph of a bridge structure fabricated using this technology.
One can see the etch pit, which is about 400µm deep, and the
combined polysilicon/p++ silicon bridge spanning the etch pit. The
bridge is about 300µm long, 200µm wide. Figure 4 shows a close
up SEM view of the MP polysilicon bridge, which is about l .5µm
thick, and the p++ bridge which is about 5µm thick. One can
observe the array of polysilicon fingers on the underside of the
polysilicon bridge. Figure 5 shows a close-up view of one of the
polysilicon fingers; note that the p++ chassis is broken to reveal the
polysilicon finger. The finger is about 7µm high, and has a bottle
like shape. The shape is determined by the fact that the deposition of
the sacrificial polysilicon is not quite conformal around the top edges
of the trench and tends to build up there. Therefore, the neck is
somewhat narrower than the body of the finger. This figure also
shows the sidewall of the p++ chassis. Figure 6 shows a view from
the underside of the p++ chassis. One can easily see the protruding
fingers of polysilicon from this angle. These fingers extend below
the lower side of the chassis by about l .5µm. Deeper RIE etch can
be used to form a deeper trench and a thicker polysilicon finger or
beam.
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Silicon Substrate

APPUCATIONS

a) Deep boron diffuse the P++ chassis, deposit and pattern
control polysilicon (CP).

The above technology allows the fabrication of a number of
different actuator topologies and structures. The polysilicon finger
shown in Fig. 6 can be driven electrostatically by applying a voltage
between the MP layer and the p++ chassis. The control polysilicon
plays an important role in any of these actuator structures. It serves
as a shield between the p++ chassis and the MP layer. When the MP
layer is to be attracted to the p++ chassis (Mode 1 ), a voltage can be
applied between the CP and MP layers, thus pulling the MP bridge
down (as in a parallel plate capacitive drive).
When the MP bridge is to be pushed away from the p++ (that
is pushed away from the substrate), then a different actuator structure
will be needed, as illustrated in Fig. 7. In this microactuator, after
the MP is deposited, a portion of it is selectively removed, using an
isotropic dry etching process, in areas where actuator beams are to be
formed. The actuating polysilicon beams are connected to the main
body of the MP bridge at their ends. The gap between the beam and
the p++ chassis is defined by the thickness of the sacrificial layer.
To create repulsion between MP and the p++ chassis (Mode 2 ), a
voltage is applied between MP and the p++ chassis with CP being
shorted to MP. The electric field between the chassis and the MP
layer pulls the MP layer up till the top surface of the polysilicon bean1
is aligned with the top surface of the p++ chassis. The operation is
similar to that of laterally-driven combs [3]. However, this structure
can generate a much larger force per unit area than lateral actuators
because: i) the polysilicon beams can be made to be several hundred
microns long, and therefore provide a much longer edge between the
p++ chassis and the ploysilicon beam; and ii) the gap between the
two layers can be easily made to be much smaller (<lµm) than
practical with the surface micromachined lateral combs. Analytical
calculations and electrostatic simulations using FASTCAP [6] have
shown that a force of about lµN can be generated using only an
array of 13, l00µm long beams with lOV drive signal.

b) RIE etch deep trench through the CP layer, deposit oxide,
deposit and pattern sacrificial polysilicon (S_P).

c)

Deposit and pattern mechanical polysilicon (MP) to refill the
trenches, and selectively remove MP over some trenches.
Open contacts, deposit and pattern Cr/Au, etch in EDP to
remove SP and create the etch pit under P++ chassis.
Selectively Removed
Mechanical Polyslllcon

CONCLUSIONS
We have reported the development of a new fabrication
technology for the implementation of electrostatically-driven vertical
and lateral microactuators. It combines bulk and surface
micromachining techniques to produce thick (> IOµm) polysilicon
microstructures by depositing l-2µm thick polysilicon films. Deep
(10 -15µm) and narrow (~4µm diameter) trenches are etched in a
boron doped silicon chassis and are then completely refilled with
polysilicon. The polysilicon microstructure and the p++ chassis are
both released using EDP or KOH. This technology can be used for
the fabrication of a variety of microactuators with different
electrostatic drive structures that can generate large vertical motion for
the polysilicon microstructure out of the plane of the wafor. In

d) Perform a quick etch In BHF to remove oxide shell and
completely release the structure.

Figure 2: Fabrication process for a typical microstructure.
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Figure 3: SEM photograph of a fabricated bridge structure, showing
the 400µm deep etch pit, and the 300µm long, 200µm wide
polysilicon/p++ silicon bridge spanning the etch pit.

Figure 6: SEM view from the underside of the p++ chassis, showing
the protruding fingers of polysilicon. These fingers extend below
the lower side of the chassis by about l .5µm.

Control
Poly

Polysilicon
Beam
Force

Figure 4: Close-up SEM view of the MP polysilicon bridge, which is
about 1.5µm thick, and the p++ bridge which is about 5µm thick.
One can observe the array of polysilicon fingers on the underside of
the polysilicon bridge.

Mechanical Polysilicon

p++
Chassis

\!�I:!/
\

/

p++

Chassis
, Electrostatic
Attraction

Figure 7: >-D and end views of a vertically-driven comb array
actuator. The polysilicon beam can be pulled up when a voltage is
applied between it and the p++ chassis. Note that the beam has a
slight overlap with the chassis, and that it is connected to the main
body of the MP bridge at the ends.
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Laser Stereo Micromachining at One-Half Million
Cubic Micrometers Per Second
T. M. Bloomstein and D. J. Ehrlich
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, Massachusetts 02173-9108
Abstract/Summary
We have recently demonstrated three-dimensional (3D) micromachining of silicon using a chlorine-based
microchemical reaction. I This technology achieves the
necessary high degree of localization through rate
nonlinearities near silicon melting. Applications are
high-speed 3-D mastering and device prototyping
directly from the computer-aided design environment,
with no hard tooling. Figures 1-2 illustrate typical
results.
Previous work has concentrated on the limiting case
of slow linear scans where mass and heat transport
profiles are indistinguishable from the static steady state.
In this paper, we will report our findings on laser
microchemical etching under conditions where transport
distributions do not develop quasi-stationary profiles.
Increasing the scanning velocity into this regime
markedly changes the reaction dynamics. It is predicted
that improvements in removal rate and surface quality
will occur in this regime as the reaction zone is swept
through fresh reactive gas and the melt zone extends less
deeply into the bulk. Beneficial reaction zone
narrowing, along with a general stabilization of
dimensional control, should also occur. The chemistry
used in our 3-D etching is innately among the fastest
known solid/vapor interface reactions. Our study is
therefore a test case for the more generally predicted
benefits of using beam reactions in the transient
transport regime.

Figure 1. To improve coupling between an optical fiber and
semiconductor laser, the faceted ends of the Y-grooves are etched in
a 100-Torr chlorine ambient using 10 W of laser power focused to a
10-µm spot size. The Y-grooves are 310 µm wide and 110 µm
deep. The laser etched side-wall has a slope of 3'.

This work has important implications for laser
processing in the field of microelectromechanical
systems and micromolding. In comparison with
microelectronic applications, significantly larger
volumes of material must be removed. This is expected
to push laser-induced microchemical technology towards
larger spot sizes to improve overall processing rates.
Quasi-stationary transport profiles are, however,
nonoptimal since overall removal rates can be improved
only at the expense of dimensional accuracy and surface
quality. Velocity-dependent transport processing is not
expected to sacrifice these key aspects of the machining
process and provides wider process latitude through the
addition of a new process variable.

Figure 2. Prototype of the initial stage of a 490 Ghz circular to
rectangular waveguide mode-matching structure.2 The total length
of the stru�ture shown is 4 mm and the maximum depth is 500 µm.
The total volume of the structure is approximately 5 X IQS µm3/s
and requires surface roughness values less than 0.2 µm.

size on the order of 10 µm. In our current arrangement,
the beam can be swept across the surface at rates
exceeding 10 m/s. This corresponds to a laser beam
residence time of approximately 1 µs, whereas
characteristic mass and thermal transport times develop
on a 10-µs time scale. We will report the current state
of the art in terms of processing speed, resolution, and

To study the laser reaction in the velocity-dependent
transport domain, we have designed and constructed a
new galvanometer-based laser scanning system. The
output of a 15-W argon-ion laser is focused to a spot
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surface flatness. A volumetric removal rate of 5 X 105
µm3/s can now be achieved by optimized scan speed and
pressure conditions. Similarly, a surface roughness
average of less than 0.1 µm can be achieved on laser
etched surfaces.
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Equipment
The scanning system uses a high-performance x-y
galvanometer scanner to deflect the output of a 15-W
argon-ion laser running multiline (488- to 514-nm
wavelength). The output of the laser is expanded to 16
mm and focused to a 10-µm spot through a 250-mm
focal-length lens. The beam is introduced through a
quartz cover glass into a stainless steel sample cell which
is backfilled with chlorine gas. The sample is biased to
300 °C using a halogen lamp incident on the back side of
the wafer. The sample surface is observed through the
focusing optic with a charge-coupled-device camera.
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Figure 3. Linewidth of laser etched zone versus laser power. Data
is presented for scan velocities of 32, 64, 128, 256, 512, and 1024
cm/s. The lower slope which occurs in the fast scan case should
enable smaller features to be written with less sensitivity to laser
power fluctuations.

The galvanometer is scanned up to angular velocities
of 40 rad/s. This translates to linear velocities on the
surface of 10 m/s with the current focusing optic. These
optical and scan parameters were chosen to allow
changes in thermal and mass transport dynamics to be
evident. The mass diffusion coefficient of chlorine and
the thermal diffusion coefficient of silicon near melt are
both approximately 0.1 cm2/s. For a reaction zone on
the order of the spot size, the characteristic transport
time, ttransport = ro02fD where ro0 is the spot size and D
is the diffusion coefficient, is approximately 10 µs. The
resident time of the laser beam is tresidence = roo/vs and
is a factor of ten below the transport time for scanning
velocity Vs, equal to 10 m/s.
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Boxes and lines were etched under several different
scanning velocities ranging from 32 to 1000 cm/s to
measure volumetric removal rates and lateral resolution.
The transition from quasi-stationary to velocity
dependent transport conditions occurs around 100 cm/s.
Figure 3 shows a graph of linewidth versus power for
single passes of the laser across the surface. Results were
obtained using an optical linewidth measurement system.
For example, note that at the highest power, the
linewidth is reduced by about a factor of three at
increased scan speed. Figure 4 shows the corresponding
volumetric removal rates for etched boxes taken at 1000
Torr of chlorine. Approximately the same volumetric
removal rate occurs at higher powers although the
resolution is better in the. faster scan case. A slight
improvement in rate, more pronounced at high scan
velocity, is observed at 1520 Torr of chlorine. A
simple model is being developed which incorporates
both diffusional and convective components to the mass
fluxes near the reaction zone. It predicts continued etch
rate improvements as the pressure is increased in the
fast scan limit. We are continuing to study the pressure
dependence of the removal rate.
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Figure 4. Volumetric removal rates versus laser power for the same
variation of scan rate shown in Figure 3. At 4 Watts laser power,
the slow scan case has roughly a 13-µm linewidth, but less than half
the removal rate of the fast scan case. At higher powers, roughly
the same removal rates occur at all scan velocities. Typically, tens
of rasters were performed in etching the boxes for the volumetric
removal rate measurements. Little variation in volumetric removal
rate occurred when the number of rasters was halved or doubled.
Average surface roughness values in the several tens
of nanometers are typically measured under all scanning
conditions with in general the smoothest surfaces
occurring in the fastest scan case. At slow speeds (32100 µm/s), the periodic nature of the surface texture is
evident from the overlapping line scans. At intermediate
speeds (100-500 µm/s), the surfaces have a wavy
texture when viewed under Nomarski microscopy. This
may be due to nonlinear optical coupling effects between
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the incident power and the highly reflective molten
portion of the reaction zone. In the fastest scan case,
this effect appears to be reduced. One benefit from
faster scanning is the significantly higher depth
resolution. Thin shavings less than 0.1-µm thick are
removed per scan at the highest etch rates. Detailed
studies are now in progress to characterize the laser
affected surface.
Conclusions

We have achieved etch rates of 5 x 105 cm3 /s at
lateral resolutions from 13 to 33 µm. We are
continuing to study the pressure dependence of the
reaction rate. Average surface roughness in the range
of tens of nanometers has been achieved.
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INTEGRATED TEST-BED F OR MULTI-MODE DIGITAL CONTROL OF SUSPENDED MICROSTRUCTURES
G. K. Fedder and R. T. Howe
University of California at Berkeley
Department of Electrical Engineering and Computer Sciences
Berkeley Sensor & Actuator Center
and the Electronics Research Laboratory
Berkeley, California 94720
structures are ideal for sub-nm position control, since the mass is small� A
large micromechanical plate is usually overdamped in air. Quality factor can
be increased by reducing the ambient pressure. Micromechanical quality
factors up to 80000 have been reported [6], which translates into greater
than a 300-fold decrease in Brownian noise.
Loop compensation is necessary to stabilize the mechanically un
derdamped test-bed, regardless of the sampling rate. Direct feedback from
the I.-A quantizer provides a force which is 180° out of phase with the dis
placement, resulting in uncontrolled oscillation at the resonant frequency.
With compensation, the displacement stabilizes to a bounded limit-cycle
oscillation. Limit cycles in conventional E-A modulators have been stud
ied previously to determine the structure of quantization noise [7]. Analog
lead-lag compensation was used in a bulk micromachined accelerometer
designed to run in vacuum [ l]. 1\vo-bit digital compensation of a high-Q
micromechanical E-A loop was first proposed by Yun [2]. A similar digi
tal feedback scheme is implemented in the test-bed, but, instead of a fixed
two-bit gain, an adjustable gain is set to minimize the limit-cycle ampli
tude. Using a simple analytic model, limit-cycle amplitude and frequency
as a function of system parameters are predicted, and the results agree with
experimental measurements.

ABSTRACT
This paper describes an integrated test-bed for research in multi
mode digital control of MEMS: a suspended polysilicon plate having four
capacitive-bridge vertical position sensors, each with an integrated CMOS
buffer amplifier, four differential electrostatic feedback actuators on the
plate's comers, and an interdigitated comb for lateral force input. Sigma
delta CE-A) force-balance control is implemented for each comer of the plate.
The test bed is configured with a 0.42 N/m spring constant, 0.47 µg mass,
and a vertical resonance of 4 .7 kHz. In air, vertical displacement and tilt of
the plate in two axes are controlled within ±25 nm and ±0.03 ° , respectively.
Measured acceleration noise is 13 milli-g rms with -7 3 dB dynamic range in
a 50 Hz bandwidth. When operating in a low-pressure ambient, the mechan
ically underdamped system experiences limit-cycle oscillations, which are
bounded through the use of digital lead compensation. An analytic model
of the I.-A loop, as well as simulation, successfully predicts the limit-cycle
behavior.

I. INTRODUCTION
In this paper, we present an integrated test-bed for research in multi
mode digital control of suspended microstructures. Digital closed-loop
control of MEMS involves the design and simulation of mixed analog
digital, electro-mechanical systems. Prior work has focussed exclusively
on the sigma-delta (I.-A) stabilization of single-mode microaccelerometers
[ l] [2] [ 3]. MEMS applications such as vibratory rate gyroscopes, multi
axis accelerometers and actively positioned mirrors require digital control
of multiple degrees of freedom. The integrated test-bed enables the exper
imental verification of models and simulations of general control strategies
for a suspended plate with three degrees of freedom.
The I.-A digital control architecture is based on the high-frequency
one-bit comparison between the output of a position sensor and an external
reference, which generates a serial bitstream [4]. Simple digital processing
of this signal then outputs a stream of high-frequency voltage pulses, which
cause two quantized electrostatic force-feedback levels to act on the the
structure. Frequency components of the feedback above mechanical res
onance are attenuated by the micromechanical mass-spring-damper. With
proper attention to stability of the digital control loop, the position is sta
bilized, on average, at the position corresponding to the reference input.
Sigma-delta control strategies linearize the electrostatic force by only ap
plying quantized feedback levels [l]. In addition to inherent linearity, I.-A
control offers large dynamic range and eliminates the need for precision posi
tion sensing. However, digital control of a surface-micromachined structure
requires integration of at least the capacitive position-sense amplifiers, in
order to eliminate most of the signal degradation due to parasitic capacitance
[2]. The critical circuit design issues are the position-sensor sensitivity, and
speed to reduce the quantization position noise.
A fundamental limit to MEMS position control is the Brownian noise,
X n of the particular vibrational mode, in units m/ v'Hz [5]:

II. SYSTEM DESCRIPTION AND FABRICATION
A rendering of one quarter of the test-bed is shown in Figure 1. A
polysilicon plate, which measures 360 µm x 3 80 µm x 1.6 µm in thickness,
is suspended 2 .2 µm above the substrate by four serpentine springs. The
springs passively constrain lateral motion of the plate. Spring compliances
can be configured in seven different ways by selectively cutting fuses which
anchor the springs in several locations [8]. The plate is overdamped at
room-ambient pressure; damping can be reduced to nearly zero by reducing
the pressure. Vertical position, z, and angular rotation about the lateral
axes, 0 and¢, are controlled by four digital feedback loops. A parallel-plate
vertical-position sense capacitor is located under each quadrant of the plate,
forming a bridge with a fixed reference capacitor. Use of a driven shield
electrode, together with an integrated CMOS buffer amplifier, are required
to detect the voltage change on the high-impedance node of the capacitive
bridge. Off-chip I.-A electronics supply digital feedback to electrostatic
actuators at each comer of the plate.
Figure 2 is an optical micrograph of the die, showing the microme
chanical elements integrated with CMOS circuitry. Reference capacitors
are made from rigidly supported micromechanical structures which match

(1)

where ks is the Boltzmann constant and Tis temperature. The Brownian
noise can be reduced by increasing the spring constant, k, or quality factor,
Q, or, to a lesser extent, by decreasing the mass, m. Stiffening the suspen
sion to reduce Brownian noise necessitates a greater feedback force for a
given displacement, increasing quantization noise. Surface-micromachined
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Figure l: Schematic drawing of one quarter of the integrated test-bed.
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the polysilicon plate is shown in Figure 3. 1\vo comb drives, located on two
opposing sides of the plate, provide both a vertical levitation force and a
lateral force for displacements up to 10 µm. Each comb has 49, 2 µm-wide,
10 µm-long fingers. The four capacitive position sensors underneath the
plate are identified, along with the upper and lower parallel-plate feedback
actuators.
A block diagram of one of the four independent feedback channels
is shown in Figure 4. Each movable sense capacitor, Cs , forms a voltage
divider with a corresponding fixed reference capacitor, Cr . Balanced square
wave voltage signals, Ve+ and Ve-, provide up to 100 kHz, ±300 mV
modulation across the divider. A minimum area diode, connected to the
buffer input, supplies a de bias to ground. The buffer output, Vsense, is
routed off-chip, demodulated, and amplified to generate a signal proportional
to the peak-to-peak buffer output, VPP · This signal is compared with an
external position reference voltage, Vrer, quantizing the plate position into
two states. The external reference enables multi-mode position control,
self-test, and offset trim. The comparator output drives a level-shifting
network, which generates feedback voltages containing a difference term
to stabilize underdamped mechanical systems. Feedback voltage levels are
adjustable, allowing experimentation with values of full-scale force and
compensation. The feedback voltages are sent on-chip to the parallel-plate
actuators, Cup and Cdown• Digital bitstreams from the comparators are
filtered and combined to form multi-mode acceleration sense signals.
Fabrication of the integrated test-bed utilizes the Berkeley MICS pro
cess: p-well 3-µm CMOS integrated with polysilicon microstructures [2]. A
MICS process cross-section is shown in Figure 5. Sputtered tungsten inter
connect with TiN/TISi2 contacts is necessary to withstand the temperature
of subsequent microstructure processing steps. We have extended the orig
inal MICS process to include a second structural polysilicon layer (sensor
poly-3 in Figure 5). The upper feedback actuator is made from the second
structural layer, and shown in Figure 6. In order to avoid polysilicon stringer
formation, the 2.7 µm-thick sacrificial layer underlying the upper electrode
is planarized by using a sandwich of spin-on glass (SOG) film and phos
phosilicate glass (PSG), which is rapid-thermal annealed at 900 °C. Upper
limit stops, which prevent shorting of the actuators, are also made from the

the sense capacitor layout. Variable gain differential amplifiers, included
in the layout, suffer from a design error and are not used in the system.
The eight reference capacitors located at the upper and lower comers of the
layout are associated with the differential amplifiers, and are also not used.
Bias circuitry is shared by the four buffer amplifiers. An expanded view of

-.n-r-:�--�
test structures

bias circuitry

Figure 2: Die photograph of the integrated test-bed. The dashed rectangle
delimits the area shown in Figure 3.

serpentine
spring
fuses
capacitive
position
sensors

lateral
comb
drive

ON-CHIP SENSING AND
ACTUATION

OFF-CHIP SIGMA-DEL
TA FEEDBACK
..................................
................................

Vu

Ve-•

shielded
sense lines
to CMOS

upper
feedback
actuators

j movable
: plate )

I

'c

I

Vctown

COM�itATION t---�
LEVEL SHIFT

adjustable DC
voltage references

.

Digital
bitstream

circuit
passivation
V rel

Figure 3: Expanded view of the polysilicon plate and serpentine springs.
The white dashed rectangle delimits the area shown in Figure 6.

Figure 4: Block diagram of one comer of the integrated test-bed.

poly-poly
capacitor

Pwell
N substrate

Figure 5: MICS process cross-section.

146

into Equation (5), the relation between the sensor output and displacement
is derived.
Cr -Cso
)
VPP = 2Vc (
Cr + Cso+Cp

[ I + (�) �
Cr-C,rn

Zo

]

(7)

whereCslA.z=O = Cso = Csj + Cs vo•

B. Limit-Cycle Analysis
A simple, single-axis loop model of the test-bed is used to predict the
amplitude and frequency of limit-cycle oscillations. A system block diagram
of the dz mode is shown in Figure 7. The position sensor, demodulator,
and comparator are modeled together in the nonlinear quantizer function
Hq (dz,w). The quantizer has an output value of +l or -1, corresponding
to the plate being above or below the position reference. Compensation
and level shift of the quantizer output to provide the feedback force, Fn, , is
modeled by Hn, (z).
Limit-cycle waveforms of linearized feedback force, Fn, , and plate
displacement, dz, are given in Figure 8. After a reference crossing of the
plate is sensed, a restoring force pulse of magnitude Fv , is output to the
actuators. The feedback response must occur at a clock edge, and will be
delayed by Td from the time of the reference-crossing. The lead pulse lasts
one sample period, Ts , after which application of a smaller force magnitude,
F0 , extends until the plate crosses the displacement reference. The digital
feedback compensation is expressed as a z-transform.

Figure 6: SEM of one comer of the movable plate, suspended below the
upper actuator cantilever.
second structural layer. The spacer PSG acts as passivation for the tungsten
metallization, and is only removed around the microstructure areas. Mi
crostructure release in 5: 1 BHF is done in darkness to avoid electrochemical
etching of the polysilicon bonding pads.

(8)

where Gv = Fv/F0 - I is the adjustable lead-compensation gain.
Without compensation (Gv = 0) and neglecting the extra delay Td ,
the comparator output is exactly in phase with the displacement. The feed
back force is then 180° out of phase with the displacement, resulting in an
unstable system which oscillates at the resonant frequency. Introduction of
the compensation term, 1 - z-1, in the feedback path, adds phase lead to
the loop transfer function, and acts to stabilize the system. However, sam
pling of the comparator output is responsible for a phase delay in the loop,
partly negating the effect of the compensation. The limit-cycle oscillation
condition occurs when the phase lead from the compensation balances the
phase delay due to the quantizer sampling.

ill. THEORY AND SIMULATION
A. Modeling and Simulation
There are three controllable mechanical modes of the plate: vertical
displacement, dz, and the two rotations, 0 and ¢,, about the lateral axes.
These modes are modeled with rigid-body, mass-spring-damper transfer
functions.
Hz (s) = F(s)/dz(s) = m(s2 + 2(z Wz S + w;)
He(s) = Te(s)/0(s) = Ie(s2 + 2(ewes + w1)
H¢ (s) = Tq,(s)/¢,(s) = lq,(s2 + 2(q,W,j,S + wl)

(2)
(3)
(4)

dZ is defined relative to the fabricated spacer gap of 2.2 µm. F, Te, Tq, are
external force and torques on the plate. m, le, and lq, are plate mass and mass
moments of inertia. (z ,(e, and(¢ are dimensionless damping factors and
Wz , we, and wq, are resonant frequencies of each mode. For an underdamped
system (( < 1/v'2). the quality factor is defined as Q = 1/(2( �).
The test-bed system is analyzed by transforming the four quad-symmetric
feedback loops into the three modes. However, since there are four feedback
loops and only three controllable modes, the system is over-constrained.
Offsets must be precisely adjusted to avoid undesired oscillations or force
limiting in one of the loops.
The test-bed can control the plate position with a large range of
motion relative to the gap spacing. An accurate model of the position sensor
is needed to relate each position reference input to the vertical displacement.
Assuming balanced input modulation with amplitude Ve , the voltage divider
peak-to-peak output is

Csvo
1 +dz/z0

dZ

digital
bitstream
+1=Up
-1=down

level shift and
com ensation

Figure 7: Loop model of the dz mode for limit-cycle analysis.
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where z0 is the fabricated spacer gap, and zero angular displacement is
assumed. When the plate is at the same height as the reference capacitor,
the variable sense capacitance is equal toCsvo• By substituting Equation (6)
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whereCp is the effective parasitic capacitance of the voltage divider high
impedance node to ground. The sense capacitance has a variable, parallel
plate, component and a fixed component,CsJ , from interconnect.
= Csj +

1

m{s2 + 2 (,ro,s + rot}
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(5)

Cs

sensor and
uantizer

micromechanical
mass-spring-damper

C

\

Q)

0

E

Q)

u

ro
a.
Cl)

-- -!Llzl

0

Time
Figure 8: Limit-cycle waveforms of linearized feedback force, (solid line)
and vertical plate displacement (dashed line).
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Describing-function analysis [10] is used to determine the nonlinear
quantizer transfer function. The describing function, Hq(liz, w), is obtained
by relating the magnitude and phase of the fundamental frequency compo
nent of the quantizer output to a sinusoidal input signal. The quantizer gain
is found by dividing the fundamental amplitude of the ±1 quantizer output
by the /iz amplitude.
4
. Td
Hq(!iz, w) = --e-Jw
1l' llizl

I
I
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(9)

I

\I
\I

�

\,I

·E

-,.1 __··,...

..,!. 0.5

Higher order harmonic components of the quantizer output are assumed to
be attenuated through the loop by the two-pole rolloff of the mechanical
system.
The system loop gain, L( liz, w), is the product of Equations (2), (8),
and (9).
4F0 e-jwTd [1 + Gv (l - e-jwT,)/2
L(!iz, w) =
7l'l!izlm (-w2 + jwrw /Q + w;)
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(a) Compensation gain

E
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The magnitude, llizl, and frequency of the limit cycle are found by setting
the loop gain equal to -1. For the undamped case, llizl is unbounded for
Gv < 2Td /T,. Any sampled-data system will have a maximum delay equal
to at least the sampling period, so use of 2 - z- 1 compensation (Gv = 2)
will not stabilize the system.
The quantizer phase delay, Td, will vary because the limit-cycle
frequency will never exactly equal a multiple of the sampling rate. For
the test-bed system, Td must be between T,/2 and 3T,/2, neglecting the
effect of noise at the comparator input. Using these extreme values of Td ,
maximum and minimum bounds for limit-cycle frequency and amplitude
can be calculated. The maximum displacement amplitude is plotted versus
lead-compensation gain in Figure 9(a) for the test-bed operating with a ±25 g
full-scale range. An optimal value for the lead-compensation gain is around
Gv = 7, which minimizes the amplitude for Q = 50000. Lowering the Q
allows the system to stabilize for lower values of compensation gain. The
amplitude increases dramatically for Gv < 3, regardless of the sampling
rate. Increasing the sampling rate from 100 kHz to 1 MHz reduces the
limit-cycle amplitude by a factor of 100. Figure 9(b) is a plot of amplitude
versus sampling rate, showing the -40dB/decade slope. The amplitude
rapidly increases at sampling rates below 100 kHz, because the limit-cycle
frequency approaches the resonant frequency of the test-bed (4.7 kHz)..
Increasing Gv , or decreasing Q or Wz , will lower the amplitude at sampling
rates below 100 kHz. Reduction of actuator force nonlinearity to 0.1 %
requires a maximum displacement amplitude of 0.5 nm, corresponding to a
sampling rate of 2.l MHz.
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Figure 9: (a) Maximum limit-cycle amplitude, l!izl, versus lead
compensation gain, Gv , (b) Maximum limit-cycle amplitude versus sam
pling frequency, f,.
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IV. EXPERIMENTAL RESULTS
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We have performed characterization of the test-bed in air using :E
li control of the three modes. Devices are packaged in 24-pin DIPs for
testing. Testing is done at a probe station using a custom mounting for the
device package. The plate mass is 0.47 µg. Only the first fuse is cut from
the serpentine springs, giving a vertical spring constant of 0.42 N/m and a
resonant frequency of 4.7 kHz. One period of the position sensor waveform,
for various reference input values, is shown in Figure l 0. Tungsten contacts
connecting the reference capacitor to the bridge are disconnected, due to
HF attack during the microstructure release. The resulting imbalance in the
capacitive divider produces a peak-to-peak sensor offset voltage of -103 mV.
The interconnect leading off-chip has a capacitance value of about 10 pF,
limiting the risetime to 424 ns. A source-follower circuit drives the signal
off-chip, adding a de offset of -0.81 V. Photocurrent in the diode at the input
to the buffer causes the de bias to shift more negative when the device is
exposed to light. The asymmetric current-voltage diode characteristic is
responsible for the output de bias shift with increasing signal amplitude.
Vertical displacement of the plate is measured by counting fringes
using laser interferometry between the top plate and underlying substrate
surfaces. Each fringe occurs at multiples of a half wavelength of the He-Ne
laser (316.4 nm). In previous work, interferometry with a monochromatic
infrared source has been used to measure parallelism of bulk-machined
surfaces [9]. The present laser interference technique is used to obtain video
confirmation of closed-loop tracking of vertical position and tilt to within
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Figure 10: One period of the modulated sensor voltage, for various position
reference input values.
±25 nm and ±0.03 °, respectively.
Measured and calculated values of sensor output voltage versus dis
placement are compared in Figure 11. Displacement measurement error is
±25 nm; sensor output error is ±1 mV. Calculated sensor output values
are computed from Equation (7), using C,vo = 41.4 fF, C,1 = 4.0 fF,
C, = 6.8 fF, and Gp = 173 fF. Interconnect overlap and fringe capaci
tance account for the reference and fixed sense capacitance. The effective
parasitic capacitance value is about ten times less than the layout value,
demonstrating the benefit of the driven shield. Sensitivity of the position
sensor is 42 mV/µm at zero displacement.
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Measured feedthrough between adjacent actuators and sense is a max
imum of -61 dB, with two exceptions. In these two cases, the sensor high
impedance lines crossover the actuator interconnect, raising the feedthrough
to -38 dB. For 10 V of actuation voltage, the sensor feedthrough is 130 mV,
which is significant when compared with the signal amplitude. However, the
feedthrough voltage shift lasts through multiples of a sample period, so the
modulated position signal and closed-loop control should not be affected. In
practice, the feedthrough must settle before the signal is sampled. Operating
the test-bed above 50 kHz adds noise to the position signal during actuator
switching. As an alternative control scheme, the sense and feedback cycles
could be time multiplexed, at the cost of decreasing the sampling rate.
Comb-drive levitation force is used to find the open-loop step response
at atmospheric pressure. When .1.z = 0, the open-loop falltime is 2.3 ms,
corresponding to a damping factor, (z , of 16. Holes in the plate are spaced
only 16 µm apart. Falltime measurements of 0.5 µm steps reveal that
mechanical damping does not have a strong dependence on gap. Open-loop
measurements with larger displacements have not been measured, because
of lateral comb-drive instability at higher applied voltages. Damping is
approximated as a constant in simulations. The measured comb levitation
force of 1.7 nNN2 is 24 % larger than the value calculated from two
dimensional finite element analysis. Fringing field capacitance is believed
to be responsible for the difference in measured and calculated values.
Plots of simulated and measured closed-loop response to an 150 Hz
square-wave position reference input are given in Figure 12. Operation is
at atmospheric pressure without feedback compensation, and with a sam
pling rate of 50 kHz. Simulated results are generated by using a com
mercially available program for simulating dynamic systems[l 1]. Excellent
agreement between the measured and simulated peak-to-peak sensor voltage
waveforms is obtained. Limit-cycle oscillations, seen in the single-sweep
waveform when the position is locked to the reference, have an amplitude
of approximately 25 nm. Total Brownian noise in air is 50 times smaller
than the limit-cycle amplitude value. The average quantizer output, plotted
in Figure 12(d), is near zero for both of the controlled plate positions. The
actuator force magnitude increases as the actuator gap is reduced, so average
quantizer output does not vary linearly with position.
Acceleration performance is tested in air, with Is = 50 kHz and
Gv = O. The digital bitstrearns are passed through a sinc3 FIR filter,
decimated by 500, and combined to provide an acceleration waveform for
analysis. Measured acceleration noise is -90 dB/vHz, referenced to a full
scale range of 62 g (0 dB). In a 50 Hz bandwidth, the measured noise floor is
around 13 milli-g, with the measurement probably being limited by external
vibration.
Underdamped system dynamics are investigated by placing the test
bed in a vacuum probe station. Our experiments are constrained to sampling
frequencies up to 100 kHz and compensation gain up to 4, because of external
circuit limitations. Three of the four feedback channels are activated; the
fourth channel has its actuators grounded to avoid the over-constrained
instability.
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Figure 12: Qosed-loop response to an 150 Hz square-wave position ref
erence input. (a) Position reference input voltage, Vref• (b) Simulated
peak-to-peak sensor voltage waveform, Vvv · (c) Measured VPP waveform.
(d) Measured quantizer output, averaged over 1024 sweeps and normalized
to ±1.
Measured peak-to-peak sensor voltage waveforms are compared with
simulation and theoretical results in Figure 13, with Is= 100 kHz'and Gv = 4.
The waveform data is presented for three different pressure values, 10 T, 1 T,
and 0.1 T, corresponding to estimated quality factors of 2.4, 24, and 240.
Simulation results qualitatively match the measured waveform frequency
and amplitude. The maximum limit-cycle amplitude given by the theoretical
model is also in agreement with the measured data. In the P = 0.1 T case,
actuator nonlinearity and added force from the sensor capacitors distorts
the feedback force, and is responsible for a larger measured limit-cycle
amplitude than the theoretical value. With lead compensation Gv < 3, the
underdamped system is unstable and rails to the limit stops, as predicted by
the theory.
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V. CONCLUSIONS
Digital control of a micromechanical plate is demonstrated for verti
cal and angular motion. Although the parallel-plate actuator force is highly
nonlinear with position and voltage, the E-A feedback successfully controls
plate position to the mechanical limit stops. For an 100 kHz sampling
rate, accuracy of the position control is limited to ±25 nm. Higher fre
quency circuitry is necessary to reduce the displacement amplitude below
the Brownian noise level of the test-bed, which is 0.46 nm in air.
We have shown experimentally that the integrated test-bed can be
operated at high-Q. lowering the Brownian noise floor for digital MEMS
applications. A limit-cycle model successfully predicts the behavior of the
high-Q system. Other types of micromechanical E-A loops, for example,
with pulsed feedback or analog compensation, can be analyzed using the
limit-cycle theory. Appropriate sampling frequency and compensation can
be designed into future systems to obtain a specified maximum limit-cycle
amplitude.
Further characterization of the test-bed is concentrating on the behav
ior of the system at reduced pressures. A redesign of the external electronics
is necessary to operate above 100 kHz sampling frequency. Lowering the
system spring constant will decrease the limit-cycle amplitude while oper
ating at lower sampling rates. Exploration of the available parameter space
will supply important information for future MEMS projects.
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MICROMACHINED STRUCTURES FABRICATED USING
A WAFER-BONDED SEALED CAVITY PROCESS
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SI device wafer

ABSTRACT
This paper discusses silicon wafer bonding technologies for
the fabrication of micromechanical devices integrated
monolithically with electronics. New work aimed at
processes for fabrication of "surface-micromachining-like"
structures such as tuning fork gyroscopes and
accelerometers is described. This work provides results on a
junction-isolation scheme, dry release methods to minimize
stiction problems, and mechanical properties of the resultant
structures. Structures fabricated using this technology for
angular rate and acceleration sensing are shown. The
development of these process technologies, in combination
with the front-end processes previously reported, now
permits full integration of electronics on silicon wafer
bonded substrates in a way which provides virtually no
perturbation of the IC fabrication process.

Open pressure port
bond cover waf

Plasma etch &
bond cover wafe

Pressure Sensor

Angular Rate Sensor
Acceleration Sensor

INTRODUCTION
Silicon wafer bonding has been used to fabricate surface
micromachining-like structures for a variety of sensors and
actuators [l, 2, 3, 4, 5]. Recently, we proposed a method
for fabrication of sensors with integrated electronics based
on a silicon wafer bonding process [6]. Figure 1 illustrates
the process. We begin by joining two silicon wafers, a
device wafer containing an etch-stop layer and a handle
wafer containing etched cavities, using wafer bonding. The
bulk of the device wafer is then thinned to produce a wafer
with sealed cavities which looks virtually identical to an
unprocessed wafer. At this point the bonded and thinned
structure can be returned to a standard IC facility for
electronics fabrication. Following circuit processing, low
temperature back-end processes are performed to
functionalize the sensors. The process has two significant
features. First, the mechanical layer which results from this
process has reliable, reproduceable mechanical properties.
Second, the electronics integration strategy is compatible
with standard IC processes and equipment.
Two major front-end technology issues in using
wafer bonding for the fabrication of sensors and actuators;
wafer thinning processes, and the control of the residual
pressure in cavities formed by bonding and etchback, have
been discussed in details previously [6]. In this paper, we
will discuss a modification to the thinning process to achieve
electrical isolation of the mechanical layer from the substrate.
The back-end processes entail etching of the mechanical
layer for accelerometers/gyroscopes or etching of a pressure
inlet port for the pressure sensor, followed by the low
temperature bonding of a capping wafer. This paper will
discuss the etching of the mechanical layer for
accelerometers/gyroscopes, and the resultant mechanical
properties of this layer. Processes for etching pressure inlet
ports and low-temperature capping wafer bonding are the
subject of current research and will be presented in the future
[7].
Thinning methods are critically important in wafer
bonded micromachining processes since the thickness
tolerance of the mechanical parts will be defined by this step.
In our previous work [6], we described an electrochemical
thinning process that produces a n-type mechanical layer on
a n-type substrate. However, electrical isolation is important
for a class of structures built in this technology
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Fig. 1 MIT wafer-bonded integrated sensor process
(accelerometers and gyroscopes, for example). Two
technical approaches are either to use a buried chemical etch
stop (p++ doping or oxide) and bonding to an oxide coated
substrate wafer (dielectric-isolation) or to use a junction
electrochemical etch-stop and a p-type substrate wafer
(junction-isolation) as illustrated in figure 2. While the
chemical etch-stop permits formation of dielectrically isolated
mechanical parts, the availability, quality, and cost of either
SOI starting material or buried p++ epi is a limiting factor.
Electrochemical etch-stop methods are known to produce
high quality mechanical structures, but the layers are most
conveniently formed by silicon-silicon bonding, where the
lower wafer provides an accessible electrical connection
during the etch-stop process. This process thus precludes
electrical isolation of the mechanical parts from the substrate.
In an attempt to capitalize on the convenience of a silicon
silicon bonded electrochemical etch-stop, while still
achieving electrical isolation of the mechanical layers, we
have implemented a pnp structure for the etch-stop. This
paper discusses results on the pnp electrochemical etch-stop
process, and the effectiveness of the resultant junction
isolation scheme.
A second important feature of the integrated process
is the ability to fabricate these parts using a completely dry
release process. A resist mask is used for device patterning
followed by a Si plasma etch to pattern the mechanical
structure and a plasma etch to remove the resist. With this
dry release method, large suspended plates have been
successfully fabricated as tuning fork tines for the
gyroscopes and the proof masses for the accelerometers.
This paper describes this dry release process in details.
SEALED CAVITY WAFER FABRICATION
The process in figure 1 can be segmented into three sub
processes; pre-IC fabrication, IC fabrication, and post-IC
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p-SI device wafer"/··

Pre-IC Fabrication Process
The process starts with two w�fers, a handl� . wafer
containing etched cavities, and a device w�er contammg the
mechanical layer. In this work, thr�e di�ferent types of
device wafers were used, as summ_anzed_ m t�ble_ 1. �e
first two (diffused and epi) are used_ m the_ JU!3CU0�-isolauon
process, and the third is used for �electnc-isolau�n.. Each
of those processes is described m further detail m the
following sections.

.

A) Junction-Isolation Process

Dielectric-Isolation

Junction-Isolation

fabrication. The IC-fabrication sub-process wi�l !30t be
discussed in this paper. A detailed_Pr�ess descnpuon f�r
pre-IC fabrication an� post-I� fabricauon sub-processes is
provided in the followmg secuons.

p-SI handle wafer
P' boron doping

n-Sl

.

Figure 2(a) illustrates the sealed cavity proce�s with
junction-isolation. Epi wafers were formed by growmg a n
type (5 n-cm) layer on a p-type (10-?0 n-c�) su�strate w_ith
an average thickness of 11 µm. Diffused-Junction device
wafers were formed by implanting phosphorus in p-Si
wafers
(10-20 n-cm) followed by a 23-hour drive-in at
1150°C to obtain a junction depth of 10 µm.
The handle wafers are subjected to a boron blanket
implant and drive-in to heavily dope the back surface (>
5x1Ql9 cm-3) in order to ensure good electrical contact
during the electrochemical etch and to Pf<?vi�e ohmic contact
for backside metalization later in the fabncauon process. All
handle wafers contain 1-2 µm-deep trenches formed by
plasma-etching.
After being hydrated with a standard RCA cl�an,
device wafers and patterned handle wafers are contacted m a
pure oxygen ambient using a single-wafer spinner with a
modified Teflon chuck which can hold two wafers face-to
face, separated by Teflon shims. A detailed description �n
the controlled ambient bonding apparatus and procedures is
provided in reference [6]. After the _bond�d waf�rs have
been inspected for the presence of voids usmg an mfrared
camera, they are then subjected to a high temperature anneal
for one hour at lOOO"C in a nitrogen ambient to strengthen
the bond.
Subsequently, the device wafer is t�n�ed back using
a two-step process. First, the wafe� _ pair is ground �nd
polished to remove about 400 µm of _silicon fr�m the de".ice
wafer. The wafer surface is chemically pohshed until a
mirror smooth finish is obtained. The wafer pair is then
electrochemically etched using the procedures and apparatus
identical to those described previously [6]. The process
differs from previous work due to the existance of an
additional diode (diode #1 in figure 3) which is incorporated
to provide electrical isolation in t�e final _ s!Tuct�re. The
electrochemical etch, however, requires positive bias on the
handle wafer, which acts to forward bias this extra diode. In
its forward biased state, the diode has very little impact on
the operation of the electrochemical etch. Thus the etch _will
still terminate at the junction formed between the n-ep! (or
the diffused n-Si etch-stop) and the p-type substrate (diode
#2 in figure 3), and will result in an n-type mechanical layer
sitting on a p-type substrate. A post-KOH clean procedure,
consisting of piranha clean, HF dip, and a standard RCA
clean, is then performed on the etched-back wafers before
they are allowed to enter the IC fabrication line.

l

Eloctrochonical
Etchback
Pattemfor
mechanical structures

p-Si handle wafer
P' boron doping

l

n or p-Si handle wafer

(a)

Etch back and form
mechanical structur•

n or p-Si handle wafer

(b)

Fig. 2 Sealed cavity processes for electrical
isolation of the mechanical parts from the substrate

B) Dielectric-Isolation Process

SOI wafers with 0.4 µm buried oxide, 14.35-;-14.42 µm
thick n-Si (6 n-cm) device layers, and n-Si (6 n-cm)
substrates are used as device wafers for this process. The
sealed cavity process with dielectric-isolation is illustrated in
figure 2(b). The handle wafer is subj�cted to h?ron implant
and drive-in as described in the previous secuon. Next, a
layer of 1 µm-thick thermal oxide is grown on the handle
wafer. This oxide layer is then patterned and etched (BOE
etch) to form cavities. The backsi�e oxide layer is P':"°tec!ed
by a resist mask during the patte�ng �OE etch. This_ o�de
layer is used as a masking matenal durmg the wafer thmnmg
process. The device wafer and handle �afer_ are broug�t to
contact in a controlled ambient as descnbed m the previous
section. After initial contact, the wafer pair is then annealed
for one hour at lOOO"C in a nitrogen ambient to strengthen
the bond.
The device wafer is then ground to remove
approximately 480 µm of
silicon. Nex�, the wafer pai� is
chemically etched in a 95°C, 20% (by weight) KOH solution
until the etch terminates at the buried oxide etch-stop. The
oxide etch-stop is then removed by wet-etching in BOE.
Finally the etched-back wafers are subjected to the post
KOH ciean before they are returned to the IC fabrication
line.

Post-IC Fabrication Process
As shown in figure 1, two major post-IC processing steps
are required to complete th� integrated sensor proc�ss; a deep
Si etch to form mechanical parts, and a cappmg wafer
process to form over electrodes [7]. The silicon etch steps
will be described in detail in this section.
Working
electrode

Reference

electrode

Counter

electrode

Table 1: Three sets of device wafers and handle wafers
used in this study
Set#l
Device Wafer

10 µmn-type
diffused-junction

Handle Wafer

10-20O-cm

p-prime

Set#2
11 µmn-type
epijunction
10-20O-cm

p-prime

Set#3
14.4 µm
SOI

Alkaline
solution

10-20O-cm

p-prime

Fig. 3 Pnp electrochemical etch setup
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An important feature for the wafer-bonded sealed
cavity process is the ability to fabricate the mechanical parts
using a completely dry release process as shown in figure 4.
A resist mask is used for device patterning followed by a
deep Si plasma etch (~10-15 µm) to pattern the mechanical
structure. The sealed cavity has a partial vacuum and is
etched at reduced pressure. Thus a differential pressure can
exist accross this mechanical layer which can cause it to fail
catastrophically as the etch nears completion, particularly on
very fragile structures. To eliminate this problem, a two
step approach is taken in the etching process.
A 1.1 µm-thick resist mask is used to pattern "vent
holes", as shown in figure 4(a), on the n-type mechanical
layer. These vent holes range from 3 µm x 3 µm to 6 µm x
6 µm, and they are located at remote parts away from the
devices. A 5 µm-deep Si plasma etch is used to pattern the
vent holes. This is the same plasma etch chemistry which
will be used to etch 10-15 µm Si later to etch free the
mechanical parts. A 2 µm-thick resist mask is then used for
device patterning followed by the 10-15 µm-deep Si etch
(figure 4(c)-(d)). This plasma etch is based on a SF6:CC4
chemistry
and gives an average sidewall angle of between
83° to 86.5", an average Si etch rate of 71.4 A/s, and a
Si:resist selectivity between 7:1 to 12.5:1 due to loading
effect. The vent holes are etched through first during the
deep Si etch and thus balance the pressure difference and
prevent the potential "blow-out" of mechanical parts.
After the deep Si etch, the resist mask can easily be
removed by an oxygen plasma. Since this is a completely
dry process, no adhesion problems are observed. We
routinely fabricate suspended plates as large as 1 mm by
1mm as tuning fork tines and accelerometer proof masses.

Etch front

p-ailicon

Fig. 5 Sample cross-section after
electrochemical etchback

Table 2: Pnp electrochemical etch results
Etchant Temp. ('C)

Silicon substrate

I

♦

Plasma etch to form vent holes

(d)

0.0 + 0.1

85±1

0.4±0.1

0.3±0.1

75±1

0.7±0.1

0.5±0.1

Several lateral resonant structures were fabricated and tested
to demonstrate the process and measure the mechanical
properties. These tuning-fork-gyroscope-like lateral
resonators (illustrated in figure 7) were driven to resonance
by means of comb-drive. All three types of resonators have
measured resonant frequencies within 5% of the FEM
calculated values, as shown in table 3, using pl.\blished
values for the modulus of single-crystal silicon [8].
As further evidence of this, arrays of cantilevers and
fixed-fixed beams were fabricated as mechanical property
test structures to extract Young's Modulus and residual
stress of the bonded and etched back silicon layer.
Electrostatic pull-in tests were done on these test structures.
The modulus determined from these measurements was
consistant with published values, and the stress was zero to
within the measurement resolution of 100 kPa (<10-6 strain).
Detailed discussion on pull-in models, theories, and test
results is presented in reference [9].

trudure layem!!li

(c)

0.0+0.1

C) Mechanical Property

Resist mask

Silicon substrate

0.0+0.1

90±1

In order to evaluate the effectiveness of the junction-isolation
scheme used in this study, the characteristics of diodes
formed between the n-type bonded layer and the p-type
substrate were measured. A total of 18 diodes per die, with
variations in junction areas and perimeters, were fabricated.
Figure 6 is an example of the measured 1-V characteristic (n
epi sample). The diodes formed between the 10 µm diffused
layer and the p-Si substrate have an average reverse-biased
breakdown voltage greater than 30V and a typical current
density of 0.13 pNµm2 at 1V reverse-bias and 2.31 pNµm2
at 25V reverse-bias. For the 11 µm n-epi samples, the
average breakdown voltage is greater than rov with a typical
current density of 0.016 pNµm2 at lV reverse-bias and
0.082 pNµm2 at 25V reverse-bias.
With an average operating voltage of ±2.5V, this
level of reverse-bias leakage current is relatively high but
acceptable. The success of this junction-isolation scheme
enables us to fully utilize silicon-silicon bonding yet obtain
adequate electrical isolation of the mechanical parts from the
substrate.

It is important to be able to accurately control the thickness
of the bonded and etched back layer over the cavity in order
to make well-defined mechanical parts. We have previously
reported that the position of the "sta1;1da�d" _np
electrochemical etch-stop relative to the metallurg1calJuncnon
is a function of etchant temperature, such that an increase in
the temperature results in a stop closer to the junction [6].
In order to verify this temperature dependence for the
pnp electrochemical etch-stop process, full wat:er samples,
fabricated as described above, were etched at vanous etchant
temperatures. A cross-sectional schematic of the sample
after etchback is given in figure 5. Of interest is the value of
x , the amount of p-type silicon remaining unetched above
die metallurgical junction, since if this value is zero, the
thickness of the bonded layer is determined solely by the
junction depth of the etch-stop layer. Spreading resistance
analysis (SRA) of the etched-back wafers was done to
determine Xp- Table 2 gives a summary of the results from
SRA of
the samples. At our usual etching temperature
(95±1 ° C), the etch stopping point does reach the
metallurgical junction. The measured roughness of the etch
stop surface is very dependent on etch-conditions, but
roughnesses between 200A and 500A are typical.

( a)

0.0+0.1

B) Junction-isolation Scheme

A) Pnp Electrochemical Etch-stop

"-

Set#2

95± 1

1. 10 µm diffused-junction device wafer on p-Si handle wafer
2. 11 µm n-epi device wafer on p-Si handle wafer

RESULTS AND DISCUSSION

,./

xp from SRA (µm)

Set#l

Plasma etch and
ash resist

Silicon substrate

Fig. 4 Dry etch/dry release process
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Fig. 6 A typical junction-isolation diode I-V plot

Fig. 7 Schematic and SEM photo of a
tuning fork gyroscope

Table 3: Lateral resonator experimental results (about 6
devices per type were measured)
Tine Size
(um2)

Device
GyroType I
GyroType 2
GyroType3

200 X 200
500 x500

1000 X 1000

Resonant Frequency Resonant Frequency
/calculated)
/observed in vacuum)
19,997.4 ± 0.1 Hz
2047.5 ± 0.1 Hz
1997.5 ± 0.1 Hz

20kHz
2 k.Hz
2

k.Hz

Table 4: Device flatness measurement
n-diffused
Gyro Tines
200 X 200 µm 2 63.2 ± 0.1 run
500 X 500 µm2 478.6 ± 0.1 run
1 x 1 mm 2 1.158 ± 0.001 µm
Proof Masses
500 X 500 µm 2 520.2 ± 0.1 run

n-epi

SOI

< 24 run

N/A

< 33 run

N/A

< 28 run

N/A

< 34 run

< 19 run

Since we will employ a capacitive pickup
detection/feedback scheme for both tuning fork gyroscopes
and accelerometers, it is important to be able to fabricate
ultra-flat suspended plates as tuning fork tines and
accelerometer proof masses (figure 8). Plates as large as 1
mm by 1 mm have been fabricated for tines and proof
masses. The flatness of the plates were measured using a
Wyko Corporation's Topo-3D surface profiler [10). Since
we define "flatness" as the height difference between the
center of the suspended plate and the edge of the plate,
measurements of such were made on both tuning fork tines
and proof masses. As discussed before, we have three
different bonded layers to characterize; n-diffused, n-epi,
and SOI device layers. Table 4 gives a summary of the
results. Please note that there were no tuning fork tines
fabricated with the SOI device layer. The values given in
table 4 are average values obtained at five different dice on
the wafer; center, top, bottom, left, and right respectively.
We have data on a total of 6 n-diffused sample wafers (3 for
tuning fork gyros and 3 for accelerometers), 2 n-epi sample
wafers (1 for tuning fork gyros and 1 for accelerometers),
and only one SOI sample wafer for accelerometer
fabrication. All of the structures fabricated in either SOI or
n-epi are flat to within the surface roughness of the sample.
A warpage is clearly observable on all tuning fork tines and
accelerometer proof masses fabricated on n-diffused device
wafers. This "warpage" in the diffused devices is as large as
1.158 µm for the 1 mm by 1 mm tines.

CONCLUSION
A stable p�ocess tec_hnology for fabrication of high quality
surface m1�romachined structures by wafer bonding has
It was demonstrated that the junction�een established.
_
1solauon scheme formed by � pnp electrochemical etch-stop
process can be used to achieve electrical isolation of the
mechanical parts from the substrate. It was also shown that
the completed mechanical parts have excellent mechanical
behavior due to a negligible residual stress in the bonded
layer. Furthermore, large and ultra-flat suspended plates
have been successfully fabricated using dry release methods.
These processe� now enable the full integration of
electronics monohth1cally with the mechanical devices.
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SURFACE MICROMACHINED SHOCK SENSOR FOR IMPACT DETECTION
P. F. Man and C.H. Mastrangelo
Center for Integrated Sensors & Circuits
Department of Electrical Engineering and Computer Science
1243 EECS Bldg., University of Michigan, Ann Arbor, MI 48109-2122

computers to prevent writing on their disk drives under impact.
For drive failure, this threshold is between 100-200 G. Up to six
shock sensors are required per disk drive; hence active devices
are prohibitively expensive.
The device fabricated here is a passive mass-spring switch
which closes when the impact acceleration exceeds a threshold
level. Fig. 1 shows the structure of one type of shock sensor.
The device consist of a plunger that is suspended by elastic folded
beams [l]. The plunger is separated from an stationary electrode
a short distance apart. When the device is subject to a strong
acceleration, the plunger impacts the stationary contact hence
closing the switch. In order to obtain a good contact with low
resistance, the device is completely micromachined in copper.
Copper is an excellent candidate material for electrome
chanical switching because of its low resistivity (2 µ!1 - cm),
high current capability, and low residual stress [3-5]. The cop
per plunger is a symmetrically shaped, conductive proof mass,
and supported 4 µm above the substrate by folded beams 4µm
wide anchored near the proof mass center. The folded-beam
suspension design makes the device sensitive only to the trans
lational acceleration component along the axis The gap between
the plunger and the stationary contact is 5-10 µm. The length
of the switch structures ranges from 0.2 to 2 mm. Devices with
single, double folded, and simpler single beam suspensions were
fabricated.

ABSTRACT
A set of copper micromachined impact sensors has been
fabricated. The devices consist of a combination of suspension
spring and plunger mass that impacts a stop closing an electri
cal circuit when subject to accelerations of 100-10,000 G's. The
devices are fabricated with a three mask process using a silicon
dioxide sacrificial layer and copper as the structural material.
The stress in the copper films was about 20 MPa in the tensile
state which makes it suitable for micromechanical devices that
require a low resistance. Device length ranges from 0.2-1.5 mm.
The process flow and special fabrication techniques for copper
films are described. Initial experiments indicate a closing on re
sistance below 2 !1.

INTRODUCTION
Many electromechanical devices are micromachined with
polysilicon or highly doped silicon because of the low stress and
excellent mechanical properties of this material [1, 2]. However,
silicon structures are unsuitable for devices that require the clos
ing of an electrical contact because of the formation of a thin
layer of insulating native oxide on its surface and their relatively
high resistivity. Metals are ideal candidates for electromechan
ical switching applications where the cost of electronic controls
is an important consideration. This paper presents a surface mi
cromachined shock sensor fabricated with copper. Shock sensing
devices are needed for air bag systems and in portable notebook
plunger
proof

mass

SHOCK SENSOR CHARACTERISTICS
The device has a simple mechanical model of spring and
proof mass as shown in Fig. 2. Upon the application of a posi
tive acceleration to the structure, the plunger mass displaces in
the positive direction. The threshold acceleration ac needed for
closing the switch is

elastic suspension
(spring)

""

plunger stop

ac

=

kd

(1)
m
where d is the electromechanical contact gap, k the spring con
stant and m the plunger mass. In the device structure, the
springs are folded beams with spring constant [6]
k

3

E tw
= -
3

Nl

(2)

where E is the young modulus of the beam material t, its thick
ness, w its width, and l its length, and N the number of folds.
The plunger mass is distributed around the beams with an ap
proximate mass
m � ptl2
(3)
Therefore the approximate device area A is
Fig. 1: top view of a shock sensor
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residual stress of 50 MPa. The stress in the samples relaxed to
even lower values at room temperature after the samples were
left for a period of time. The samples shown in the figure were
given a short 20 min anneal at 300 °C in a rapid thermal anneal
system (Peak Systems ALP 3000) .. During. this thermal cycle,
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d

200.00
160.00
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��

k

E
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Fig. 2: shock sensor model
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Where v =
is the wave velocity of the material [7]. Copper
has a Young modulus of approximately llO GPa, and a density of
8.9 g cm-3 (8] yielding a wave velocity roughly 4.4 times smaller
than that of silicon and a corresponding reduction on device area.
The dynamics of the spring-mass system are determined by the
second order differential equation
mx

100.00

,,-l.
I

,...._ 180.00

E-;

-

..

20.00
0.00
10.00 11.00 12.00 13.00 14.00 15.00 16.00

Argon Pressure ( mTorr )
Fig. 3: copper stress

(5)

its residual stress is relaxed due to recrystallization (12, 3]. The
stress on the annealed samples was 10-20 MPa, low enough for
most micromachining applications.

Where µ is the damping coefficient. For laterally driven struc
tures the damping coefficient is very low (9, 10]; hence the so
lutions are nearly sinusoidal. Therefore the time required for
switch closure is approximately

FABRICATION
The impact sensor was constructed as shown in Fig. 4.
First a uniform layer of low-stress silicon nitride (13] 0.1 µm thick
is uniformly deposited in on n-type (100) silicon wafers with a
resistivity of 10-30 0 - cm. The silicon nitride layer provides an
insulator surface that isolates the two terminals of the impact
switch. The nitride film was deposited on a LPCVD reactor at
835 °C and 320 mT with SiH2Ch and NH3 flows of 100 and 25
seem. The nitride was tensile with a stress of about 150 MPa.
Next, a 2.5-4 µm thick layer of plasma-enhanced (PECVD) SiOx
was deposited as a sacrificial layer. The PECVD film was grown
on a SEMI group reactor with a SiH4 flow of 24 seem and N 2 0
flow of 20 seem at 100 mT and a substrate temperature of 200 °C.
The power used in the deposition was 80 W, with a deposition
rate of 12 nm/min.
The PECVD film was next patterned and etched 1 µm
deep using in a plasma etch reactor. These indentations pat
terned in the sacrificial layer are needed to form "dimples" that
reduce the adhesion of the microstructure to its sub"'trate. The
photoresist was next stripped, and the samples were cleaned.
The PECVD film was next patterned and etched with diluted
5:1 BHF down to the insulating SiN to form the anchors of the
structure. Using the same resist, a thin layer 50 nm-thick of
evaporated Cr was deposited. The Cr layer is used as an interfa
cial layer that attaches to the copper [14] film. The Cr was next
lifted off, and the samples thoroughly cleaned. Next a 2-3 µm
thick layer of copper was sputtered at a power density of 800 W
and at an Ar pressure of 16 mT. The samples were next annealed

(6)
which for a 10 µm gap is approximately 150 µs at 100 G's. The
very short closing time is a consequence of the small travel of
the plunger. After the plunger impinges onto the contact, the
structure will go through a series of rebounds due to the low
damping coefficient; thus a latching type of circuit is needed to
detect the first contact closing.

STR ESS IN COPPER FILMS
The material used for our device is sputtered copper. Cop
per films have been under intense investigation as an interconnect
layer for VLSI circuits [11]. As a mechanical layer, copper films
have in general a very low intrinsic stress [5]. Because the yield
stress of copper is very low (55 MPa) (8], any stress higher than
this value -is essentially relaxed by plastic deformations. The
ability of copper to relax its internal stress [3] is one of its most
desirable features for micromechanical applications. The Young
modulus of copper is 110 GPa, comparable to that of silicon, but
its ultimate stress is substantially lower (230 MPa).
A set of 1 µm-thick copper films were sputtered on silicon
substrates in an RF magnetron (Enerjet) system at a power of
800 W at various argon pressures. The stress of the copper film
was then measured using an optical stress gague. Figure 3 shows
the stress in the copper samples deposited at various pressures.
The lowest stress samples were sputtered at 16 mT with a tensile
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at 300 °C for 20 min in a N2 atmosphere to relieve the residual
stress of the film.
A 2 µm layer of resist was used as a mask for pattern
ing the copper film. After the copper film is deposited, Spe
cial precautions are required to prevent the oxidation of cop
per [15, 16, 11, 17) during baking and removal of the resist. Sam
ples that were baked at 110 °C for more than 30 min showed
signs of copper oxidation. The copper was etched by several two
different methods. Copper cannot be etched by plasma chemistry
low-stress SiN dielectric

�

--=-=-=--- --

p-type <100> silicon

Fig. 5

"

3-4 um PECVD SiO sacrificial layer

2-3 um Cu "'-.

RIE etched dimples

..--/

/ etch holes

�,IM!, "I

Fig. 6

(d)

etched by ion-milling were warped down indicating a change in
the copper stress by the ion bombardment. Furthermore, the
prolonged exposure to Ar in the ion-milling system substantially
degraded the adhesion of the Cr layer yielding structures that
lifted off the substrate. The flattest samples were obtained by
the wet etch. Fig. 5 shows a SEM of a completed double folded
device. Fig. 6 shows the tip of the plunger and copper stopper.
Fig. 7 shows a 500 µm-long segment of the structure showing its
flatness with some of the support beams adhering to the surface.
The structures were probed, and the contact closing resistance
was below 2 !1.

free Cu mlcrostructure ""-

��
Fig. 4: process flow
easily at room temperature because it does not generate volatile
reaction byproducts [18, 19). One set of samples was etched by
ion-milling at 300V and 100 mA Ar beam current in a Mil
latron reactor. The etch rate was approximately 18 nm/min.
Higher potentials caused thermal migration [11) of the copper
through the PECVD oxide and excessive bombardment of the
resist (1822). A second set of samples was etched in a weak
1:2:200 HCl : H2 O2 : H2 O2 solution with an etch rate of 0.3
µm/min. The resist was removed by an acetone bath and a short
2 min 0 2 plasma descum at 250 mT and 180 W. Resist removal
with PRSlO00 stripper resulted in chemical attack of the copper,
and high power 0 2 plasma stripping for long times resulted in
excessive copper oxidation. The samples etched by ion milling
were thoroughly rinsed and annealed a second time at 300 °C for
20 min in N2 atmosphere.
The last step in the process is the sacrificial release. The
PECVD oxide layer was sacrificially etched in concentrated (49 % )
HF which does not attack copper. The structures were released
in 1.5 min. Next the samples were rinsed and let dry. San pies

Fig. 7

158

(6] W. C. Tang, Electrostatic Comb Drive for Resonant Sen
sor and Actuator Applications. PhD thesis, University of
California, Berkeley, 1990.

DROP TEST SETUP
The structure was next mounted on a DIP package and
wire bonded. The sensor chip was mounted on a small PC board
attached to a flip-flop deglitching circuit. The whole assembly
was next mounted on a 0.337 kg aluminum block with a hole in
the middle that rides along a vertical guide. At the base of the
guide, a spring of constant k, was inserted into the guide. The
block was next dropped at different heights, and the behavior of
the switch device was monitored. The impact acceleration for
the switch can be determined from the properties of the spring
and the height at which it was released. These are related by the
equation

(7)
Where v0 s the velocity of the block at impact and his the release
height. The copper micromachined devices are currently under
testing.

SUMMARY
A simple microelectromechanical impact sensor is described.
The device consists of a copper proof mass and a spring that
closes a switch when subject to a shock. The device is made
of thin film copper, and it is fabricated with three lithographic
steps. Procesing details for the copper accelerometer switch are
discussed.
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ABSTRACT

fabrication technology offer several features, including: 1) simple,
single-sided bulk silicon technology that utilizes boron etch-stop for
the formation of precise microstructures; 2) a capacitive read-out
scheme that allows for self-testing; 3) multiple, isolated force
fee�back electrodes on both sides of the mass to provide protection
agamst overrange acceleration and for operation in a closed-loop
servo mode; 4) compatibility with integrated circuitry through the
use of a new electrochemical etch stop technique [11); and 5) a
highly versatile design that achieves both a heavy inertial mass (15
µm thick mass) as well as thin suspension beams (2-15µm) which
are nearly as efficient as those obtained from surface
micromachining. This accelerometer is also more efficient because
it does not require the typical double-sided alignment needed in bulk
silicon processing and ultimately yields a higher device density
process. The sensor structure and its design considerations are
detailed in the next section after which the fabrication process is
described. Experimental results and their correlation to theoretical
characteristics are then discussed, followed by a conclusion.

This paper reports on the development of micromachined
silicon accelerometers fabricated through a simple, single-sided,
bulk-silicon boron etch-stop dissolved-wafer process. The
fabricated structures consist of a thick (15µm) inertial mass that is
supported by thin beams and is suspended above a glass substrate.
Metal electrodes on the glass substrate, and p++ silicon electrodes
above the mass provide a means to capacitively read and
electrostatically reposition the mass in response to acceleration.
Bridge and cantilever structures have been fabricated which include
a 4lµgm inertial mass (1000x1000x15µm3 ), p++ support beams
(600x75x3. lµm3 ), and three thick (1000x300x15µm3 ) top p++
silicon electrodes. The mass is separated from the top and bottom
elec�rodes by a l .5µm air gap. Open loop sensitivity of 0.3%
obtamed from CV measurements and from turnover tests using a
switched-capacitor circuit correlate well with theoretical analysis.

INTRODUCTION

SENSOR STRUCTURE AND DESIGN

Growing interest over the last several years in silicon
micromachined accelerometers has primarily been brought about by
their increased application in automobiles. Microaccelerometers are
used to achieve several function in cars, among which is reliable
deployment of air bags [1]. In addition, as more reliable
microaccelerometers are being obtained [2], applications have
grown to those in the military, medical, and aerospace industries.

The structure of this new type of bulk-silicon
microaccelerometers is shown in Figure 1. It consists of a 15µm
thick p++ silicon mass that is suspended above a glass support
substrate using thin (typically 2-3µm) beams. Metal electrodes are
formed on the glass substrate below the mass while thick boron
doped silicon electrodes are formed above the �ass and are attached
to the glass substrate. Note that several isolated top electrodes can
be formed above the mass. These electrodes not only provide a
�eans to electrostatically reposition the mass but also provide built
m overrange protection. Note that in this structure the device area is
small and only determined by the required device characteristics,
unlike other conventional bulk micromachined devices. The mass is
much thicker than surface micromachined devices and can hence
provide better sensitivity for a given dimension. All layer
thick�esses can �e changed f�om abo�t 2 to about 15µm, thus
e�abhng the designer to design a wide range of bulk silicon
m1croaccelerometers. The glass substrate reduces the parasitic
capacitance and improves resolution. We have designed a number
of bridge and cantilever microaccelerometers using this technology.

Microaccelerometers have been successfully implemented
using several fabrication techniques, including traditional bulk
silicon devices [3], and surface micromachined polysilicon
structures [4,5). Although bulk micromachined devices have the
adv�n.ta_ge of a lar�e inertial mass which can potentially improve
sens1t1v1ty, they typically also consume too much die area because a
back-side alignment is required to allow release of the final
micr_ostructure [6]. Also, corner compensation structures [7) are
required to help retain orthogonal edges on the inertial mass. Lastly
specialized lead-transfer techniques are required [8] for these bulk
silicon structures that utilize multiple wafers for the sensor
formation_. Surface micromachined accelerometers, on the other
hand, avoid some of these problems, although the smaller thickness
achievable using surface micromachining reduces the size of the
inertial mass, which in turn limits sensitivity. In addition to
standard open-loop accelerometers, there is a great deal of interest in
developing force rebalanced microaccelerometers where the inertial
mass is maintained in a stationary position using electrostatic
attraction [5,9,10]; this will help improve the dynamic range and
linearity of the device. In order to implement force rebalanced
accelerometers, however, one needs to incorporate force feedback
electrodes o!l b<;>th sid�s of the inertial mass to _allow repositioning
of the mass m either directlon. As a result of this requirement, both
bulk and surface micromachined accelerometers fabricated so far
have resorted to multi-layer devices. For bulk silicon devices, this
has forced designers to use multiple wafers using a fairly complex
process, and surface micromachined technologies are being
developed that utilize two levels of polysilicon, despite the fact that
the size of the mass in these devices is still very small.

The above device structure is based on capacitive detection
and ��t�ation, whic� �s prefer:red due to both the low temperature
sens1t1v1ty of capac1t1ve devices and the ability to easily force
rebalance the mass. In addition, the multielectrode, capacitive read
out and actuation available in the above structure allows the user to
utilize isolated sense and force feedback electrodes thus simplifying
the external circuitry. These electrodes could also be used for self
testing, ca�ibr�tion, and for electr�nically controlling the sensitivity
of the device 1f needed. As mentioned before, the top p++ silicon
electrodes also protect the device against overrange acceleration and
shock. Note that the glass substrate provides protection from below
and the p++ silicon electrodes provide protection from above.
� desirable feature of the fabrication technology is that it is a
.
smgle-s1ded process that does not require critical etch control to
compensate for corner undercutting. Because the bulk of the silicon
wafe_r is et�hed away, this technology als? pro�ides very high
density, which helps to reduce the cost, and 1s demable for multi
axis accelerometer designs. The process also allows the fabrication
of other sensors such as pressure, force, and flow on the same
substrate without the need for any process modifications.

Th_is paper reports on the development of a two-level, bulk
..
silicon m1croaccelerometer fabricated using the dissolved wafer
process developed by our group [8]. The accelerometer and its
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375 °C and 1000V for 12min. After bonding, the sandwich is
dropped in EDP [24] at 108°C to dissolve away the undoped silicon
leaving the heavilyboron-doped regions.

''--------------,

ZZ??ZZZZZZ1

I First silicon

Thick
lne

1) KOH recess to define capacitor gap.

Bottom Metal Feedback
'Electrodes on Glass
'-..
Thin Suspension
p++ Beams

3µm P++ beam
2) Deep boron diffusion for anchors and inertial
mass with perforations. Shallow boron diffusion for
beams and ~2000A oxide bushings.

Figure 1: Structure of a bridge-type microaccelerometer
implemented using the two-level bulk silicon dissolved wafer
process. The device includes a perforated inertial mass suspended
above a glass substrate using thin p++ beams, three metal electrodes
(above), and three p++ silicon electrodes (above) the mass.
Lead transfer site

Glass substrate

Some of the other design criteria that need to be considered
when designing accelerometers include: 1) control of squeeze film
damping by perforating the inertial mass; this can be done easily
using this technology [12]; 2) reducing stiction problems which can
be achieved by incorporating deposited oxide bushings on the mass
which would help to separate it from the glass substrate; 3)
reduction of cross-axis sensitivity by aligning the suspension beams
with the center-of-gravity of the inertial mass; and 4) further
optimization of device density through the use of folded beams to
achieve the desired increase in sensitivity without the corresponding
consumption of additional area. All of these features are supported
by the proposed technology.

3) Glass substrate is recessed and Cr/Au is
evaporated for 1oooA step height First silicon
electrostatically bondedand etched back in EDP.

As mentioned above, we have designed and fabricated
several different accelerometers each with a different set of
characteristics. These designs utilize both cantilever and bridge
supports and provide different sensitivities. Analytical equations for
parameters such as capacitance, sensitivity, and resonant frequency
are provided in a number of other papers and will not be repeated
here. In the following sections we will present the fabrication
technology and measured results obtained from a bridge type
microaccelerometer.

4) Second silicon KOH recess. Deep boron diffusion
for top plate electrodes on final structure.

second silicon recess ~ 18µm __..,.

Second silicon wafer

FABRICATION
The fabrication process sequence for the accelerometer is
shown in Figure 2, which requires two silicon and one glass wafer.
The process starts by recessing the first silicon wafer using KOH to
define the capacitive gap between the mass and the glass substrate.
Next, an optional oxide masked recess could be performed to center
the beams with the center-of-gravity of the inertial mass when
reduced cross-axis sensitivity is needed. Following this, an oxide
masked deep boron diffusion (1175°C, 16hrs. to produce a ~15µm
thick silicon) is done to define the anchor regions and the inertial
mass along with its perforations. Then, an oxide masked shallow
boron diffusion (l175°C, 30min) is performed to define the thin
suspension beams (~3µm). Next, a thick, (~lµm) LPCVD is
deposited to form the oxide bushings on the mass. This completes
the processing of the first silicon wafer which is now ready to be
bonded to the glass wafer.

5) Second silicon electrostatically bonded to glass
with first silicon present.

6) Second silicon etched back in EDP to reveal final
structure.

The glass wafer is prepared by evaporating Cr/Au
(200A/1200A) into recessed trenches (~800A) to obtain about 600A
of gold protruding over the field regions. After solvent cleaning, the
silicon and glass wafers are electrostatically bonded together at

Figure 2: Process sequence for the fabrication of a two-level bulk
silicon microaccelerometer with three pairs of sense electrodes and
built-in overrange protection, force-feedback electrodes.

161

This precompleted glass wafer is then augmented with
overforce electrodes by an electrostatic bonding of a second silicon
wafer. An oxide masked recess is first created in the second silicon
wafer to define the gap spacing of this second electrode from the
inertial mass. Then, an oxide masked deep boron diffusion (16hrs.
at l l75° C) is performed to define the thick electrode regions after
which this silicon wafer is again electrostatically bonded to the
precompleted glass substrate. It is noted that the electrostatic
bonding parameters have to be increased (400°C, 1200V, 30min) in
order to achieve the appropriate bonds after the first silicon wafer is
dissolved away. Difficulty encountered in this second silicon bond
is speculated to be due to: 1) modification of the glass surface after
EDP silicon wafer dissolution and first electrostatic bond which
could deplete the surface of mobile ions; and 2) distortion of the
electric fields underneath the second silicon due to the presence of
the first silicon microstructure.

the sense capacitor (Cx) is charged up to V11 (the clock amplitude)
and the first op-amp is in a unity gain configuration. During the
second phase of the clock (11S2), a packet of charge proportional to
the difference of Cref and Cx is integrated on Cr, which results in an
output voltage that is then amplified using a simple inverting
amplifier. The final output voltage is given by:

----

0

0

0

After the second silicon wafer is bonded, the sandwich is
again dropped in EDP to dissolve away the second wafer and
complete the processing of the device. Note that during this second
etching the first silicon is also exposed to the EDP, but because of
the high etch selectivity device dimensions are not significantly
changed. Following the EDP etch, the devices are rinsed, diced, and
are ready for mounting and testing.

0

1

0

EXPERIMENTAL RESULTS
Figure 3 shows several photographs of a fabricated bridge
type microaccelerometer at various stages in the process. Figure 3a
shows a top view of the device after the first silicon bonding and
EDP etch. The device contains a 4 l µgm inertial mass
(1000xl 000xl 5µm3) that is suspended over the metal electrodes on
the substrate by four thin p++ support beams (600x75x3. l µm3).
The beams are attached to the glass substrate using thick (15µm)
silicon anchors. Figure 3b shows a photograph of the same device
after the second silicon bond and EDP etch back. The top three
electrodes are 1000x300x l 5µm3 and are attached to the glass
substrate using 100x300µm2 bond anchors. The three electrodes are
separated by about 20µm from one another. Figure 3c shows a SEM
view of the mass, the support beam, top and bottom electrodes, and
the l.5µm air gap that separates the mass from the substrate and the
top electrodes. Note that one of the top electrodes is broken away to
reveal the mass and the support beams. We have fabricated several
other devices (not shown here) with varying device dimensions.
In order to characterize the device performance, we have
used two testing techniques: 1) we have measured device sensitivity
using a CV technique by monitoring the working capacitance C0
between the inertial mass and two of glass substrate electrodes while
a bias is applied (0-2V) across the mass and these electrodes. The
resulting change in capacitance (�C) is then correlated to an
effective g-force generated from the electrostatic voltage; and 2) we
have measured actual device sensitivity using a switched-capacitor
readout circuit that measures capacitance change when the device is
turned over and the mass is moved under earth gravitational field.

First p++ Silicon

I

Second p++ Silicon

An HP 4194A analyzer was used to monitor the capacitance
between the mass and two of the three metal electrodes on the glass
when a bias voltage is applied. Figure 4 shows the measured
capacitance change vs. this electrostatically-generated acceleration.
The sensitivity �C/C/g is measured to be about 0.3%, which
correlates well with theoretical results. We also tested the capability
to force rebalance the mass and demonstrated that the mass could be
easily moved up or down as voltage is applied to top or bottom
electrodes. A voltage of 1V applied an equivalent attractive force of
4.8g to draw the mass -0.05µm away from its center position. A
corresponding decrease in the sensed capacitor on the glass substrate
(-0.2pF) could then be rebalanced out by applying a potential of
about 1.1V to electrodes on the other side.
In addition to testing using electrostatic forces, we have
designed a simple Switched-Capacitor [13] readout circuit, shown in
Fig. 5, that provides an independent platform with which the turn
over test could be done. This schematic shows the circuitry.used for
the open-loop operation of the accelerometer and consists of a
charge integrator and a gain stage. During the first clock phase (11S1)

Figure 3: Optical and SEM photographs showing a bridge
accelerometer: a) top view of the device after the first silicon bond
and etch back; b) top view of the device after the second silicon
bond and etch back; and c) SEM of the device showing the mass,
the support beams, and the capacitive gaps.

162

I)

Voul =-�xv

p

X

between this value and that from before this stress test was done,
yielded a figure of merit for the structure's durability.

CX -C"1

cf
The readout circuitry is implemented using commercially
available discrete devices and is assembled on a printed circuit
board. Using Yp=3V, Cp3pF, and a second stage gain of 10, it
provides a measured circuit sensitivity of 1V for lO0fF capacitance
variation, and has a resolution of -lfF.
RI

Table 1: Measured and calculated performance characteristics of a
brid e-t e microaccelerometer.

Parameter

Ca ac,tance,

3.36 -.--------------,
LL
Q.

Gi

g

3.34
3.32
3.3

C\l

·� 3.28

g. 3.26
C\l

CONCLUSIONS

0

3.24

0

5

10
g's

15

A single-sided, boron-etch stop, dissolved wafer bulk-silicon
process has been demonstrated and used to fabricate a number of
high density microaccelerometers. These devices utilize one glass
substrate and two silicon wafers to provide capacitive sensing and
actuation, along with built-in overrange and force rebalance
functions. The combination of thick inertial mass (-15µm) and thin
suspension beams (-3µm) has helped to achieve reasonable
performance characteristics. Accelerometer sensitivity was
measured using both CV techniques and a switched-capacitor
readout circuit and to be about 0.3% in open loop testing; and this
value was stable (±0.02%) after 3 hours of electrostatic actuation
from 0-3V over 150K cycles. Furthermore, temperature variation of
sensitivity (0.005%/0C) was minimal because of a capacitive read
out scheme.

20

Figure 4: Measured capacitance change vs. electrostatically
generated acceleration. The sensitivity is about 0.3% per g.
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Figure 5: Schematic diagram of the switched-capacitor
circuit used for testing the accelerometer.
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micromachining was even more restricted than in
the biomedical arena.
Concurrent with the above developments
the number of tools made available to fabricate
small devices has grown dramatically. Some
important techniques for chemical sensor and
instrumentation construction are compared in
Table 1. This presentation shows that in contrast
to mechanical sensors where the excellent
mechanical properties of single crystalline Si tend
to favor Si technology, the choice of the optimum
material and manufacturing technology for
chemical sensors and micro-instrumentation is far
less evident. We can point out the following
trends. Whereas mechanical sensors (pressure,
acceleration, temperature etc.) are moving toward
more integration embodied in surface
micromachining, chemical and biosensors are
moving away from integration and toward hybrid
technology. Where instrumentation is concerned
there is a move toward using laser machining and
some early exploration of LIGA use. In this
presentation we want to explore what was lacking
in the application of micromachining to chemical
sensors and analytical instruments, what can be
done to speed up the progress and how to correctly
apply the manufacturing tools in Table 1.
Chemical Sensors in Table Top and
Hand-Held Analytical Equipment
The progress enabling the development of
small table top medical diagnostic instruments
was mainly based on the development of solid
state stabilized reagents (over 30 dry reagent
chemistries are available for detection of biological
compounds) and to a minor extent on advances in
thin-film technology [I]. It was anticipated that
micromachining would play a more prominent
role in the development of sensors for the smaller,
next-generation, hand�eld, portable diagnostic
instruments. In reality, the micromachining and Si
sensor content in the more advanced, hand-held,
biomedical products has been surprisingly limited.
We will describe a few representative examples of
micromachined chemical sensors for such
instruments.
Ion Selective Electrodes (ISE's).
In vitro - Some of the biggest hurdles in silicon
based ISE development are the construction of a
true on-board external reference electrode in the
same plane as a FET device (Field Effect
Transistor), a stable internal reference, a simple
calibration scheme, incompatibility of sensor
materials with Si processes, electrolyte shunting
the electronics, high fabrication cost at low
volumes and packaging [2]. Another reason for the
slow commercialization of silicon-based ISE's is
that the currently available chemical sensing
technologies are proven and cost effective. After

Compatibility and
Incompatibility of Chemical
Sensors and Analytical
Equipment with Micromachining.
Dr. Marc Madou
Microfabrication Applications
3680 Bryant Street, Palo Alto,
Ca 94306 USA
Abstract
During the past 25 years the
commerciali7.ation of chemical sensors and
instrumentation based on microfabrication failed to
keep pace with earlier projections. In this
presentation we will explore the causes that
slowed down the development of micromachining
to produce chemical sensors and analytical
instruments and we will suggest the kinds of
actions that can be taken to speed up the progress
of applying micromachining tools.
Micromachining is emerging as a set of
new manufacturing tools to solve specific
industrial problems rather than as a monolithic
new industry with generic solutions for every
manufacturing problem. Based on some concrete
1::xamples we will show that, whereas mechanical
sensor manufacture is moving towards more
integration, embodied in increased reliance on
surface micromachining, chemical and biosensors
are moving away from integration toward hybrid
technology. In the case of instrumentation there is
a trend toward using laser machining and some
early exploration of LIGA use.
Micromachining in the chemical and
micro-instrumentation area has the stigma of a
technology used in backrooms only. To change
this it will be important to describe most new
results as fine-tuning of micromachining skills
rather than as the latest breakthrough in analytical
instrumentation. A more thorough understanding
of the application is needed to make it easier to
decide upon the correct manufacturing technique.
lntroduction
We are focusing this presentation on the
microfabrication of chemical sensors and analytical
instruments that promise to become successful
market opportunities i.e. biomedical and some
selected industrial applications. The commercia
lization of chemical sensors and instrumentation
based on microfabrication over the last 25 years
has not kept pace with earlier projections while
progress in biosensors and analytical
instrumentation, based almost exclusively on
classical manufacturing techniques, has been
significant. In the industrial arena, characterized by
less aggressive R&D efforts, the progress in
developing new sensors and equipment based on
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commercially available today. Biocompatibility is
the single most complex issue facing in-vivo
sensor development. As biocompatibility is the
main concern it should be addressed up front. In
the following example we, at first, neglected to do
just that. For 4 years ($6 M research fund) we
attempted to develop an in-vivo pH, CO.Z and <>2
probe, the s<Xalled RT-MECSS (i.e. the Micro
Electronic Chemical Smart Sensor) shown in Fig.
1 [9]. The RT-MECSS attempted to put chemistry
and electronics on separate planes while keeping
the signal line as short as possible. This linear
electrochemical array fitted inside a 20-gauge
catheter (705 µm in diameter) without taking up
so much space as to distort the pressure signal
monitored with a pressure sensor outside the
catheter. A classical (macro) reference electrode,
making contact with the blood through the saline
drip, was used for the pH signal while the CO2
and <>i had their internal reference electrodes.
Results obtained in saline solutions were
encouraging but funding for continued research
stopped before serious biocompatibility efforts
could be started. In order to avoid this type of
situation we have launched an ambitious program
where we are addressing the biocompatibility is..,;ue
of a catheter based electrochemical sensor up front
[IO]. If biocompatibility results warrant such an
endeavor, the RT-MECCS design will be put back
into the catheter.
The catheter shown in Fig. 2 is used for
those biocompatibility studies with animals. The
internal dual lumen structure shown bas a working
and a reference chamber. The reference chamber bas
a hole contacting the external medium, 8lld the
working electrode chamber has a hole contacting
the ion selective membrane (see also Fogt et al.
[ 1 1]). The membrane for the pH ISE is based on
PVC doped with tridodecylamine as the ionophore.
The purpose of the external 'sleeve' shown in Fig.
2 is the incorporation of a reservoir for slow
release of an anticoagulant such as Herudine or
Heparin. The catheter is further interfaced with a
450 kHz amplitude-modulated (AM) implantable
telemetry transmitter which incorporates a high
impedance (> 1012 ohm) preamplifier and allows
for nearly continuous measurement of pH and
temperature at a distance of two feet from the
animal. In-vivo and in-vitro telemetric pH data
will be presented.
I m m unosensors. Whereas for ISE
devices and enzyme based sensors electrochemical
techniques are preferred [2], optical techniques are
more prevalent for immunosensing today. A
comparison of optical and electrochemical
immunosensors is presented in reference [12].
Two major issues facing any immunosensor are
its inherent irreven.ibility and non-selective

25 years of R&D, the ISFET (Ion Sensitive Field
Effect Transistor) only bas found some limited
niche applications. Its research in the US seems
at a standstill for now.
Most sensor experts have come to
appreciate that for chemical sensors one should
only implement on-board electronics if it is
absolutely essential for the integrity of the signal.
The extended gate field effect transistor (EGFEf)
device was conceived to avoid some of the
problems associated with the leakage problems of
an ISFET [3]. By depositing the ISE membranes a
short distant away on conducting lines extending
from the FET gates, encapsulation was made
easier. This seemed like an elegant solution at the
time. But i-STAT abandoned the EGFET approach
and eliminated all on-board electronics. The
Portable Clinical Analyz.er from i-STAT uses Si
only as a substrate for the chemical sensors and as
a contacting base, clearly a more economical
approach. The sensor electrodes, gels and
membranes are all deposited with semiconductor
type processes [4].
Another problem in the manufacture of
Si chemical sensor arrays manifests itself in the
decrease in manufacturing yield with increasing
number of array elements. When depositing the
sensor materials associated with the different array
elements, each new layer added to the wafer reduces
the yield of the finished product, especially since
the materials involved are mostly non-standard. To
increase the manufacturing yield dramatically, one
would need to fabricate a different wafer with only
one type of sensor, combining the individual
sensors into an array, e.g. with pick and place
techniques. This automatically would make the
sensor array larger though and the Si approach
would lose some of its attractiveness.
The success of i-STAT's product
introduction [5] renewed the interest in making
planar ISE's. Efforts by this author in
collaboration with SENSORS 2000! at NASA and
efforts at the Center for Emerging Cardiovascular
Technologies (CEC1)[6] focus on depositing ISE
components on inexpensive non-Si substrates
(ABS and Kapton respectively). At NASA we are
comparing silkscreening and drop-delivery systems
to deposit JSE membranes and hydrogels.
llD:'.iYQ. Cost of disposable sensors for
in-vivo use does not represent as big a concern as
for in-vitro disposable sensors. It is estimated that
a catheter based pH, CO.Z and O.Z sensor may cost
up to $250.00 and would serve a market of well
over $300 M a year in the U.S. alone [7] [8].
Unfortunately the warm, wet, saline in-vivo
environment exemplifies perhaps the most severe
environment in which silicon sensors might be
used. Si based in-vivo chemical sensors are not
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of layering the different organic materials shown in Fig.
3. This challenge has little to do with Si micro
machining but everything with learning how to stack and
manipulate hydrogel materials.
Our optical immunosensor is based on
Langmuir-Blodgett technology [12]. The difference
in thickness of two adjacent steps as shown in
Fig. 4 corresponds to a double layer of stearate
(approximately 48 A) and forms an interference
based color gauge which sensitively tracks
thickness increases. Steps can be built using
etching techniques in inorganic materials with
optimum refractive indices for maximum
interference effect [17]. We experimented with
both Si and glass substrates. This system can
follow antigen-antibody binding in a simple and
inexpensive way. Langmuir-Blodgett deposition is
a difficult manufacturing proposition. More
recently we found a better way: a substrate was
pulled at a uniform rate from an etchant solution
making a continuous optical wedge rather than a
staircase type structure.
In general optical thin film immuno
sensors are quite amenable to IC type micro
machining techniques (e.g. for protein patterning)
but for electrochemical immunosensors hybrid
approaches seem more appropriate.
Gas Sensors-no,.. Solid state gas
sensors for industrial applications i.e. zirconia
based oxygen sensors for the automotive, toxic
and combustible gas sensors for the chemical and
petrochemical industry and humidity sensors for
the energy conservation market (e.g. all drying
operations) constitute a sizable industrial market
served �y, with few exceptions, mediocre products
[18]. With the automotive world as the driving
force, significant efforts in using microfabricated
gas sensors are under development. So far results
have been disappointing.
We developed a planar zirconia oxygen
sensor for automotive applications fabricated by
using plasma-spray deposition [19],[20]. Although
not exactly micromachining, the use of plasma
spraying might enable the batch fabrication of
such sensors at a cost below $2.00 rather than the
current $12.00 and up. Controlling the plasma
spray process to form the porosity gradient in the
sensor is still a major challenge.
The use of a ceramic tube in a classical
Taguchi sensor maximiz.es the utilization of the
heater power, so that all power is used to heat the
tin oxide. The tin-oxide paste is applied on the
outside of the ceramic body over thick film
resistance measuring pads and is sintered at high
temperature. The sintering stabilizes the
intergranular contact where the sensitivity of the
gas sensor resides. The design is not suited for
mass production as it involves excessive hand

protein binding. Almost all immunochemical
reactions are irreversible given the large
association constants (Ka) that are involved in an
antigen-antibody binding reaction (typical Ka
values range between 1o5 and 1<>9 M"l ). Toe Ag
Ab association constants are composed of large
forward (k1 ) and small reverse (k.1) rates. These
kinetic parameters make antibodies very selective
for the analyte of interest but also make them
quite irreversible.
The best way to avoid non-specific
binding effects in immunosensors is to make a
reference as similar to the sensing surface as
possible i.e. a reference that is subject to all the
same non-specific protein binding phenomena as
the sensor surface itself except for the antigen
antibody of interest. 1hls enables the best possible
correction for non-specific binding. An interesting
way of implementing this idea is to create an
optical grating pattern with the antigen-antibody
bmding modulation providing the grating
structure. The reference in this grating is based
upon the loss of antigenicity by UV radiation as
observed by Panitz and Giaver [13]. They found
that the antigenic sites on proteins are very
sensitive to ultraviolet radiation in air. By using a
photomask, alternating bands of antibodies can be
inactivated by creating a biological diffraction
grating. A CD-type He-Ne laser beam diffracts
from the grating with an intensity related to the
antigen concentration. 1his technology is being
pursued by Idetek (1993) (14].
Barnard et al. [15] introduced an
ingenious way to make an assay continuous. They
used fluorescein-labeled antibody (F-Ab) and Texas
Red-labeled immunoglobulin G antigen (TR-Ag)
in a competitive immunoassay based on
fluorescence energy transfer. To circumvent the
inherent irreversibility of this assay Barnard et al.
used a controlled-release delivery system capable of
sustaining a constant release of fresh immuno
chemicals (similar to our approach to biocom
patibility illustrated in Fig. 2). In cases where
continuous monitoring is of major importance but
response time is not very critical this technique
seems very promising.
Examples of optical and electrochemical
immunosensors developed by this author are shown
respectively in Fig. 3 and 4. Our one-step
electrochemical immunosensor combines the
fundamentals of enzyme immunoassay electro
chemistry, and gel filtration [16]. To diaice the
components as cheap as possible, thick film
technology on a plastic substrate has been used. The
detection limit of the FAD/apoglucose oxidase
system used in the sensor in Fig. 3 is well below 1 0-10
M which is adequate for the analysis of a majority of
analytes. A further challenge is to find reproducible ways
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possible or even do away with it completely.
We believed it was possible to create gas
sensors that combine some of the positive
characteristics of both electrochemical and solid
state gas sensors. The sensor we invented is the
Back-cell™ [22] (Fig. 5). Two versions of the
back cell sensors were investigated: sensors
using a porous ceramic substrate and those based
on a silicon substrate with micromachined
pores. A thin layer of Nation or a hydrogel was
deposited over the metal electrodes on the front
of the porous slab and the gas to be detected
only was allowed to reach the sensing electrode
from the back of the porous substrate. The
details of the microfabrication procedure were
explained elsewhere [21], [23].
The response of this sensor to a step
change in oxygen concentration from Oto 100 %
exhibits a 90 % response time of 300 msec; this
is extremely fast compared to other amperometric
sensors (typical response time 30 to 90 seconds).
Gas does not need to diffuse through a thick layer
of electrolyte to reach the triple points where they
react.In other words the triple point is almost dry
(as water is involved in the reaction, gas probably
still diffuses through a few monolayers of water to
react at the metal). The recovery of the sensor back
to baseline upon a step change in oxygen
concentration from 100 % to 0 % is slightly
slower than the initial response-400 msec.
For ease of manufacturing the ceramic
approach is preferable. The major problem with
the current device is water management. The fast
response of the sensor gets Jost when water fills
the pores on the back of the metal electr<><1;es.

labor. The problems with the thick film structure
are mainly in the area of reproducibility:
compressing and sintering a powder, the
deposition of the catalyst, the use of binders and
other ceramics (e.g. for filtering) are all very
difficult to control. Application ofIC techniques
could improve the state of the art dramatically if
one could make a thin semiconductor- oxide film
(e.g. tin-oxide) with the same sensitivity as the
thick film. Micromachining the heater elements
would further improve reproducibility and the
absolute power budget needed to heat the thin
film. Such thermal efficiency and low power
budget is obtained by thermally isolating the
heater. It has proven to be very difficult to make a
thin film as sensitive as the ceramic type thick
films.
The use of the intergranular contact
potential as the resistance-<letennining parameter is
required for maximum sensitivity [2]. When
making thin films, the films have to be thin
enough so that extraction of electrons has a
significant effect on the overall film resistance.
Obviously thickness control becomes a key factor
here. Another problem is that the resistance is not
controlled by the bulk electron density, but by
grain boundaries in the films. Again intergranular
contact resistance is involved in determining the
resistance of the film, and because oxygen cannot
directly reach the intergranular contact (as it does
in the powder case) it must diffuse in and out at
the grain boundary. This makes for long time
constants unless the grain boundaries are
completely blocked.
Finally the currently available devices,
already quite small and inexpensive, only will be
replaced quickly by newer technology in terms of:
reproducibility, cost, sensitivity, response time,
concentration range, specificity, reversibility,
stability and power consumption.
At this time the best course for future
progress in the Taguchi sensor R&D area is to
optimize sensitivity of thin film oxide
semiconductors, use planar silicon devices
(reproducibility and cost) and concentrate on
implementing less power-consuming
microheater elements. These devices will cost
more than the planar ceramic devices but they
will outperform them in terms of power needs
and reproducibility. For the short term thick
film planar devices on ceramic substrates are
the best way to go.
�- We have attempted to make faster
responding electrochemical gas sensors by
innovative methods of exposing the triple
points to gas media [21]. The intent was to
make the liquid path through which the gas
must diffuse to reach the triple point as short as

Instrumentation

From the time a gas chromatograph, the
size of a matchbox, was printed on the cover of
the April issue of Scienti fie American in 1983
[24] (Terry and Angell built a first prototype
between 1974 and 1975), there has been a
continued effort to micromachine analytical
instruments. Today there are only two
commercially available 'micro-instruments' with
some key components based on micromachining.
The first is the gas chromatograph by MTI,
looking significantly different than the device
shown on the Scientific American cover (e.g. the
column itself is not micromachined). Second are a
class of instruments based on Molecular Devices'
patented LAPS (Light-Addressable Potentiometric
Sensor) technology [25]; a silicon based
microphysiometer i.e. the Cytosensor: capable of
measurement of the metabolism in living cells and
the immuno assay; Threshold: for rapid
quantitation of a variety of analytes at sub
femtomole levels. In the LAPS devices the Si

167

obtained. The controller maintains the carrier gas
pressure at the head of the column by electronic
pressure control using a fluistor (Redwood
Microsystems) and manages flow of sample and
carrier gas through the entire system by
appropriate sequencing of flow control valves.
We are considering LIGA to integrate the
column, heater and sensor of the PC in one simple
monolithic structure.
Mini-Ion Mobility Spectrometer
(Mini-IMS)
In an ion mobility instrument, ions,
produced at atmospheric pressure in an ioniz.ation
cell by a 63 Ni beta source, are accelerated in a
drift chamber (uniform field of 150-250 V/cm),
where they are separated acconling to their
mobilities and detected as a current on a Faraday
plate and plotted on a time _axis in �ce to
their time of arrival (see Fig. 6). About six years
ago we set out to micromachine some critical
components of an IMS instrument. Field
uniformity, temperature and pressure, we
recognized, could be controlled with miniature Si
sensors. Our principal aim though was to
substitute the 63Ni ioniz.ation source with a less
fragmenting ionization source (a "soft" field
ionization technique (FI)), mainly creating parent
ions (M+ ) and thus simpler spectra for complex
environmental gas mixtures. Considering the
extreme electric fields required for FI, one might
expect that under atmospheric presi.-ure conditions,
catastrophic electrical breakdown would occur. ;1he
idea for the new ionizer was based on the pecuhar
behavior of micro electrodes when operating at the
left side of the Paschen curve. In Fig. 7, th.e
Paschen curves, the sparking potential as a
function of pd (where p is the pressure of the gas
phase between the two electrodes and d the inter
electrode distance) for a variety of gases are shown.
Interestingly, with d small, the sparking potential
goes up dramatically. This can be understood by
recognizing that when the distance is too short to
allow an electron avalanche to gather enough
electrons, no spark between the two electrodes
results. The minimum of the curve shown at
atmospheric pressure in air is 6.4 µm.
An array of 10*10 microvolcanoes was
fabricated with a typical throat opening of 1 µm .
Given the small dimensions of the microvolcanoes,
the intense electric fields required for field
ioniution can be produced with significantly lower
voltages than macro Fl sources. Referring back to
the Pa.'K:hen curve in Fig. 7, it is clear that the
microvolcano sources should operate at atmospheric
pressure with voltages up to several hundred volts
and perhaps as high as a kilovolt. We have shown
that these sources can indeed resist electrical
breakdown at atmospheric pressure and produce

content is a minute contributor to the $80,000
dollar price tag but it is the most essential part
(very much like the Si tips in AFM and STM?·
For most of the other micro-instrumentation listed
the verdict on the wisdom of using Si
micromachining is still out.
Gas Chromatogr aphy (Mini-GC).
The first integrated GC, consisting of a
long separating column, a sample injection valve,
and a thermal conductivity detector, all fabricated
on a single silicon wafer, was developed at
Stanford in 1974. MTI 's commercial Mini-GC
based on that original work uses a classical
capillary column but has retained all the other
micromachined components.
Column diameter profile is an important
issue not adequately addressed with micro
machining. The smoothness of the film coating
on the inside of a capillary column is a function of
the profile symmetry and is extremely important.
Rectangular columns and columns made by
joining two cylinder halves tend to accumulate
coating on the comers or joints leading to a less
perfect separation [26]. Analytes might spend a
longer time in areas where the coating is thick
compared to places where it is thin, leading to a
broadening of peaks. As we will discuss in our
lecture, miniature Joule-Thomson cryogenic
refrigerators [27] and micro electrophoresis units
[28] are not as sensitive to the column diameter
profile but other problems are associated with
these two instruments. Since traditional columns
are perfectly adequate for the mini-GC, the focus
has shifted to other problem arenas where
micromachining could help. For example a GC
only works properly if the volume of the injected
gas is small compared to the volume of the
column so that a miniature sample-injection valve
needs to be build. Also the volumes between
column and detector and valve and detector need to
be minimized. Large dead volume in anaytical
equipment leads to a high power budget and too
slow response time. To accept a range of gas
volatilities the injector column assembly needs to
be heated uniformly. Fast heating and cooling
rates are very important creating the following
challenge for micromachinists i.e to add and
remove heat locally, fast and uniformly
(a requirement also for building the next
generation of PCR units). In the Personal
Chromatograph or PC [29] injector temperatures
up to 220° C are possible and the chromatographic
column assembly consists of a 3 meter 100 µm
i.d. tubular column with an ultra low thermal
mass column oven heater and RTD sensor in
intimate contact with the column. Through
efficient thermal management heating rates to 5° C
per second over temperatures up to 230° C can be
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Figure 1. Array of electrochemical cells etched in Si to
accomodate sensors for e.g. pH, Qi, CQi .
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Figure 2. PH sensitive catheter used for
biocompatibility experiments (telemetric transmitter and
receiver are not shown).
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Figure 3. Layer configuration of the
immunosensor using theophylline as example
Reaction scheme: (1) Theophylline sample diffuses into
1st layer, (2) free theophylline displaces pre-bound FAD
theophilline conjugate, (3) FAD-theophilline diffuses
into the second layer and activates Apo-Glucose Oxidase,
(4) Benzoquinone consumed and H ydroquinone produced,
(5) Hydroquinone isoxidiz.ed at the metal electrode leading
to an increase in current.
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Abstract
A new microelectronic gas sensor utilizing plasma enhanced
chemical vapor deposited (PECVD) diamond in conjunction with
a catalytic metal has been built and tested for gas detection. The
device is fabricated in a layered Pd/ i-diamond/ p-diamond
Schottky diode configuration on a variety of supporting substrates.
The performance of the device for H2 detection has been examined
in terms of sensitivity, linearity, response rate, and response time
as a function of temperature and hydrogen partial pressure.
Analysis of the steady state reaction kinetics confirm that the
hydrogen adsorption process is responsible for the barrier height
change in the diamond Schottky diode. The use of diamond film
technology opens the door to the development of a microelectronic
gas sensor which can operate at a wider and higher temperature
range than the present silicon technology.
I. Introduction
Catalytic-gate microelectronic gas sensors such as the
Schottky diode, MOS capacitor, and MOSFET using silicon based
technology have been investigated extensively1-7 in the past decade.
Many interesting applications have been demonstrated and practical
devices have been commercialized. Extensive research has been
performed to improve gas sensitivity and selectivity through the
use of a perforated gate structure8• And most recently, by the
incorporation of catalyst and adsorptive oxide layers into the MOS
system9-10• However, the relatively limited temperature operating
range (<150°C) of the silicon based device has prevented the
widespread utilization of these sensors, particularly for the
detection of toxic gas for the combustion process and in situ
emission control at high temperature. Recent advances in the
plasma enhanced chemical vapor deposition (PECVD) process have
resulted in the realization of high quality polycrystalline diamond
films for device applications. Microelectronic devices such as
Schottky diodes, and field-effect-transistors FETs11 have been
fabricated for high temperature applications. It would thus be
possible to utilize the diamond technology for gas sensors
operating at considerably higher temperatures than those based on·
silicon technology.
in this paper, we present the first prototype polycrystalline
diamond based gas sensing structure for hydrogen gas detection.
Major advantages of using the polycrystalline diamond thin film
based structure for gas sensing applications are wider (or higher)
temperature operating range, simplicity in the fabrication process,
flexibility in the choice of substrates, and compatibility with silicon
microfabrication technology. Moreover, PECVD diamond films
possess many desirable material properties such as good thermal
conductivity, chemical inertness, electrical stability, and
compatibility with hostile environments.
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II. Sensor Fabrication and Characterization Method
The diamond-based gas sensor was fabricated in a layered
Pd/ i-diamond/ p-diamond Schottky diode configuration as shown
in Fig. 1. The PECVD diamond film can be deposited on a variety
of substrates such as W, Mo, Si, SiN, etc. Boron doped p-type
polycrystalline diamond films 5-lOµm thick were deposited on the
prepared surface of the substrates via in situ boron compound solid
source doping method using PECVD. A thin intrinsic (undoped)
diamond interfacial layer was then deposited on the p-diamond
layer. Typical process parameters for the growth of these films
were: pressure, 40 torr; substrate temperature, 850°C; gas flow
rate, 500 seem hydrogen and 5 seem methane; microwave power,
1500 watts. The growth rate was nominally 0.5 microns per hour.
Films were then annealed for one minute at 850°C in argon.
Raman spectroscopy of these diamond films is shown in Fig. 2.
The film shows the typical characteristic Raman peak of a diamond
at 1332cm- 1• Finally, a palladium electrode 1000 A thick and 1mm
in diameter was thermally evaporated on the diamond surface.
The device-under-test was placed on a probe station
equipped with a heated stage in an atmosphere controlled test
chamber. A predetermined amount of hydrogen was introduced
into the chamber. The steady state and transient responses of the
devices to H2 were measured as a function of Hz partial pressure
and temperature by 1-V and Af-t methods using a Hewlett Packard
4145 meter. The operating temperature of the device was
controlled to ±1°C of the desired temperature during the
measurement.

V
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<
p-diamond
_.---------.�tungsten

Gnd
Fig. 1. Diamond based gas sensor fabricated in a layered Pd/ i
diamond/ p-diamond Schottky diode
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III. Results and Discussion
A. H2 Sensing Characteristic
Typical 1-V characteristics of the polycrystalline diamond
based gas sensor before and after exposure to Hz are shown in
Figs. 3, and 4 for two type of devices operating at 55 and 200°C,
respectively. The figures show a large change in the 1-V
characteristics of the sensor, shifted from near ohmic to rectifying
behavior upon the devices exposure to the Hi gas. The effect is
reproducible and repeatable upon adsorption/ desorption of
hydrogen gas. Figure 5 shows the detection sensitivity, .M, versus
hydrogen partial pressure for the device operated at 55°C, under
a fixed (-0.4 V) forward bias voltage. The figure shows a rapid
increase in .M upon Hz adsorption at low hydrogen partial
pressures, followed by a trend to saturation at higher H2 partial
pressures.
Adsorption transient behavior of the diode upon exposure
to hydrogen gas was measured by monitoring the current of the
device as a function of time, at fixed forward bias voltage. Typical
transient responses of the diode as a function of Hi partial
pressures at a constant room temperature and at fixed Hz partial
pressure for several operating temperatures are shown in Figs. 6
and 7, respectively. In general, the initial adsorption rate,
[�(.M)/�t] initta1, increases with hydrogen partial pressure or
temperature, while the adsorption time constant, (time required for
the measured �I to reach e 1 of its saturation value) decreases with
increasing hydrogen partial pressure or temperature. At room
temperature, as the concentration of hydrogen increases from 0.1
torr to 2 torr, the initial adsorption rate increases from 0.002
mA/sec to 0.022 mA/sec with the corresponding response time
decreasing from 168 sec to 22 sec. As the temperature increases,
the initial adsorption rate increases from 0.019 mA/sec to 0.069
mA/sec and the response time constant decreases from 20 sec to
9 sec.
A typical repeatability test of the sensor for the detection Hz
(concentration: 100%, flow rate: 10 ml/min) in an open air (1 atm.)
background is shown in Fig. 8. The device shows a response and
recovery time in seconds upon turning of the Hz gas on/off,
exhibiting that the response to hydrogen is fast, sensitive,
reproducible, and repeatable.
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B. Detection Kinetic Analysis
The hydrogen reaction kinetic on the Pd-diamond based
structure can be explained by considering the following hydrogen
reaction kinetics 1•
H2(gl :;;;::::==!!' 2H,, ---:-- 2Hai
(1)
where g and a stand for gaseous and adsorbed species,
respectively. In this case, Eq. (1) describes the H2 dissociative
chemisorption on the Pd surface, solid state diffusion of atomic
hydrogen through the metal film, and finally adsorption of atomic

hydrogen at the Pd-diamond interface. Since the measured
adsorption time constant is much larger than the hydrogen
diffusion time through the 1000A Pd film (solid state diffusion
coefficient of atomic hydrogen in the meta112 is 10-6 cm2s-1), we can
assume that the equilibrium between hydrogen adsorbed on the
surface, Ha, and hydrogen adsorbed on the Pd-diamond interface,
H.u, is established rapidly. Then, under the steady state condition
in Eq. (1), the hydrogen coverage, 8, at the interface can be put in
the form
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8/(1- 8)= (c/d1 ) 112(PH2)112•
(2)
But the barrier height of a Schottky barrier diode is related
to the I-V characteristics13 by
I= AA*"T2 exp(-<l>i/<l>T)[exp(V/ncl>T) - 1][1-exp(-V/<l>T)] �
where k is the Boltzmann constant, T is in °K, A** is the effective
Richardson constant, A is the junction area, n is the ideality factor,
and <PT= kT/q. Therefore, if we assume that the change in barrier
height, Acj>b, induced by hydrogen adsorption is proportional to the
hydrogen coverage, 8, i.e. A� = A<l>max 8. Where A<l>max is the
maximum barrier change, and 8 is defined as O < 0 <l. Then Eq.
(2) can be reduced to
(1/Acj>) - (1/A<l>max)= (l/A<!>m.,)(d/c1 PH2)112•
(4)
Thus, according to the I-V relation of the Schottky diode (Eq. 3),
under a fixed temperature and low bias voltage, the change in
barrier height A� due to hydrogen adsorption is
A�= 4>T ln(IJI0g)
(5)
and it follows that,
A<l>max= <PT In(Iflog(max))
(6)
where I0 and I0g are the current measured in the environment
without and with hydrogen gas respectively. A<l>max is the maximum
barrier height change and I0g(maxl is the corresponding current
measured at a fixed temperature.
Substituting Eqs. (5) and (6) into Eq. (4), we get
1/(ln(IA,g ))= 1/(ln(IJI0g(max)) + [1/(Ijln(I08(max))](d/c1)PH2112•
(l)
Thus Eq. (7) describes a linear plot of 1/ln(Iflog) versus (l/PH2)112•
Figure 9 shows that the plots of 1/ln(IjI0g) versus (l/PH2)112 for the
Schottky diode is indeed linear. Thus, the experimental data
obtained in this work from I-V measurements confirms the
hydrogen reaction kinetics in the Pd-diamond based Schottky
diodes is consistent with that in the silicon based Pd-MOS system1 •
The activation energy E. for H2 detection can be obtained
by investigating the device initial transient response rate, AI/At,
upon exposing the device to a fixed H2 pressure with temperature
ranging from 27°C to 85 °C. According to the Lennard-Jones
model, the initial rate of the adsorption process is given by
A8/At = k..i, exp(- E.JkT)= (1/ln(I.,g(max/Io))(lA,g)(Af.,/At). (.8)
Thus, the adsorption activation energy of hydrogen can be
determined from the slope of ln[(l/I08)(Af.,/At)] versus 1/f plot.
The adsorption activation energy is 2.95 kcal/mole in 0.09 torr Hz.
The low hydrogen adsorption activation energy of the device
explains the observed high sensitivity and fast response to the
hydrogen gas at low temperatures utilizing the Pd-diamond based
structure.
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IV. Conclusions
The utilization of PECVD diamond technology for gas
sensing application is achieved. Hydrogen detection performance
of the device at low, medium, and high temperature ranges (27°C,
85°C, 200°C) have been demonstrated and analyzed. The hydrogen
sensitivity is high, repeatable, and reproducible. This study has
shown that the barrier height of the Pd-diamond Schottky diode
increases upon hydrogen adsorption. This effect leads to the
change of the I-V characteristics from near ohmic to rectifying
behavior. Hydrogen reaction kinetics have been analyzed. This
polycrystalline diamond based hydrogen sensing technology should
have many applications due to its reproducibility, sensitivity, and
performance over a wide temperature range. The findings open the
door for the development of diamond based high temperature gas
sensor which could be used for detection of combustible gas and
in situ emission control.
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Abstract

carried out under steady state conditions by externally heating
the gas stream to better characterize the device behavior under
well controlled conditions.

This paper discusses the design, fabrication, and testing
in a laboratory flow-bench of a Si-based differential
microcalorimeter to detect combustible gases at low
concentrations. Design parameters most affecting the device
sensitivity are reviewed.

Design and Fabrication

The average temperature rise in a microcalorimeter is
dictated by the balance of heat produced by the chemical
reaction and the heat lost to the environment. In order to
maximize the detection limit of the sensor, effects such as the
reactant mass transfer, the reaction kinetics at the catalyst, the
heat loss by conduction/convection to the ambient gas and by
conduction to the substrate, thermal fluctuations in the
environment, and the electrical characteristics of the
thermometer must all be taken into account.

Introduction

Calorimetric sensors for combustible gases, such as
methane (CH4 ) and carbon monoxide (CO), are commercially
available in various forms [1,2]. A Pellistor, for example,
consists of a small ceramic body impregnated with a noble
metal catalyst and a platinum resistor thermometer imbedded in
it. This type of catalytic sensor measures the heat generated
during combustion of the reactant with oxygen in the
atmosphere by measuring the temperature rise induced on the
ceramic element. Under appropriate conditions [1], the
magnitude of the temperature rise is related to the combustible
concentration. To compensate for environmental temperature
fluctuations, differential structures are most commonly
employed so that the reactant concentration is proportional to
the temperature difference between a catalytically active element
and another inactive element of (nearly) identical thermal
characteristics.
Although successfully employed for years, catalytic-bead
calorimeters have typical response times of several seconds
because of their thermal mass and type of encapsulation, require
hundreds of mW to operate, and the two elements have to be
matched by sorting [l]. These devices are mainly used to detect
thousands of ppm of combustible gases, such as CH4, although
sensors with higher sensitivity but longer response time have
also been reported [2].

The key elements of a Si-based microcalorimeter are the
catalyst, the temperature sensing element, the heater, and the
supporting structure for all of the previous elements. The
structure consists of a silicon frame with either a membrane or
a more complex plate/teeter element which is obtained by
Catalyst

Silicon micromachining offers the opportunity of
fabricating well-matched devices with lower power consumption
at potentially lower manufacturing costs. A micromachined
device can also have a faster response time because the sensing
element has a smaller thermal mass. On the other hand, the
capability of micromachined devices to measure very low
concentrations of combustible gases has not yet been established
[3,4]. Devices capable of measuring 100 ppm of HC or lower
are desirable for pollution monitoring applications.

Platinum resistors

Bulk silicon frame

This paper describes the design, fabrication, and
evaluation in a laboratory flow bench of a Si-based
microcalorimeter for the detection of combustible gases in the
concentration range O to 4000 ppm. The device evaluation was

0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.40

Supporting membrane
(SiNx/SiOx)

(b)

Fig. 1. (a) Perspective view and (b) schematic cross section of

the microcalorimeter design used in the experiments reported in
this paper.
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membrane area. Another design shown in Fig. 2 uses double
element (heater/thermometer combination) with a wave-like
pattern in order to distribute thermal stresses. A the:inopile
based device, using Pt and Pt/Chrome!, was also fabncated to
evaluate the advantages of this alternate temperature sensing
method. This paper, however, reports only results obtained on
devices as depicted in Fig. l a.
As schematically shown in the device cross-section of
Fig. 1b, the supporting membrane is deposited first on a silicon
wafer, 100 mm in diameter, 400 µm thick. We have used either
a 0.6 µm thick layer of low-stress LPCVD silicon nitride, or a
composite of PECVD silicon oxide/nitride layers (about 0.5 µm
and 0.1 µm, respectively) deposited over 0.1 µm of LPCVD
nitride. After annealing at 600 °C, the latter composite layer,
has a small residual stress (tensile) of about 6xl0+8 dynes/cm 2,
the compressive state of the oxide being compensated by the
tensile nitride. A Pt film, 100 nm thick, is then sputter
deposited in argon after an ion-milling step, which removes
approximately 20 nm of the top silicon nitride film, to improve
the adhesion of Pt to the substrate. Alternatively, a film of
Ti/Pt, consisting of a 10 nm Ti layer and a 100 nm Pt layer, is
prepared by e-beam deposition. The film resistors, acting as
temperature sensors and/or heaters, are delineated by
lithography and wet etching. After annealing the Pt resistors at
500 °C in nitrogen to stabilize their resistance and temperature
coefficient of resistance (TCR), the wafers are coated with 0.20.3 µm of PECVD silicon nitride for passivation and annealed
at 500 °C. The passivation is then removed on the contact pads
with plasma etching. While defining the opening for the c?ntact
pads, an etch-mask pattern is also defined on the back side of
_
the wafer using a double-sided aligner. A 30% aqueous solution
of KOH at 80 °C is used to completely etch the silicon
underneath the membranes. The membranes have sufficient
mechanical strength to allow the wafer to be diced with a
diamond saw. For ease of handling, a die size of 7x7 mm2 is
used, although only a 3.5x3.5 mm2 area is needed for the device
with the smallest membranes. For maximum flexibility, the
catalyst is deposited after dicing on single devices, either by
sputtering through a shadow mask (mainly Pt and Pd) or usi�g
_
solutions/slurries impregnated with the appropnate catalytic
material.

Fig. 2 The photograph shows another type of microcalorimeter
with separate Pt resistors for the heater and the thermometer.
A Pd film catalyst covers part of the membrane on the left.
etching the underlying bulk silicon. The membrane should have
a small thermal mass for fast response time, but must be
mechanically robust to support the thermometer and the catalyst
and survive temperature cycling, pressure shocks, water mist
and small particles impingement. It should also be configured
in such a way as to minimize the heat loss to the silicon frame
and to the ambient gas for increased sensitivity. The catalyst
should have a large specific surface area for the device to
operate in mass-transport limited regime. In this case, some
catalyst aging can be tolerated without causing the sensor output
to change. Good thermal contact between the catalyst and the
underlying temperature sensing element is also important for
increased sensitivity. The catalytic layer should not substantially
change the thermal characteristics of the membrane otherwise
the sensor temperature compensation may be compromised. For
greater sensitivity, the thermometer should mainly sense the
central region of the substrate where the temperature rise due to
the reaction is the greatest, without substantially contributing to
conductive heat loss. A thin-film resistor with stable resistance
and temperature coefficient of resistance (TCR) is desirable as
the temperature sensing element. The film resistor is patterned
as a winding element to increase its resistance (i.e., the output
signal) and distribute the stress induced by the thermal
mismatch with the substrate.

Microcalorimeter Thermal Sensitivity

The microcalorimetric devices studied in this work
utilize thin dielectric membranes. Similar structures have been
recently reported by other authors [3,4]. However, the
membranes of devices that we have investigated are much
larger, ranging from 1 to 4 mm 2 to facilitate various deposition
techniques for a variety of catalysts. The larger size is achieved
by using low residual-stress dielectric films. Our simplest
design, shown in Figs. I a and I b, uses a l .2x1.2 mm2
membrane. The die includes two identical membranes separated
by 1 mm on the silicon frame to minimize thermal cross-talk.
The membranes are kept relatively thick (up to I µm total
thickness) for robustness, in order to support
thick
catalytic layers (up to a few µm) and to withstand
stress induced by mismatch in thermal expansion
coefficients. The temperature sensor is a Pt-film m
a serpentine pattern that covers approximately 50% of the
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air and in vacuum.
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wire-bonded to screen-printed interconnects on the substrate.
The devices were usually mounted several millimeters away
from the leading edge of the substrate. The gas stream was
prepared by mixing nitrogen and oxygen with one or more
reactants using mass-flow-controllers. The flow rates were
varied between 100 and 1000 seem. The cross section of the
reactor was approximately 10 cm2, and the average flow
velocity in the quartz chamber could be changed from about 0.2
to 2.0 emfs. The volume of the chamber was approximately
2000 cm3•

�
3

"O

Hydrogen (H2), carbon monoxide (CO), propane (C3H8),
and propylene (C3 H6) were used for the characterization.
Typical reactant concentrations were in the range O to 4000
ppm. The tests were run with excess oxygen, either 2% or 10%
by volume. The flow stand was controlled by computer which
was also used for recording the device output as a function of
time. In a typical run, the gas concentration was changed
stepwise every 5 minutes, while the flow and temperature of the
gas stream were kept constant. In other runs, the reactant
concentration was kept constant and the flow rate was changed.

5
... C3H8 + H2 -0- CO .,,;. C3H6
0
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0
10

Reactant Concentration (x 1 000ppm)

Fig. 4. The resistance difference between the active and the
reference temperature sensing elements of the microcalorimeter
(left vertical axis) is plotted as a function of propylene, propane,
hydrogen, and carbon monoxide concentration by volume. The
right axis shows the corresponding average temperature rise
produced by the reaction on the membrane.

The sensor output was measured in two different modes.
In one case, a constant current of l mA was passed through the
two resistors connected in series and the voltage drop across
each one was recorded and converted to a resistance difference
by the computer. In the other case, the active and the reference
elements were connected in a Wheatstone bridge configuration
to two external resistors, approximately equal in value to the
reference resistor at the temperature of the measurement. The
voltage difference across the reference and active resistor and
the bridge offset voltage were recorded and converted by the
computer to resistance values. The sensor output was sampled
with a 180 ms integration time every 20 s, or faster, with the
average of the last 10 points used to generate the response vs.
concentration curves, as shown in Fig. 4. The standard deviation
of the same 10 data points was taken as a measure of the signal
variability. The gas concentration in the large-volume flow
chamber could not be changed fast enough at the flow rates
allowed by the equipment to measure the true chemical
response time of the device. Characterization at higher flow
rates is under way.

Characterization

The devices were characterized both for their thermal
and chemical response. The thermal sensitivity of the device
was determined from the temperature rise detected by the Pt
thermometer when l mW electrical power was dissipated
through it. The chemical sensitivity for a given combustible gas
is defined as the average temperature difference between the
two membranes when the device is exposed to 1000 ppm of
reactant at a given temperature. In both cases, the temperature
change was determined from the change in resistance of the Pt
thermometer and its previously measured TCR. Since the
temperature rise generated on the catalyst at the gas
concentrations of interest was less than 30°C, a linear relation
between resistance R (ohms) and temperature T (degrees
Celsius) was assumed as given by

Results and Discussion

R(T)=R(0)[ 1+aT]

Fig. 4 shows typical results on the sensitivity of a
device which uses a small-mass agglomerate of fine powders as
a catalyst, the same material used in a macroscopic commercial
device [2]. The catalyst covered about 80% of the area defined
by the thermometer. Fig. 4 plots the device output, measured
as a resistance difference, as a function of the concentration for
four different gases. The average temperature rise is shown on
the right axis. The data were collected at a gas temperature of
360 °C. The device sensitivity to C3 H6 is 6.2 °C/l 000 ppm,
while the relative sensitivities to C3H6, C3 H8, H2 , and CO shown
in Fig. 4 are 3.9 : 2.3 : 2.4 and 1. For diffusion-limited
operation, it is expected that the device sensitivities to different
gases scale as the product of the enthalpy of combustion and the
diffusion coefficient of the reactants. The respective enthalpies
of combustion for these gases are 458, 486, 57, and 67
Kcal/mole, while the binary diffusion coefficient at 350 °C are
0.56, 0.54, 0.75, and 2.7 cm2/s, respectively. The products of

Typical values for a (TCR), as measured in a furnace under
steady-state conditions between room temperature and 400°C,
are 2500 ppm/°C for the Ti/Pt resistors and 3000 ppm/°C for
the Pt resistors. Fig. 3 shows the temperature rise observed on
the device as a function of power input, both in air, under
stagnant conditions, and in vacuum. The thermal sensitivity in
air is 5°C/mW and 38°C/mW in vacuum, demonstrating that the
major heat loss mechanism for these micromachined "hot
plates" is conduction to the ambient gas.
The device response to different gases was measured in
a steady-state flow reactor in which the gas stream was kept at
constant temperature by an external heater. The tubular flow
chamber was made of quartz and the sample was positioned in
the center by an alumina rod axially inserted in the tube
opposite to the end where the gas stream entered the flow
chamber. The silicon die was cemented to an alumina plate and
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Fig. 5. Oscillatory reactions observed for the oxidation of carbon monoxide on the surface of a
microcalorimeter using a Pd film catalyst.
the diffusion coefficient and enthalpy for the different gases
scale as 5.1 : 5.2 : 3.1 : I. These values are close to the
measured relative sensitivities but not in the right order. The
discrepancies may signify that the device response depends on
the reaction rate at the catalyst surface, at least for some of the
gases. However, the device output is nearly temperature
independent above certain values (for H2 and C3H6, about 150
and 300 °C, respectively), which supports the model that the
device is mass-transport limited above certain temperatures.
Further studies are being carried out to clarify these
discrepancies.

Some devices were also evaluated in the self-heated
mode by passing current through the thermometer. The results
of these measurements were similar to the data reported above.
Almost no convective cooling was detected for flow velocities
comparable to those used in the previous experiments.
CONCLUSIONS
The present results show that the detection limit of a Si
based differential microcalorimeter can be, under laboratory
conditions, of the order of 2 ppm of propylene and that
response times of the order of 1 s can be achieved. The device
sensitivity to different gases depends on the catalyst used. The
device output is relatively insensitive to temperature and flow,
consistent with mass-transport limited behavior. This is the
desirable operating mode for a calorimetric device to minimize
changes induced by catalyst aging. However, we have found
some discrepancies between the measured values for the relative
sensitivities to various gases and the values calculated for a
simple diffusion model.

The detection limit for this device is defined here as the
standard deviation of ten successive measurements carried out
with short integration time (180 ms). For propylene, a
maximum standard deviation value of 53 mQ was measured,
corresponding to a detection limit of 8 ppm. The standard
deviation of the sensor output measured in a bridge
configuration was found to be about a factor of five smaller.
Similar results were obtained for devices having a 400
nm Pd film as the catalyst, covering an area slightly larger than
that occupied by the thermometer. The output signal,
normalized to a temperature rise, was approximately 30% less
than that found for an equivalent device with the commercial
catalyst. In addition, the response to propane was very small
and saturated quickly by increasing the reactant concentration.
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A thermal response time of 20 ms was measured for the
devices used in the measurements described in this paper. In
another flow stand capable of higher flow rates, the chemical
response time was found to be of the order of 1 s.
Oscillatory reactions for CO and C3H6 were observed for
the device using a Pd film catalyst at 300 °C. Fig 5 shows the
device output changing from low to high in less than ls. Notice
that the period of the oscillations is affected by the reactant
concentration, as expected for chemical oscillatory phenomena
[5].
179

NEW MATERIALS AND MULTIDIMENSIONAL CLUSTER
ANALYSIS FOR SAW CHEMICAL SENSOR ARRAYS
Antonio J. Ricco, Gordon C. Osbourn, and John W. Bartholomew
Microsensor R&D and Vision Science Depts., Sandia National La,boratories
Albuquerque, New Mexico, USA 87185-0351
Richard M. Crooks and Chuanjing Xu
Ronald E. Allred
Department of Chemistry, Texas A&M University
Adherent Technologies, Inc.
College Station, Texas, USA 77843-3255
Albuquerque, New Mexico, USA 87123
ABSTRACT

PR technique, developed by Sandia National Laboratories' Vision
Science Dept., is described in detail in another paper in this
Digest (l); only general results and trends obtained using the
technique are reported here.
Self-assembled monolayers are ordered, molecular thin films
(Figure 1) that can be prepared with a range of terminal groups to
confer chemical preference for particular classes of analytes. The
SAMs we have studied all include a thiol (-SH) head group sepa
rated by a seven- to 16-carbon chain from the terminal group.
They are prepared on a gold film located between the launching
and receiving sets of interdigital transducers (IDTs) on a SAW
delay line surface. The two interactions responsible for the spon
taneous assembly of these ordered films are (i) chemisorption of
the thiol head group on the Au surface, and (ii) van der Waals
forces between the long alkyl chains, maximized when the chains
line up in the same relative orientation. As reported previously
(2), combination of these materials with SAW devices allows
monitoring of the kinetics of the monolayer assembly process,
characterization of single-monolayer chemical reactions, and the
construction of sensitive chemical detectors. Oui current study
includes SAMs with several terminal groups: methyl (CH3);
carboxylic acid (COOH); carboxylate-coordinated metal ions
((COO-+i-M2+, M = Fe, Ni, and Cu); cyano (CN); and amine
(NH2).
Pl a s m a 
grafted films
are a little
studied class
of polymeric
materials
with the
potential to
""'R
plasma
incorporate a
,/s -30 min
wide range
of functional
Q
groups in an
Q
R'
open, perme
R'
able matrix
(3).
These
R'
films are
R'
f o r m e d
R'
(Figure 2)
R'
by plasma
R
polymeriza
tion of a
thin (one to
Figure 2. Formation of plasma-grafted film.
several
Q is a free-radical quencher.
monolayers),
h i g h l y
crosslinked base layer that is sufficiently hydrogen-rich for a
stable population of free radicals to persist after the plasma is
extinguished. Following base layer formation, grafting occurs in
the absence of plasma upon introduction of a suitably unsaturated

We use six-element arrays of 97-MHz ST-quartz surface
acoustic wave (SAW) devices to detect changes in thin-film mass
and mechanical properties resulting from sorption of analytes by
films representing two new classes of chemical sensor interface:
self-assembled monolayers (SAMs) and plasma-grafted films
(PGFs). While these materials do not display exceptional chemi
cal selectivity, various combinations of the 7 different SAMs and
8 PGFs examined do produce distinct response patterns for each
of 13 analytes. The analytes include aliphatic, aromatic, and
chlorinated hydrocarbons; alcohols; ketones; organophosphonates;
and water. Evaluation of the SAW array data using multidimen
sional cluster analysis techniques (1) shows that each chemical
species can be correctly identified 100% of the time over the 9%
to 49%-of-saturation range using data from many combinations of
four or more films.

INTRODUCTION
Chemical sensor arrays can obviate the difficult and costly
process of developing a new thin film with high chemical speci
ficity for each prospective analyte. Effective array technology
hinges on two active research areas: new thin-film materials, and
advanced mathematical techniques to identify the response pat
terns. In this paper, we describe the fabrication and application of
two classes of thin-film materials, SAMs and PGFs, that we are
evaluating for chemical sensing applications. Response data are
reported for SAW devices coated with these materials during
exposure over a range of concentrations to organic analytes repre
senting several chemical classes.
For chemical
sensor array data
to be utilized
efficiently, and
also to guide the
development and
improvement of
chemically sensi
tive films used
with such arrays,
requires effective
pattern-recogni
tion (PR) tech
niques.
One
promising tech
group
nique for the
Gold Substrate
analysis of
chemical sensor
Figure 1. Schematic of interaction between
array data has
recently been self-assembled mono/ayer and analyte.
adapted from multivariate cluster analysis software that mimics
the way in which human beings group sets of objects together as
a consequence of their spatial relationships to one another. This
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trolled gas-flow system, with the organic compourld entrained by
passing high-purity N2 through a gas-washing bottle with a 50-mm
diameter fritted disk; the vapor-saturated gas stream was diluted
as required with additional N2• Total flow rates were 1 Vmin; the
gas, organic liquid, and the SAW device were all maintained at
23° C.
Prior to deposition of the Au film and monolayer self assem
bly, SAW devices were silanized using C1Si(CH3)3 (Petrarch) to
prevent interactions between polar compounds and the quartz
substrate from complicating interpretation of the response. SAMs
of mercaptoundecanoic acid (MUA, HS(CHi)10COOH; Aldrich)
were produced by soaking Au-coated SAW devices in a dilute
solution of the thiol in ethanol overnight. Amine and cyano
terminated monolayers were similarly prepared. Transition metals
were coordinated to the MUA films by dipping for several min
utes in a dilute ethanol solution of the perchlorate salt, then rins
ing.
To form a plasma-polymerized acrylic acid base layer, a flask
containing the monomer (Polysciences) was heated to 120 °C. A
flow of 5 L/min of Ar entrained the compound, clirrying it into a
quartz plasma-deposition chamber, which was continuously
pumped to maintain a pressure near 1 Torr (TC gauge). The
13.56-MHz plasma was maintained at a forward power of approx
imately 50 W. After plasma polymerization of the base layer (1 5 min), the RF generator was switched off and grafting of acrylic
acid onto the base layer allowed to continue for 15 - 30 min at an
indicated pressure of 1 Torr. Poly(isobutylene) base layers were
produced using similar methods to the acrylic acid, except the
monomer was obtained from a gas cylinder of isobutylene (Ald
rich) at room temperature. Vinylphosphonic acid (Hoechst-Cela
nese) and eugenol (Polysciences) plasma-polymerized films were
prepared analogously to the acrylic acid base layer, with the
monomers held at approximately 80 ° C in both cases.

monomer---e.g. one containing a vinyl functionality-in the gas
phase. Residual free radicals on the base layer initiate a chain
polymerization process; with appropriate monomers, polymeriza
tion is mainly straight-chain in nature, yielding the kelp-forest-like
morphology shown in Figure 2. Grafting ceases when the gaseous
monomer is removed and/or the radicals are quenched by 02 or by
recombination with one another. We have examined films de
rived from acrylic acid grafted onto a plasma-polymerized base
layer of poly(isobutylene) or of acrylic acid itself. We have also
investigated plasma-polymerized films of eugenol and vinyl
phosphonic acid.
The organic analytes studied include representatives of envi
ronmental pollutants, common industrial solvents, and chemical
weapons simulants and precursors. Grouped according to general
chemical class, they are cyclohexane and i-octane (aliphatic
hydrocarbon); benzene and toluene (aromatic hydrocarbon);
carbon tetrachloride and trichloroethylene (chlorinated hydrocar
bon); methanol, n-propanol, and pinacolyl alcohol (alcohol);
acetone (ketone); DIMP and DMMP (the organophosphonates
diisopropylmethylphosphonate and dimethylmethylphosphonate,
respectively); and water.

EXPERIMENTAL METHODS
SAW devices were designed and fabricated at Sandia National
Laboratories (SNL) on ST-cut quartz substrates with propagation
in the X direction. Devices have two interdigital transducers, each
composed of fifty finger-pairs with A = 32 µm periodicity; v0 is
3.16 km/s, yielding a center frequency of 98 MHz. Transducers
are defined photolithographically from 200 nm-thick Au on Cr;
finger length is 50 A and center-to-center separation between
transducers is 230 A . For SAM-coated devices, a 200 nm-thick
layer of Au (with a Cr or Ti adhesion layer) was thermally or
electron-beam deposited in the wave path using a shadow mask.
Each SAW device was configured as the feedback element in an
oscillator loop as described in detail elsewhere (4). This arrange
ment yields short-term frequency stability that allows the detection
of mass changes of approximately 100 pg/cm2 (4). The relation
ship between the frequency shift of a SAW delay-line oscillator
circuit and the mass loading of the SAW is given by

RESULTS AND DISCUSSION

[I]

in which /0 is the unperturbed oscillation frequency, v0 is the
unperturbed SAW velocity, K is the fraction of the center-to
center distance between transducers perturbed, cm is the coefficient
of mass sensitivity ( 1.3 cm2/g-MHz for ST-cut quartz), and 1,,.(m/A)
is the change in mass/area. In addition to monitoring the SAW
velocity using a frequency counter, we monitor the amplitudes of
the input and output signals to/from the SAW device using a
vector voltmeter, enabling the insertion loss (and hence SAW
attenuation) to be measured (4). Each of the six oscillator loops
used with the SAW array was connected in sequence to the fre
quency counter and vector voltmeter using a RF multiplexer (HP
3488A/44478A) that otherwise terminates the connections from
each oscillator loop with 50 ohm loads.
Sets of six coated SAW devices were secured in a custom
fabricated test fixture utilizing spring-loaded pin contacts to the
IDT bonding pads. Impedance matching consists of a single
series inductor for one comb of each IDT; the other comb is
grounded. With this configuration, total insertion loss of about 12
dB is attainable with the Cr/Au IDT SAW delay lines.
A manifold within the test fixture delivers the test gas stream
to all six devices in parallel; a gas-tight O-ring seal encircles each
SAW device. Vapor streams were provided by a computer-con-
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To o'_ 'ain the maximum information from the coated SAW
devices, both the velocity and the attenuation of the acoustic wave
are continuously monitored (5). For each analyte, a four-hour
adsorption/desorption isotherm was obtained, over the course of
which the concentration of analyte slowly varied from 3% to 50%
and back to 3% of its saturation vapor pressure, p.... For the
isotherms shown below, note that data between 0% and 3% are
not "real", because the flow system steps abruptly from O to 3%.
Figure 3 shows a set of four benzene adsorption isotherms
obtained at approximately 30-day intervals using a single MUA
coated SAW device; frequency shift vs. partial saturation pressure
is at the top, relative insertion loss vs. p/p,11 at the bottom.
During the time periods between the isotherms of Figure 3, this
coated device was exposed to the various other analytes in the test
group, so the extent of reproducibility includes the effects of
exposure to a range of chemicals. Variation of the isotherms
from one measurement to the next is representative of the better
films we have examined; many others behave nearly as well.
In Figure 3, the nonmonotonic nature of the frequency-shift
isotherms and the peak in the relative-insertion-loss isotherms are
both indicative of a non-mass-loading response, a result'of either
resonant energy transfer to the film or a relaxatiol\ process in the
film. Such effects occur at particular concentrations of adsorbed
analyte because mechanical film properties (sound velocity, relax
ation times) are influenced by the quantity of adsorbate. Signifi
cantly, nonmonotonic isotherms such as those in Figure 3 do not
pose any difficulty for our PR algorithms (1).
Figure 4 presents a series of isotherms representing four of the
chemical classes we have studied: aromatic and chlorinated hydro
carbons, alcohols, and organophosphonates. For each compound,

a set of six isotherms is presented for frequency shift vs. p/p,.,,
and another set of six for relative insertion loss. For clarity, only
the adsorption branches are shown in each case. Each of the six
curves represents a different chemically sensitive film; the legends
and the caption describe the films. Note that all twelve of the
curves for a given analyte are obtained simultaneously using our
array system; tens of concentration points are rerorded for each
film/analyte combination.
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particular the prominent peaks in the attenuation curves in three of
the sets of isotherms, and the corresponding sigmoidal deflections
in the frequency-shift data. As discussed above, this indicates a
non-mass-loading response; it also serves as a signature for a
particular analyte/film pair. Unfortunately, the higher noise level
apparent in the relative insertion loss data makes use of this infor
mation more challenging. Nevertheless, we are working to in
clude these data, which should allow use of a smaller number of
films (array elements) to provide an equivalent level of certainty,
thus reducing system cost, size, and complexity.
The six films represented in Figure 4 are equally divided
among the two materials categories, SAMs and PGFs, a conse
quence of an evaluation using our PR system to find the best
set(s) of films. This result supports our claim that chemical
orthogonality of films is maximized when disparate film catego
ries are included, and we therefore plan to broaden the film cate
gories under examination to include metals, ceramics, coordination
complexes, and others.
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CONCLUSIONS
Combination of a SAW array with the appropriate chemically
sensitive films and pattern-recognition algorithms provides a
powerful method to monitor many different species without the
need to custom design and synthesize a large number of custom
thin films. The ability to handle often non-linear-with-concentra
tion data produced by coated SAW devices is a strength of our
multidimensional PR technique. We are currently exploring
application of this combination of technologies for: detecting
lower analyte concentrations; quantifying analytes; and analyzing
simple chemical mixtures.
Helpful technical discussions with, and collaboration on the
design of the six-device array fixture by, Stephen J. Martin of
SNL are gratefully acknowledged, as is the excellent technical
assistance of Alan W. Staton, Mary-Anne Mitchell, and Mark
Hill, all of SNL, and Brent Gordon of Adherent Technologies.
This work was supported by the U.S. DOE µnder contract
DE-AC04-94AL85000.
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Figure 3. Benzene adsorption isotherms for a MUA self-assembled
mono/ayer. Frequency data are in the top panel, corresponding
insertion loss data at the bottom. The four isotherms were
obtained on the dates in the legend; exposure to many other
analytes occurred during the intervening time periods.
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Quantitative Models for the Measurement of Residual Stress, Poisson Ratio
and Young's Modulus Using Electrostatic Pull-in of Beams and Diaphragms
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ABSTRACT

MODELS OF ELECTROSTATIC PULL-IN

This paper presents an analysis of the use of electrostatic pull-in of
suspended microstructures for the measurement of material proper
ties, and demonstrates the approach with experiments.

Previously Reported Models. As presented in [8], we use a
hierarchy of models to explore the pull-in behavior of cantilevers,
fixed-fixed beams, and clamped circular diaphragms insulated from
and suspended above a ground plane by a gap g0• These structures
are illustrated in Figure 1. The simplest model of electrostatic
actuation of these structures is a 1-D parallel-plate capacitor with
one fixed plate and one plate suspended from an ideal linear spring
as shown in Figure 2. If we neglect fringing fields, we can write
the force balance for this system as

INTRODUCTION
Access to accurate and reliable material property data for Young's
modulus, Poisson ratio and residual stress is crucial to the design
of MEMS [l]. The problem is that many properties, especially
residual stress, can depend not only on the specific process step
used for forming a material, but also on subsequent thermal
processing [2]. Even single-crystal silicon can exhibit a doping
dependent stress and stress gradient which can lead to modifi
cations of structural stiffness and to warpage of suspended
structures [3,4).

e v2A
K(go-g)=�
2g

where g is the gap between the structure and the ground plane, go
is the initial gap, K is a lumped mechanical spring constant for the
structure, Vis the applied voltage, e0 is the permittivity, and A is
the area of the capacitor plate. This system has a well-known pull
in instability, as illustrated in Figure 3, which plots the gap
normalized to its initial value versus the applied voltage normalized
to the pull-in voltage, Vp1. For voltages less than Vp1, the structure
is stable. As Vapproaches Vp1 and g approaches 2go/3, the plate
position becomes unstable, and collapses to the ground plane. The
expression for pull-in voltage is

The goal of the work presented here is the design of standard
"drop-in" mechanical test structures, analogous to transistor test
structures used for extraction of device parameters, where the intent
is to be able to measure material properties in-situ. There are three
uses for such test structures: (1) determination of experimental
engineering quantities of importance to design, such as beam
stiffness, which depend on a combination of material properties
and structural dimensions; (2) extraction of the primary material
properties from those quantities for use in design and simulation;
and (3) routine monitoring of repeatability of a complex processing
sequence for MEMS devices.

Vp1 =

If the mechanical drop-in pattern is to achieve general utility, it
should be possible to perform the testing at the wafer level using
ordinary wafer probe equipment and microscopes. One possible
way to meet this criterion is to use electrostatic deflection and pull
in of microstructures, detected either electrically or optically.
Najafi and Suzuki [5] have already proposed this approach and
have presented results on various microelectronic materials. Their
work, however, was based on simple analytical models of beam
behavior and electrostatic applied loads. We are now revisiting this
subject using more intensive 2-D and 3-D numerical modeling tools
developed for the MIT MEMCAD system [6-8).

(2)

The importance of this 1-D model is that it provides a closed-form
expression for the pull-in voltage in terms of parameters such as a
"spring constant", "capacitor gap", and "capacitor area". Note that
the spring constant K, which typically includes both structural
dimensions and material properties, appears in a product with g03.
This means that a measurement of Vp1 alone cannot separate the
material properties from the geometric quantities, even if the area A
is systematically changed. We will discuss this point in greater
detail later.
As demonstrated in [8], when we attempt to determine K from the
small-deflection beam or diaphragm differential equations by
applying a uniform pressure load and finding the maximum
deflection, we find that the pull-in voltage predicted by Eq. 2 is
significantly in error. The primary reason is that the rigid-parallel
plate capacitor is a bad model for a bending beam or diaphragm.
Instead, we used the beam and diaphragm differential equations (in
effect, a 2-D structural model) with a position dependent elec
trostatic load. The load was derived from the expression for the
force on an incremental parallel-plate capacitor whose value varies
inversely with the position-dependent gap, g. A similar force
model has been previously used by Artz and Cathey [12) in con
junction with finite-element simulations. As an illustration, the

At MEMS 94, we reported a hierarchy of models for electrostatic
pull-in [8]. In this work, we significantly extend those models,
both by the development of closed-form expressions for pull-in
voltage of cantilevers, fixed-fixed beams, and clamped circular
diaphragms, and by the inclusion of a first-order correction for
electrostatic fringing fields (following a suggestion of Crary [91).
The closed-form expressions permit a succinct discussion of the
benefits and limitations of electrostatic pull-in as a method for
material property extraction. The method is then illustrated using
measurements on suspended fixed-fixed beams processed in wafer
bonded single-crystal-silicon [10), and on suspended fixed-fixed
beams of aluminum-coated silicon nitride fl 1).
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differential equation for a fixed-fixed beam under this assumption
becomes

a)

(3)
where E is Young's modulus, 1=(1/12)wt3, T=CJ0(1-v)wt, w is
beam width, t is beam thickness, cr0 is the biaxial residual stress
presumed present before the beam shape was etched, v is the
Poisson ratio, and the factor in parentheses on the right-hand side
is a new fringing-field correction, explained below.

b)

While it was acceptable in [8] to neglect fringing fields when
studying clamped circular diaphragms, it is more important to
examine fringing when analyzing the behavior of beams, since the
fringing fields occur in a region which is changing shape due to
deflection. The origin of the correction term in Eq. 3 is an analytic
expression for the capacitance of a zero-thickness stripline over a
ground plane, as obtained by Morganthaler [13]. Morganthaler's
capacitance formula was then differentiated with respect to gap to
give the fringing-field enhancement of the electrostatic force for a
parallel plate capacitor. The result is the right-hand side of Eq. 3.
This correction does not take into account the finite thickness of the
beam, but preliminary studies on two-dimensional electrostatic
geometries of beam structures show that a correction to account for
thickness will not increase capacitance values more than a few
percent for g/w < 0.1. Nevertheless, the effect of finite thickness
may slightly modify the calculated pull-in voltages reported here for
beams and cantilevers; study of these details is continuing.

c)

Figure I.Test structures: (a) cantilever beam, (b) fixed-fixed beam,
(c) clamped circular diaphragm (cut-away view).

Spring constant, K

---------+
g

Numerical finite-difference solution of Eq. 3 (and of the
corresponding equations for cantilevers and clamped circular
diaphragms) was performed using Newton's method implemented
in MATLAB [14]. In [8] it was shown that the gap vs. voltage and
the value of the pull-in voltage from the 2-D numerical model for a
clamped circular diaphragm agreed well both with a full 3-D self
consistent electromechanical simulation and with experimental data
on a suspended diaphragm consisting of a tensioned polymer
membrane with a thin aluminum coating. We also expect the 2-D
models with fringing correction to be reasonably accurate for
cantilevers and beams over ground planes when the aspect ratio
(gap relative to beam width) is small, and when the gap is small
enough so that the pull-in instability is reached before the beam
bending enters the large-deflection regime.

Voltage, V

Figure 2. 1-D lumped parallel-plate capacitor model.
1.s....-----,------,------.-------,-------.------.,

Closed-form models for mechanical property extraction.
In order to use the 2-D simulations for mechanical property extrac
tion, we have captured the results of numerical analysis into closed
form expressions which make explicit the dependence of key model
parameters on material properties and structural dimensions. In
previous work, we have used this approach to establish a quan
titative basis for the load-deflection method for extracting residual
stress and biaxial modulus, E/(1-v), of tensile suspended mem
branes [15,16]. The approach in the present work iNo fmd the
analytical form of the "effective spring constant" from a solution of
the beam or diaphragm equation with a uniform distributed load,
and replace the numerical constants in the solution by fitting para�
meters which, if successful, can capture the corrections needed to
allow for the fact that when the structure deflects, the load is no
longer uniform. The results of the 2-D numerical simulations are
then fitted to the analytical expression, leading to a semi-numerical
closed-form expression for pull-in voltage as a function of both
material properties and structural dimensions.

------------------------------Stable Region
O .67
�0.5
0

0

0

0.2

0.4

0.6

0.8

Normalized Voltage, VNc

1.2

Figure 3. Normalized plot of the gap vs voltage for the 1-D lumped
model. Stability requires a normalized gap, g/go, greater
than 2/3.
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TABLE I.

Closed-form expressions for pull-in voltage of suspended structures defined in terms of the
numerical constants in TABLE II and parameters in TABLE III. The index n equals 1 for
cantilevers, 2 for fixed-fixed beams, and 3 for clamped circular diaphragms. L is either
length (for cantilevers and beams) or radius (for diaphragms). In the stress-dominated limit,
knL » 1, and in the bending dominated limit, knL « 1.
Stress Dominated

General

r1,, s,,

Vp1

1 e0i1 D,,(r211 ,k,, , ) [1 + Y3,,;]

\ e0

L

2

L

r1,, s,,
[1 + rJn

Bendine Dominated

4Y1,,B,,

;]

\ e0 Y;,, (1+r3,,;)
4

L

where
TABLE II: Numerical constants for the closed
form expressions of TABLE I.
Numerical
Constants

n=1

n=2

n=3

r1,,

0.28

2.79

1.55

r2,,

NIA

0.97

1.65

Y3,,

0.42

0.42

0

TABLE III: Stress and Bending Parameters for the
closed-form expressions of TABLE I.

Tables I-Ill contain the closed-form models. Table I shows the
general form of the pull-in voltage, where the index n=l refers to
cantilevers, n=2 to fixed-fixed beams, and n=3 to circular dia
phragms. The analytical form depends on two parameters, Sn and
B n, which combine geometric factors with either stress or mod
ulus, respectively (see Table Ill). The ratio, Sn/Bn, appears in the
factor kn, which is a measure of the relative importance of stress
versus bending. The stress-dominated limit is knL » 1 and the
bending dominated limit is knL « 1. Asymptotic forms for these
two limits are also shown in Table I.
For each structure type, several thousand self-consistent calcu
lations of pull-in voltage versus were carried out using the 2-D
model on MATLAB, systematically varying Sn and Bn, The
results of these simulations for each structural type ("the virtual
data") were then fit to the form in Table I using three parameters
'Yln, 'Y2n, and Y3n (except that the fringing term is not used for
circular diaphragms). The resulting values are shown in Table II.
Figure 4 illustrates a typical comparison between the 2-D numerical
simulations and the fit from the closed-form model. The typical
agreement of Vp1 is within 10 mV or better.

n =1

n=2

n=3

s,,

0

<10 (1-v)tg;

<10 tg;

B,,

Et 3 g;

Et 3 g;

Et 3 g;
(1-v2 )

60
50

30

>

20
10
0

EXTRACTION OF MATERIAL PROPERTIES
Strategy. In a typical MEMS process, structural thicknesses and
gap heights are fixed. Structural widths and lengths can be readily
varied by mask design. A useful strategy, therefore, is to measure
Vp1 versus beam length (or diaphragm radius). In order to extract
material properties, it is first necessary to fit the experimental data
to the form of the expressions in Table I by determining numerical
values for Sn and Bn. Then, using known values of thickness and
initial gap, one can extract material properties.
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Figure 4.Comparison of closed-form model (solid line) to 2-D
MATLAB simulated pull-in (points) for three fixed-fixed
beams with varied stress (E=l69 GPa, v=0. 3, width=
SOµm, thickness=14 .4µm and go=lµm in each case).
Agreement is typically within 10 mV.

Ifonly cantilevers are used, then only B1 can be determined (S1 is
always zero). The other two structures in general will yield values
for both S n and Bn, although for extreme values ofk, one ofthese
may be very noisy (see below). If S2 and S3 can be found, then
their ratio yields (1-v) without any additional depen-dence on
geometric factors. Similarly, B2/B 3 equals ( l -v2 ). However,
extraction ofeither E or o-0 requires independent deter-mination oft
and g0. Further, since S n and Bn depend on g03 , errors in g0
appear amplified by a factor of3 in the extraction ofo-0 from Sn or
E from Bn. Errors in t appear similarly amplified in the extraction
ofE from Bn, We now examine how this works in practice.

50 ,-----------------�

Experimental Methods. We obtained from Hsu [10] a wafer
containing silicon fixed-fixed beams fabricated in a dielectrically
isolated wafer-bonding process. The beams are 14.4 ± 0.2 µm
thick, 50 µm wide and are suspended above the ground plane by an
initial gap of 1.015 ± 0.01 µm. Beam lengths varied between 900
µm and 1500 µm, using drawn mask dimensions for length.

0

L..-___......__............_..._........___.__,..___J

0

20

Voltage

(volts)

Figure 5. Current-voltage characteristic ofa dielectrically isolated
fixed-fixed silicon beam (length=1500µm, width=50µm,
thickness=14.4µm, go=l µm). Pull-in is indicated by the
abrupt jump in current.

To measure pull-in, a slowly ramped voltage was applied between
the beam and the substrate, and the current was recorded. Pull-in
�as indicated by the appearance of contact current. Figure 5
shows an example output from a typical pull-in experiment using
this technique. Pull-in voltage could be determined in this fashion
to within better than 0.1 V. A total ofnine die, each containing five
beams ofdifferent lengths, were tested.

35
30

Experimental Results. Figure 6 shows a plot of pull-in volt
age versus beam length for a series of five beams from one die
located near the center ofthe wafer. The solid curve is the fit to the
closed-form model using the non-linear least-squares algorithm in
Kaleidagraph [17]. The result indicated a very small value for S2
with a large relative error (S2 = 2 ±1 x 10-20 Pa-m4) and a reltively
accurate value for B2 (5.4 ± 0.1 x lQ-22 Pa-m6). The fact that S2
is not statistically well defined suggests that the behavior is bending
dominated. Therefore, as a test, we assumed S2=0 and did an in
dependent fit to the asymptotic form of the bending dominated
expression in Table I. In that case only the factor B2 enters, and
we obtained 5.3 ± 0.1 x 10-22 Pa-m6. The good agreement be
tween the two fitting procedures indicates that numerical artifacts
are not dominating the results, and that the stress in the silicon is
small.
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Figure 6. Experimental pull-in data vs beam length for a series of
five beams from one die. Solid line is the fit to the
closed-form model which yields:B2 = 5.4 ± 0.1 x 10-22
Pa-m6 and S2 < 1 x 10-19 Pa-m4.

Extraction of Young's modulus and residual stress from this one
die depends directly on the accuracy with which the geometric
parameters are known. Using the stated experimental uncertainties
on t and�. we calculate a range for Young's modulus: E=173 ±
13 0Pa and an upper bound for residual stress: o-0(1-v) < 100
KPa (estimated from the tolerance of the fitting routine). On other
die, we found larger tolerances corresponding to a bound ofo-0(1v) < 10 MPa, but we never obtained a well-defined non-zero value
for S 2 . The value of modulus agrees well with the known
Young's modulus of 169 0Pa for a [110] directed beam in a
<100> single crystal plane [18], but has a much larger uncertainty
than the B2 value because ofthe amplified uncertainties in t and g0•

A second set of samples was obtained from Bloom at Stanford
[11]. The structures were fixed-fixed beams of LPCVD silicon
nitride (nominally 1325 A thick and 1.25 µm wide) coated with
aluminum (200 A thick), suspended 1325 A above a ground plane.
Beam lengths ranging from 28 µm to 40 µm were tested. Pull-in
of these structures was observed visually by microscope. In
contrast with the silicon beams, which were bending dominated, a
fit to the Vp1 vs L data yielded good precision on S2 (6.0 ± 0.1 x
10 -20 Pa-m4), and a small value for B2 (5.0 ± 1.0 x 10-29 Pa
m 6). Their ratio indicates that this case is tension dominated.
Because ofsubstantial uncertainties in geometry for these devices,
including some underetching of the supports at the ends and
ambiguity on how to define the value of g0 in this dual-dielectric
structure, we did not attempt a quantitative study ofresidual stress.

In examining die-to-die variation, we find a range of B2 between
4.1 and 5.4 x 10-22 Pa-m6 for die near the center of the wafer, and
much larger variation near the edge ofthe wafer. The variations are
substantially larger than the precision with which B2 can be
determined for each die, and therefore suggest that there are
variations in structural geometry from die to die. This is being
examined further.
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DISCUSSION AND CONCLUSIONS
We have presented closed-form models for the electrostatic pull-in
behavior of suspended cantilevers, fixed-fixed beams, and clamped
circular diaphragms. These models are based on 2-D numerical
simulation of beam deflection, including a first-order fringing-field
correction. The expressions are directly usable by designers for
prediction of pull-in. We have further shown that experimental
data on such structures can be used to extract parameters (Sn and
Bn) which depend on combinations of mechanical properties and
structural geometry. These parameters are very useful indicators of
structural stiffness, and show directly whether the behavior is
stress-dominated or bending dominated. They can also serve to
monitor the repeatability of a fabrication process. However, be
cause these quantities depend on thickness and initial gap to a
higher power than Young's modulus or residual stress, errors in
geometric parameters generate relatively larger errors in the ex
tracted mechanical properties. Thus, it is clear that this method
puts a stringent demand on the metrology of structural dimensions.
An important next step is the examination of in-situ methods for
monitoring critical dimensions, so that the precision of the extracted
mechanical properties can be improved.
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ABSTRACT

At micro level, compliant mechanisms-flexible
structures that generate desired motions through elastic
deformation-provide a superior alternative to simple
cantilever and diaphragm based flexible micromechanisms and
rigid body mechanisms. The attractive features of compliant
micromechanisms include joint-less, single-piece construction
that is amenable for easy fabrication, and minimal detrimental
effects due to friction, wear and backlash. The deformation
capability of compliant micromechanisms is attributed to the
topology, shape and size of their structure. In this research, we
formulate a systematic method to the design of such
mechanisms using the structural optimization approach. An
emerging topology optimization technique, called
homogenization method, is used to solve the synthesis problem
with least dependence on designer's intervention. The
proposed method is thus a valuable synthesis tool for
automating the design of optimal micromechanical devices.
The concept of compliant mechanisms and the proposed
design methodology are both illustrated with a microcompliant
crimping mechanism that has been fabricated and tested.

(hinges, sliders, etc.) makes their manufacture extremely
simple using any of the existing microfabrication processes,
and also the frictional effects that dominate at micro level are
reduced to a minimum, if not completely eliminated.
Furthermore, wear, backlash, lubrication and assembly
problems are alleviated. As flexure is permitted in these
mechanisms, they can be readily integrated with non
mechanical actuation such as thermal, fluid pressure, piezo
electric and even shape-memory alloys. It is also possible to
integrate the sensors within the mechanism; for instance, using
piezo-electricity concept. Owing to these advantages, many
potential uses of compliant micromechanisms in the controlled
mechanical manipulation of micro objects and micro sensor
related tasks can be realized.
2. SYNTHESIS OF COMPLIANT MECHANISMS

To use compliant mechanisms as superior substitutes
for multi-membered rigid link mechanisms or locally flexible
microstructures, it is necessary to generate a suitable structural
form to perform the same function as the latter. It is usually
done intuitively and iteratively as this synthesis process is still
not systematized. We meet this shortcoming through a
systematic procedure as explained below.

1. INTRODUCTION

First, we abstract the function in terms of applied forces
and output deformations that constitute the input-output
behavior of a compliant mechanism. Thus, here function (or
intended behavior) means that certain portion of the structure
should deform in a prescribed direction under the application
of external loads. The input to the problem would then be
input forces, required output deformations and the available
design domain. Second, we adapt a formal structural
optimization technique called Homogenization Method [3] to
synthesize aform that generates the desired behavior.

Many deformable microstructures that have been
developed over the years for sensor related applications are
mainly comprised of simple cantilever and diaphragm like
configurations [1]. The ability to perform general mechanical
tasks, i.e. mechanical motions beyond simple rotations and
translations, was thus very limited. Nevertheless, the flexure in
a structure can be further exploited by suitably choosing the
form, i.e. topology, shape and size, to generate wider variety of
motions under the action of the applied forces (Figure 1 ). In
such generalized deformable structures, the compliance (or
flexibility) of the structure is distributed as opposed to lumped
compliance as in structures with flexural pivots. These are
emerging as a new class of mechanical systems under the
name of 'compliant mechanisms' [2]. These are, however, not
yet in widespread use-perhaps due to the lack of design
methods to synthesize them. In this paper, \.\'.e propose a
systematic design methodology for compliant mechanisms to
generate form from the intended function.

Figure-l a
Compliant forceps [8]

Compliant mechanisms are particularly suited for micro
applications as their unitized construction without rigid joints
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Figure-lb
Compliant four-bar
adjustment mechanism [7]

Solid-State Sensors, Actuators, and Microsystems Workshop
Hilton Head Island, South Carolina, June 12-16, 1994

Figure-le
Compliant crimping
mechanism

MPE, or equivalently the deflection at a point, is written as in
integral sum of product of eij and crii taken over the entire
volume, n. The elasticity tensor, E ijkI• contains both material
properties and design variables of the problem. It appears in
the equilibrium equations as shown below. There are two sets
of equilibrium equations: one to satisfy the applied external
loads (the Eij equation) and the other to satisfy the unit dummy
load (the crii equation). The optimization problem statement
can now be rendered in mathematical form as follows:

Figure-Id
Compliant gripper

. . .
M•�1m1�

The task of generating a form to the structure that has
the desired deformation behavior entails designing structures
for given deflection. This deflection requirement distinguishes
the compliant mechanism synthesis problem from the
traditional structural optimization problems wherein structures
are designed to be stiff, i.e. with least overall deformation [4].
The basis for our approach to compliant mechanism synthesis
problem is in the search for the stationary value of the Mutual
Potential Energy (MPE) [5] in the setup of an optimization
problem (P) in which we can also incorporate criteria such as
maximum mechanical advantage.

Mutual potential energy, as its name implies, is the
mutual energy of a structural system under two different
loadings. When the ,pecified applied forces constitute one
loading, and a unit dummy load applied at the point where a
prescribed deflection is required in the required direction of
deflection is the second loading, MPE is same as the actual
deflection of the point where unit dummy load is applied. It is
often referred to as the unit dummy load method. We use MPE
in formulating the deflection as a constraint or an objective in
the optimization problem in explicit form. Next, the objective
of the optimization problem could be one of the following as
necessitated by a given specific problem: minimize weight,
minimize compliance (work done by external forces),
minimizing deflection at the point of interest, etc. Choosing
one of these as an objective function, e.g. minimum deflection
at a point, the statement of the optimization problem would
assume the following form:

Minimize Deflection at the point of interest

(p)

Volume constraint
Equilibrium equations

Subject to

Here, the intent is to design a structure that has prescribed
upper limit on volume of material and to have least
deformation at one prescribed point of interest. This fits in
with the "design for deflection" formulation. Furthermore, as
can be seen in (p), the structure should also satisfy equilibrium
equations and traction forces on the boundary. Body forces, if
any, can also be included.

The tensor eij denotes the strain field (two normal
strains and a shear strain in a planar problem) due to the
applied external loads and aij is the stress field due the unit
dummy load. The strain tensor, eij • can also written in terms of
the displacement field ui as:

to

Design vanables

Subject to

au -a.. an
a u +-J
MPE = f e•J..-Cl.•J an = f -1(_i
:i 1 •J
:i
2 ux.
ax.
"
J
"

Continuum mechanics
l_(Eijkl a uk) = 0.' acrij = o
Equilibrium equations
axJ.
axl
ax.J
(External loads appear as surface traction forces in the form of
boundary conditions.)
Volume constraint

Independent variable: x inn (spatial coordinates)
State variables: u,o (displacement and stress)
External loads: surface tractions, unit dummy load
Design variables:Eijkl parameterized as a, b, 0

(P)

Design variables in Eijkh can be size related features such as
length, width, thickness, area of cross section, etc., or intrinsic
features such as density. We use a microstructural model that
has recently been shown to have the capability to vary
topology of the structure in addition to shape and size.

3. SOLUTION TECHNIQUE

To implement this optimization problem, we use a
computational technique called homogenization method. In
this method, the design domain is parameterized using cellular
microstructure (Figure 2) and the optimization method arrives
at optimal values for the parameters of each cell (a, b and 0).
Thus, there will be 3n variables in the optimization problem if
there are n elements (cells) in the domain. If the optimized
hole dimensions a and b reach their limit values, i.e. the length
and width of the cell, a hole will be generated; if a and b are
zero, then a solid cell is created and intermediate values give
rise to porous regions. This gives the method the ability to
generate .i!!U'.. topology, shape and size that are optimal for
given problem specifications which include applied forces,
desired output displacements and the amount of material to be
distributed in a prescribed design domain.
The stationarity conditions for the above optimization
problem (P) are obtained by using variational calculus
approach (Euler-Lagrange equations) and Karush-Kuhn
Tucker necessary conditions for constrained optimality.
Considering the large number of variables in the problem, an
optimality criteria method is used rather than a mathematical
programming type search technique. To facilitate iterative
numerical solution, update formulas for ai, bi and 0i (i =
1,2,3..number of cells) are derived to satisfy the stationarity
conditions of (P). For details, see [3].
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Design domain

The mechanism shown in Figure-3c has been fabricated
using the boron-doped bulk-silicon dissolved wafer process
[6]. The purpose of this device is to hold and/or crimp the
micro object placed in the gap on the left when the handles on
the right are pressed together (Figure 4 and Figure le). The
device has been qualitatively tested with probe tips and
quantitatively analyzed for performance characterization.
Figure 5 shows the deformed configuration of the half-model
of the device.

Force

Required
displacement

Figure-2 Parameterization of the design domain with
microstructural cells having rectangular holes
4. AN ILLUSTRATIVE EXAMPLE

The systematic design method is illustrated by
synthesizing a microcompliant crimping mechanism whose
functional specifications (Figure 3a) lead to the homogenized
image (Figure 3b) where optimal parameter values of each
square cell are converted to a density measure and are shown
in gray scale. Figure 3c is an interpretation of the
homogenized image. As can be observed in Figure-3c, the
interpretation of the homogenized image requires some
designer's intuition. The devices in Figures le and l d are
obtained in this manner by relying on intuition to some extent.
At this stage of development, the proposed systematic
technique immensely helps in synthesizing compliant
mechanisms for given functional behavior with little human
intervention. However, it is believed that the interpretation
step can also be made completely systematic by improving the
formulation, computational procedure and even the functional
abstraction of the original intended task.
�
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Figure-4
Scanning Electron Micrograph of the
microcompliant crimping mechanism

Applied Force

-----------1

Design Domain

Axis of symmetry
Desired Displacement
Figure-3a Functional Specifications

Figure-5 Finite element deformation analysis of the half-model
of the device
(The configuration prior to deformation is superimposed with
empty grid)
S. MECHANICAL ADVANTAGE ISSUES

Figure-3b The generated homogenized image
(The density of each cell is in gray scale)

Jf.��-

Axis of symmetry
Figure-3c Interpretation of the homogenized image

Unlike in rigid link mechanisms, mechanical advantage
(ratio of Fout to Fin) is not an intrinsic character of the
mechanism alone; it also depends on the properties of the
workpiece operated by the mechanism. For the type of
compliant mechanisms treated in this paper, the mechanical
advantage (MA) is a nonlinear function of the stiffness of the
workpiece (Figure 6). The device shown in Figure 4 has a
peak mechanical advantage of 2.41 for a workpiece whose
modulus of elasticity is I/20th of that of the material of the
device. Displacement at the output port decreases with
increased stiffness of the workpiece, but MA rises up to a limit
(Table-I) indicating a tradeoff between crimping and grasping
applications. This device can potentially be used in
biochemistry applications to crush macromolecules or to
manipulate micro organisms in biomedical applications.
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Table 1 Simulated performance of the device
using Finite Element software ANSYS

Figure6 Variation of the mechanical advantage
with stiffness of the workpiece
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6.CLOSURE
Compliant mechanisms are flexible structures that

generate a wide variety of mechanical motions thorough
elastic deformation. In this research, the concept of compliant
mechanisms is applied to the micro regime. Frictionless,
backlash-free and easily manufacturable compliant
micromechanisms are clearly more advantageous than rigid
link and rigid joint micromechanisms, and are also more
versatile than simple cantilevers and diaphragms that also
depend on the flexural capability. For a given task, the
suitability of ?. compliant mechanism is determined by the
configuration or form of its structure. Specifically, the
topology, shape and size together provide the ability to deform
in the desired manner. The design of compliant mechanisms
would then involve generating suitable topology, shape and
size for a given application. A systematic design method has
been proposed here for a general synthesis task abstracted in
terms of applied loads and desired deflections.
The synthesis problem is formulated as an optimization
problem using the mutual potential energy principle [5]. The
homogenization method is used as the computational tool to
generate topology, shape and size in a single step and in a
systematic manner. The feasibility of the method is
demonstrated by designing and fabricating a micro-crimping
mechanism. This device can potentially be used for grasping,
crimping and other manipulative tasks. Using the concept of
compliant micromechanisms, a variety of micro devices with
built-in actuators and sensors can be created for easy
manufacture and superior performance.
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CLUSTERING-BASED PATTERN RECOGNITION APPLIED TO
CHEMICAL RECOGNITION USING SAW ARRAY SIGNALS

G. C. Osbourn, J. W. Bartholomew, G. C. Frye and A. J. Ricco
Sandia National Laboratories
Albuquerque, N.M. 87185
demonstrated using chemicals presented individually. The
performance of this approach for array responses to complex
mixtures remains the subject of future study.

ABSTRACT
We present a new pattern recognition (PR) technique for
chemical identification using arrays of microsensors. The technique
relies on a new empirical approach to k-dimensional cluster analysis
which incorporates measured human visual percep�ons of difficult
2-dimensional clusters. The method can handle nonlmear SAW array
data, detects both unexpected (outlier) and unreliable arr�y
responses, and has no user-adjustable parameters ..W� use this
technique to guide the development of arrays of thm-film-coated
SAW devices that produce optimal PR performance for
distinguishing a variety of volatile organic compounds,
organophosphonates and water.

PATTERN RECOGNITION TECHNIQUE
Our technique relies on a new empirical approach to
k-dimensional cluster analysis that incorporates measured human
visual perceptions of difficult 2-dimensional clusters [6]. We use this
new clustering method because it: (i) mimics human cluster
perception; (ii) requires no prior knowledge about the final cluster
result (e.g. the number of clusters); (iii) outperforms commercially
available cluster methods on benchmarking tests [6]. Here we
describe the use of the clustering results to carry out PR or to evaluate
the expected PR performance using sets of coated SAW sensor
responses. Details of the clustering method are described in Ref. 6.
PR using the cluster results is illustrated in Fig. l a. The open and
closed circles represent hypothetical training data for two classes and
the x symbols represent hypothetical test data points of unknown
chemical class identity. The two dimensions of the data correspond to
simultaneous responses of two different sensors. Computed
clusterings of the test points are indicated by the lines connecting the
points. Three possible cases occur for the class assignment of each·
new test point: (i) The new point is clustered only w�th.training �ta
of a single class and is assigned that same class -- this is the desired
result; (ii) The new point is clustered with none of the training data
and is not assigned a class -- these outlier points can result from
detection of a new chemical class that is not present in the training
data set, although sensor measurement errors can also produce
outliers; (iii) The new point is clustered with training points from
multiple classes -- these points occur where the training set classes
overlap and cannot be reliably distinguished, so that the class
assignment is ambiguous. We note that cases (ii) and (iii) provide
useful information that is often unavailable or unreliable from
existing PR techniques.
It is usually necessary to estimate the expected performance of
the sensor array using only the measured training data set. We use the
"leave-one-out" approach [7], where each data point is individually
removed from the complete training set and examined as a new test
point by the PR technique. This approach maximizes the use of the
available training data and avoids the favorable bias of the results that
occurs by including the point that is being classified. This approach
is not always convenient in some PR methods that require additional
computations for each version of the training set with a point
removed (e.g. retraining a neural net). Fig. l b illustrates how the
cluster results are used for the leave-one-out computations. The
known class identity of each training data point is compared with the
result inferred from the clustering approach shown in Fig. 1a. There
are again three possible cases which can arise: (i) The point is
clustered only with other training data of the correct cl.,ass �- such
points are correctly identified; (ii) The point is clustered with none of
the other training data -- these outlier points are too far away from
other points in the same class for clustering to occur. Outlier points in.
the leave-one-out analysis are usually due to inadequate sampling of
the class in the parts of pattern vector space near the outliers, and
suggest the need for more training points. However, these can also
result from sensor measurement errors; (iii) The point is clustered
with other training points from one or more classes that do not match
the correct class. These points identify overlaps between classes in
pattern vector space where the sensor array is unable to reliably

INTRODUCTION
There is much current interest in the use of pattern recognition
(PR) techniques to identify and quantify chemical analytes based on
the multivariate responses of chemical microsensor arrays [1,2].PR
techniques used previously measured array responses of the class
categories of interest, called training set data, to infer the class
category associated with new array measurements (test data). The
class categories can be the chemical identities of the analytes and can
also represent the analyte concentrations. Each sensor in the array
provides one dimension of the multidimensional data v�ctors. �he
application of PR techniques to microsensor-based chemical sensmg
is motivated by two advantages: (i) chemical identification is possible
using only partially chemically selective micro�ensors rathe�_than
highly selective (and more difficult to develop) m_icrosens�rs; (i�) PR
can in principle identify a large number of chemical species usmg a
small, fixed set of sensors.
The desired arrays of sensors are those that yield distinctive
response patterns for different chemicals, i.e. so that the clusters of
pattern vectors associated with different chemical classes are
spatially separated and distinguishable in the pattern vector space.
However, not all arrays yield useful separations of the chem�cal
classes so much of the work required to develop a useful chemical
pattern' recognition scheme is in finding a useful combination of
chemical sensors.
Surface acoustic wave (SAW) devices that have been coated with
different partially selective films are of current interest for array
applications [2-4]. The variety of coa�gs that can be fabricat_ed
suggests the possibility of detecting a wide range of analytes with
SAW devices. However, coated SAW devices often respond
nonlinearly and occasionally nonmonotonically as a function of
analyte concentration [5]. These devices also do not necessarily yield
additive responses to chemical mixtures. Such responses present
severe difficulties for conventional chemometric techniques, which
work well for linear response signals.
We describe a new PR technique which can treat nonlinear and
nonmonotonic sensor responses. The technique is computationally
efficient, provides warning for new data points that are at�ical or
that cannot be reliably identified, and requires no user-adJustable
parameters. We demonstrate the technique with the optimization of
arrays of coated SAW devices for identifying volatile organic
compounds (VOCs), organophosphonates and water. VOC detection
and monitoring is of interest for a number of industrial and DOE
applications [4] and the organophosphonates are simulants for
chemical warfare agents [3]. We describe the selection of SAW
coating combinations and compute estimates of the expected
performance of the arrays on new data. The arrays are developed and
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(a) Pattern Recognition
(ii)
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EXPERIMENTAL PROCEDURES
We analyze experimental results from two sets of coated-SAW
arrays and analytes. In both studies we make use of only the
frequency shifts which result from the uptake of the analyte by the
SAW device coatings. Other measurable responses, e.g. attenuation
[4], are also available for PR, and we will examine these in future
work.
The first set of chemicals includes water, an alcohol
(isopropanol), a ketone (acetone), non-chlorinated hydrocarbons
(d-limonene, n-hexane, and toluene) and chlorinated hydrocarbons
(CC4, TCE, and chloroform). These analytes are sensed using SAW
devices coated with ethyl cellulose, polyisobutylene and nafion
polymer films. The data are acquired by alternating between a
chemical-free purge stream and a stream at a constant chemical
concentration. Chemical concentration is controlled by the relative
flow rates of a chemical-free mix-down stream and a saturated stream
(obtained by passage through a bubbler containing the chemical).
Four concentrations per chemical were obtained. This produced 12
data points for both the chlorinated and non-chlorinated classes.
The second set of chemicals includes water, organophosphonates
(DIMP, DMMP), a ketone (acetone), aromatic hydrocarbons
(benzene, toluene), chlorinated hydrocarbons (CC4, TCE), aliphatic
hydrocarbons (cyclohexane, isooctane), and alcohols (methanol,
pinacolyl alcohol, n-proponal). These analytes are sensed using SAW
devices coated with nine self-assembled monolayer (SAM) films and
plasma-grafted polymer films (PGFs). These films and the data
acquisition method are described in a companion paper [S]. We
retained 21 points per chemical, with concentrations ranging from
9% to 49% of the saturation vapor pressure.
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DATA PREPROCESSING FOR CLUSTERING-BASED
PATTERN RECOGNITION
It is common for coated SAW devices to yield ranges of
responses that are quite different in magnitude. In order for each
device to have a comparable effect on the class separations in pattern
vector space, the magnitudes of the device responses must be
comparable. We equalize the responses of each sensor by a
multiplicative scale factor, so that the largest absolute training data
response of each sensor is unity.
The coated SAW sensor responses and the lengths of the
multivariate pattern vectors generally increase as the chemical
concentrations are increased. This tends to spread the class vectors
away from the origin and each other as the chemical concentrations
are increased. We improve the clusterings of the sensor data by
normalizing the pattern vectors to unit length after the device
responses have been equalized. A comparison of PR performance for
the raw and normalized data are described below.

0
0

DETERMINATION OF OPTIMAL ARRAYS
A key element in the successful development of a pattern
recognition system is the selection of a useful set of measurements
that can separate the classes in pattern vector space. This corresponds
to selecting a set of SAW coatings and a set of chemical
concentrations to include in the training set. One might expect that
arrays with larger numbers of distinct sensor signals, k, would always
be preferable for PR applications. This is not true for two reasons.
From a practical viewpoint, arrays with the fewest devices are likely
to require simpler fabrication and data acquisition procedures. This
motivates the use of the smallest arrays that provide the desired
performance. From a PR performance viewpoint, discriminating
ability peaks and then declines as k is increased beyond
approximately N/2, where N is the number of training data points per
class. The reasons for this well-known behavior of PR systems are
discussed in Ref. 7. Here we emphasize that the number of SAW
films that can be usefully included in an array is limited by the
number of chemical concentrations per class that is included in the
training data set. This well-known condition for reliable PR analysis
of arbitrary k-dimensional data is often not satisfied in published
sensor PR work. We also note that estimates of PR performance that

(ii)

0

Fig 1. (a) illustration of the use of cluster results for PR.
Open and closed circles are training data, x symbols are test
data. Computed clusterings of test points with training data are
indicated by connecting lines. The three cases illustrated are: (i)
recognized; (ii) outlier; and (iii) ambiguous or incorrect. (b)
Use of cluster results for leave-one-out PR analysis on the same
training data. The three illustrated cases are: (i) correctly
recognized; (ii) outlier; and (iii) incorrect.
distinguish chemical identities. Statistics on these three cases for the
entire training set provide three separate figures of merit for the
sensor array under consideration, i.e. the percentage correctly
identified, the percentage that indicates inadequate training set
sampling, and the percentage that indicates class overlap. These
figures of merit are used here to optimize the selection of the array
sensors.
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do not remove examined points from the training data when
computing their class identities, i.e. that do not use the leave-one-out
approach, will exhibit increasingly perfect performance as k
increases. Such biased estimates are not representative of the PR
performance on future data.
For large sets of distinct devices, we must search for the smallest
subsets that produce good separation of the chemical classes of
interest in a leave-one-out analysis. We do this directly for the nine
SAMs and PGFs by examining all combinatorial sets of arrays. The
computations are done on a SPARC 10 workstation. The primary
figure of merit we seek to minimize is the percentage of incorrect
leave-one-out points in the data set. We also seek to minimize the
number of outliers among the array combinations with the smallest
incorrect percentages. The number of data points per chemical class
is sufficient to usefully include all of the SAM-coated and
PGF-coated SAW devices in the array, but we are interested in
identifying the smallest subset of devices with the best PR
performance.

30
25

Array Optimization
3 Dimensions

84 Total Combinations

20
15
10
5
0
30
25

4 Dimensions

126 Total Combinations

20
15

RESULTS
The leave-one-out results for the ethyl cellulose, polyisobutylene
and nafion coatings yield no incorrect points for the class
combinations chosen. The locations of the training points are shown
in the plot of Fig. 2. Note that this is one perspective of a
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Fig 3. Histograms of number of arrays vs percentage
incorrect from the leave-one-out analyses for the SAM-coated
and PGF-coated SAWs. Panels (a)-(d) show results for arrays
with three to six films per array, respectively.

Fig 2. One view of a three-dimensional pattern vector space
plot of 3-film SAW array data. All of these chemical classes are
distinguished. The alcohol and ketone classes are seen to
separate when viewed along the nafion axis. The 3 types of
chemicals within the chlorinated and non-chlorinated classes
are too similar to be distinguished with this array.

arrays generate some incorrect chemical identifications. The overall
PR performance improves as films are added, and the number of array
combinations exhibiting no incorrect responses is nonzero for four or
more films in the arrays. The best three-to-six film combinations are
PIB-PGAA 5+15],
Eugenol-30,
[HS(CH2hoCOO·/Cu2+,
[HS(CH2)15CH3,
PGAA-PGAA 5+15,
Eugenol-30,
PIB-PGAA 1+15],
[HS(CH2hsCH3,
HS(CH2)1sCH3,
PGAA-PGAA 5+15, PGAA-PGAA 5+30, PIB-PGAA 1+15],
HS(CH2hsCH3,
HS(CH2hoCOO·/Cu2+,
[HS(CH2hoCOOH,
Eugenol-30, PIB-PGAA 1+15, PIB-PGAA 5+15], respectively (see
ref. 8 for an explanation of the film abbreviations). Since the
higher-dimensional results can not be graphically displayed, we show
the best three-film case in Fig. 4. This three-film set is not able to
separate all of the chemicals. For clarity, we show only some of the
chemical classes which are non-overlapping in Fig. 4.
Finally, we have examined the effect of normalizing the pattern
vector lengths on these results. This is done by computing results with

three-dimensional plot. These results show that a variety of chemical
classes can be distinguished using these three SAW coatings. The
ketone and alcohol classes appear to overlap from this viewing
orientation, but can be seen as distinct when viewed along the nafion
axis direction. The three individual chemicals within the chlorinated
and non-chlorinated VOC classes are not reliably separated, so that
additional measurements are needed to distinguish these chemicals.
However, more concentration values are required for the individual
chemical classes to achieve this improvement.
Figs. 3a-d show the statistics obtained from the nine SAMs and
PGFs. The number of array combinations that yields a particular
percentage of incorrect identifications is plotted for arrays with 3 to 6
films in Figs. 3a-d, respectively. Again it is seen that all three-film
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• • PIB - PGAA, 5+ 15

••

user-adjustable parameters. We use this technique to develop small
arrays of thin-film-coated SAW devices which produce optimal PR
performance for distinguishing a variety of volatile organic
compounds, organophosphonates and water. We find that three-film
arrays are sufficient to distinguish a number of distinct chemical
classes, but are unable to distinguish closely similar chemicals in the
non-chlorinated and chlorinated hydrocarbon classes. For vapor
concentrations greater than 9% of saturation, arrays with as few as 4
selected films give 100% correct classification for these chemical
classes and the individual chemicals. In addition, many different
five-film combinations give 90-100% correct identifications for the
individual chemicals.

,,,.
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Iso-octane

J Cyclohexane

Toluene
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a range of scaling values ranging from 1, corresponding to raw data,
to 1/(vector length), corresponding to a completely normalized vector
length. Pig. 5 plots the number of incorrect responses as a function of
the degree of normalization for the three-film array shown in Pig. 4.
The PR performance is best for nearly normalized vector lengths and
is worst for the raw data.
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Pig 4. One view of a three-dimensional pattern vector space
plot of the best 3-film SAW array from Pig. 3a. Not all of the
individual chemicals are correctly identified, and for clarity we
show only some of the non-overlapping chemical data.
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Pig 5. Effect of the amount of pattern vector normalization
on the results of the three-film array of Pig. 4. Each pattern
vector is multiplied by 1/(L+a( l-L)), where L is the length of
the pattern vector and a determines the degree of
normalization.

CONCLUSIONS
We present a new PR technique for chemical identification using
arrays of microsensors. The technique relies on a new empirical
approach to k-dimensional cluster analysis which incorporates
measured human visual perceptions of difficult 2-dimensional
clusters. The method can handle nonlinear SAW array data, detects
both unexpected (outlier) and unreliable array responses, and has no
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Abstract
We have developed and evaluated a new solid-state nongimbaled
electronic compass. Typical high-accuracy ( I-deg resolution)
compasses use a mechanical gimbaling method to hold two
orthogonal magnetic sensors in a horizontal plane. The limited range
of motion of the gimbal restricts the angular operation of the
compass but, on the other hand, simplifies the compensation of the
compass for its own tilt-related distortions of earth's magnetic field.
The challenge of building a rugged and nongimbaled compass
involves measuring the three components of earth's field and the
gravity vector simultaneously and then developing three
dimensional tilt compensation and magnetic calibration algorithms
to correct the measurement for tilt and for the self-distortion of
earth's field introduced by ferrous materials within the package. We
demonstrated better than ±I-deg accuracies under a variety of field
exercises.

gravity vector. The system incorporates a calibration algorithm to
take out local and fixed magnetic field disturbances while actively
sensing and compensating for tilt. The magnetic sensing transducers
have been packaged with reset coils used to initialize the films for
maximum sensitivity, and with feedback coils for closed-loop
operation. The piezoresistive accelerometers were chosen for their
de response characteristics. The magnetometer suite, accelerometer
package, and analog compass circuitry are shown in Figure 2. The
actual size of the magnetometer suite is 0.75 in. x 0.75 in. x 2.5 in.
The majority of this volume is occupied by the reset and feedback
coils. We have since designed on-chip straps for switching the
magnetization vector, and open-loop operation may eliminate the
need for the feedback coils. Ultimately, we envision a two-IC
package that would contain four magnetoresistive bridges and
provide for proper packaging of the three orthogonal sensing axes
required for compassing applications.

Introduction
Historically many different magnetic sensor concepts have been
used in compass applications. These range from low-cost, low
sensitivity Hall-effect sensors to more sensitive, complex, and
expensive fluxgate sensors. These compasses typically contain a
gimbal mechanism that keeps the sensor horizontal during the
measurement. In the case of the fluxgate compass, a point pivot and
fluid-filled compartment are often used to provide the gimbal effect.
When a compass cannot be gimbaled, then some means of
measuring its tilt or orientation must be provided. Our recent
development of a nongimbaled solid-state compass builds directly
on our experience in magnetic sensing and our development of
magnetoresistive (MR) permalloy material. The MR sensing bridges
are produced by IC techniques and can be made on microminiature
scales. Although the MR sensors are unique and provide an
excellent sensitivity to magnetic fields, they also must maintain a
level orientation during the compass measurement, or at least have a
measured and accounted for tilt. We have added accelerometer
based tilt sensors and the appropriate compensation algorithms to
allow elimination of the gimbal.

Figure 1. Personal Navigator System Containing
Solid-State Compass

Our electronic compass was developed to replace a previously used
gimbaled fluxgate compass for a personal navigator concept. This
personal navigation system is shown in Figure 1. In this system, the
compass must operate quickly, reliably, and accurately while being
handheld. Unfortunately, earlier versions of this system used a
gimbaled compass and had to contend with the damping and
response time issues of the gimbal. We found that the combination
of handheld compass operation with gimbal-related delays created a
difficult situation. We often found ourselves forced to hold the
system steady for several seconds while the gimbal settled out.
When the compass gimbal finally stabilized, the heading could be
registered and used in the system calculations. We would have
preferred to get an instantaneous reading of heading while briefly
sighting the compass. In addition, as the personal navigator
breadboard evolved toward smaller and smaller package volumes,
our MR sensors appeared to be perfectly suited to the application.
The new nongimbaled solid-state compass easily met our
requirements for the personal navigator.
The personal navigator compass is constructed from a three-axis set
of MR transducers to sense magnetic field strength and orientation
and a three-axis set of piezoresistive accelerometers to sense the
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Figure 2. Solid-State Compass Components
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Magnetometer Detail
Honeywell's pennalloy magnetometer uses the anisotropic
magnetoresistive (AMR) effect in thin-film permalloy (a nickel-iron
alloy). In this effect, the resistance of a ferromagnetic material
depends on the angle between the current flow direction vector and
the magnetization vector in the material (8). This resistance
variation has an amplitude of about 2% and has the form cos28,
maximum when the current and magnetization are parallel (or
antiparallel) and minimum when they are perpendicular. The highest
sensitivity (maximum slope) occurs for 8 = 45 deg. The amplitude
of this sensitivity depends on both the total (percentage) change in
resistance and on the magnetic "stiffness" of the film (the field
needed to rotate the magnetization by 90 deg). Because both the
current and zero field magnetization will normally tend to align with
the long dimension of the film, this high sensitivity can only be
obtained if a "biasing" technique is used to rotate one or the other by
45 deg.
The magnetization can be rotated by a bias field generated by a coil,
or by a permanent magnet deposited directly onto the film. The
biasing method used for this compass (called barberpole biasing
because of its appearance) uses high-conductivity "shorting bars" at
a 45-deg angle on the film. The current will generally flow along the
shortest paths between the shorting bars, or at about 45 deg to the
long dimension. The full transducer is a Wheatstone bridge in which
all four resistors have the same sensing axis, but have the shorting
bars slanting in opposite directions in the two sets of legs such that
one set increases in resistance while the other decreases. A

...

barberpole-biased transducer is shown schematically in Figure 3,
along with its response to a magnetic field along the sensing axis.

Compass Detail
T�e MR compass magnetometers provide voltages vx, vy, and Vz
with magnitudes representative of their vector components of
earth's �agnetic field. In a�dition, the tilt sensor provides ax, ay,
and az signals whose magmtudes represent their respective
components of earth's gravitational field and are used to define G.
These vector relationships are shown in Figure 4. Basically, north is
shown as the Magnetic North plane defined by HEast and G. The
level plane represents the ideal orientation of the compass package
where no tilt compensation is required. However, the tilted rectangle
represents the more general tilt and magnetic orientation of the
compass package. Assuming that the magnetometers and
accelerometers have a fixed orientation within the package, the
system microprocessor then samples these signals at an appropriate
rate and does a series of vector manipulations to determine the
magnetic heading and tilt correction for the package. These
manipulations will now be described in greater detail.
The task of nongimbaled compassing must take into account the
following issues:
• Heading calculation and tilt compensation,
• Magnetic calibration,
• Temperature compensation.

-V

A) No Applied Field
B) Applied Field

+V
Electrlcal Connector

Figure 3. "Barberpole" Biasing with A) No Applied Field and 8) Applied Field

Compass Heading Computation and Tilt Compensation
The output of the three magnetic sensors provides a vector of three
numbers for the total magnetic field of the earth, He, as measured in
the x,y,z coordinate system of the package. (He is the total earth
field, including a large vertical component, not just the horizontal
components.) Three accelerometers, or a two-axis tilt sensor
provide a vector G, for the direction of gravity, also express;d in the
package coordinate system. From these two vectors the horizontal
components of He may be calculated to determine the heading of
the compass module. The x axis of the module is taken along the
long axis and defines the heading. Normal orientation will define the
y axis to the right, and z, down. The compass heading for the
module package is defined by the direction of a vertical plane
through the longitudinal x axis of the package and G, regardless of
some roll tilt of the package.

Magnetic North Plane
(defined by He and G)

Compass heading in the presence of tilt is calculated as follows. All
vectors are three-element numerical vectors expressed in the

Figure 4. Compass Vector Diagram
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package coordinate system. For brevity, all vectors are assumed to
be normalized unit vectors. First, we calculate the four intermediate
vectors below. The products are vector cross-products, with the
resulting vector being pe rpendicular to the two arguments. For these
calculations, He must first be compensated for case-induced
magnetic errors as described above.
• Calculate a horizontal vector pointing east regardless of
package orientation, defined as pe rpendicular to both G and
He: E = (Gx He).
• Calculate a horizontal unit vector pointing to the right in the
package, defined as pe rpendicular to both G and X (the
package axis): YH = (Gx X).
• Calculate a horizontal vector pointing to magnetic north
regardless of package orientation, defined as perpendicular to
both G and E: NH= (Ex G).
• Calculate a horizontal vector pointing along the heading of the
package, defined as perpendicular to both YH and G: XH=
(YHx G).
From these four vectors, calculate the cosine and sine of the heading
angle as vector dot products (giving the cosine of the angle between
them):
Cose= +(YH . E) = +(XH . N),
Sin0= -(YH · N) = +(XH · E)
Finally, the heading angle or compass bearing for the package is
calculated as:
0 = arctan (Sin0/Cos0)
(four-quadrant arc tangent function)

eight cardinal points (0, 45, 90, 135, 180, 225, 270, and 315 deg).
This can be done by placing the compass on a test fixture that
accurately selects the eight orientations. High accuracy is not
required. A sampling loop generated in software rejects the
magnetometer data until the device is indeed level. This forces the
calibration coefficients to be computed from values not distorted by
tilt.
The magnetic compensation formulation is: Given values for the
compensation coefficients Hpe rm and K, then the compensated
values for earth's field are given by inversion of the above
expression:
Hearth= K-1 · (Hmeasured - Hperm)= L ·
(Hmeasured - Hpe rm)
where L= K-1 is the inverse of K. Values for Hperm and L are
stored and used repeatedly until they are replaced by a new set of
values from a recalibration.
Temperature Compensation
Sensor offset bias and linearity often show a tempe rature
dependence. Unfortunately, these effects can also result in erroneous
heading information if no precautions are taken. Honeywell has
devised a proprietary switched-magnetization technique that
separates the temperature-induced errors from magnetic sensing
errors, thereby allowing the sensor drifts due to temperature to be
canceled out. This process has been successfully demonstrated in
past compass applications.
Compass Performance

Magnetic Calibration
Specifically, magnetic errors can and often do arise from
misalignment of the magnetic sensing axes within the magnetometer
package, from metals collocated within the package that introduce
an induced magnetization dependent upon their orientation to
earth's field, from other magnetized objects (i.e., batteries) also
within the package, and finally, from fixed external structures such
as those encountered with any vehicle-mounted compass.
Fortunately, we have found that our formulation compensates for
both sensor errors and magnetic perturbations simultaneously and
thereby eliminates the need for separate treatment.

As stated above, compass errors arise from package-induced
magnetic effects and from scale factor and alignment errors within
the sensors themselves. Figure 5 shows compass measurements
taken before and after the magnetic calibration process. Shown in
trace A is a precalibration scan where a nearby source of magnetic
distortion results in compass errors ranging from -6 to +8 deg.
Following a calibration run with the distortion still in place, trace B
now shows accuracies within ±1 deg for the total 360-deg scan.
Clearly, this type of calibration is necessary for reliable compass
operation when attached to or positioned near ferrous materials (i.e.,
vehicle platforms).
10

The calibration approach proceeds with the following manipulation
of vector quantities.

8
6

The magnetometer output, the measured fields Hmeasured, are
given by:

4

t»

Hmeasured = Hearth + Hpe rm+ Hinduced (heading error)
= Hearth + Hperm+ M · Hearth
= Hperm+ K · Hearth with K= (I+ M)

t::

UJ

2

0
-2

-4

Under ideal conditions, Hmeasured= Hearth, and the heading can
be calculated from the measured horizontal components. However,
Hpe rm is a constant term that arises from some residual permanent
magnetization of box components, and it rotates with the case.
Hinduced is a term induced by earth's field magnetizing some
package components, and its magnitude and direction changes with
the orientation of the package. The values for Hperm and K and
some form of calibration procedure to obtain them are needed for
compensation. These values can be obtained by doing an eight-point
compass swing and recording the measured values internally. For
the sake of brevity, we do not describe the mathematics for
obtaining the coefficients Hperm and K from the calibration
measurements.
In practice, the compass calibration typically requires that the
compass be carefully leveled while measurements are made at the
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Figure 5. Compass Calibration Plots

Magnetic heading can be defined as the direction of earth's field
measured in a horizontal reference plane. However, the elimination
or lack of a gimbal means that the magnetic sensors can no longer
be assumed to be horizontal. When the three magnetometers that
detect their respective components of earth's field are incorrectly
assumed to be level, the erroneous field magnitudes they measure
will be applied to the calculation of magnetic heading. These
incorrect field measurements cannot help but lead to an incorrect
compass heading.

We determined that a calibration done with an intentional tilt of as
little as 1 deg subsequently introduced compass errors of up to 6 deg
during later measurements; that is, an incorrect set of calibration and
compensation measurements was generated. At this point, our tilt
compensation has been demonstrated successfully for normal
handheld operation with a single horizontal calibration. In fact, with
these calibration and compensation routines, our solid-state compass
continued to perform with better than 1-deg accuracy over a variety
of tests and field experiments where nominal handheld tilt angles
ranged to ±5 deg. Unfortunately, the laboratory measurements
shown in Figure 6 confirm that tilts ranging to ±30 deg will require
a more complete development of our tilt compensation routines.

sample magnetic heading in excess of 50 Hz. This rapid response
time lets us avoid the typical time delays encountered in other
compassing devices while waiting for the gimbals to settle out. The
development of our nongimbaled solid-state compass significantly
enhanced the performance of the personal navigator and resulted in
very consistent and reliable heading accuracies.

Conclusions
A solid-state nongimbaled compass has been developed from
Honeywell's MR sensors with the inclusion of a three axis
accelerometer to measure the tilt orientation. We have found under
conditions of handheld operation that the device provides heading
accuracies of± 1 deg. Furthermore, the response time of this device
is currently limited only by the switching period of the electronics
that switch the materials magnetization vector. We can easily

-4
-6
-8
-10 ,.,

Figure 6. Compass Measurements in the Presence of Tilt
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ABSTRACT

based sensors can produce sensitivity that approaches or exceeds that
of the capacitive designs, one of more interesting features is that they
can do so without the need for either super thin or large area
diaphragms or beams. This feature obviously simplifies the
fabrication of the necessary microstructures and potentially improves
uniformity and yield. Prototypes of accelerometers and infrared
detectors based on the tunneling current have been fabricated using
conventional bulk-silicon micromachining technology [3,4].
However, the fabrication technologies used do not allow the full
potentials of these tunneling sensors to be realized because the final
devices have been typically large, require double-sided processing of
several silicon wafers, and do not provide the needed reproducibility
and uniformity. This paper presents the development and fabrication
of tunneling-based pressure sensors using a bulk-silicon boron-doped
dissolved wafer process [5]. The fabrication technology and device
structure allow the implementation of pressure sensors with mTorr
sensitivity in a small area, and provide flexibility in setting device
characteristics by changing process and layout parameters. In the
following we will discuss the proposed sensor structure and
operation, analytical design and modeling of sensor performance and
characteristics, the dissolved-wafer fabrication technology, and will
finally present preliminary measurement results.

This paper discusses the development, design, fabrication,
and testing of bulk-silicon tunneling-based pressure sensors. A
boron etch-stop bulk-silicon dissolved wafer technology is used for
the fabrication of two levels of silicon and one level of glass. The
first silicon wafer is used to form a boron-doped, thin, and free
standing cantilever beam to support a tunneling tip made from
platinum, while a second silicon wafer is used to form a boron-doped
pressure-sensitive diaphragm and to act as a counter-electrode for
sustaining a tunneling current to the tip located on the beam. A glass
wafer is used to support a metal electrode for electrostatic deflection
of the beam, and the two boron-doped silicon microstructures. The
deflection in the diaphragm brought about by pressure change
modulates the tunneling current that provides an indication of
pressure change.
The fabrication technology allows the
implementation of a variety of sensor designs with different
dimensions and thicknesses for the diaphragm and the support beam,
thus allowing the development of practical low-voltage tunneling
based pressure sensors. Several sensors have been fabricated using
this technology. One design utilizes a 700x700x3.5µm3 diaphragm
and a straight beam 3.5µm thick to measure pressures from l mTorr
to lOTorr and provides a current sensitivity to pressure of
0.2 nNmTorr.

SENSOR STRUCTURE AND OPERATION

INTRODUCTION

The bulk-silicon tunneling-based pressure sensors incorporate
two levels of silicon and one level of glass as shown in Fig. la. The
first silicon is formed as a cantilever beam supporting a tunneling tip,
and the second silicon is formed as a thin diaphragm, which can be
deflected by external pressure. The glass substrate supports a metal
electrode and is used to deflect the beam down using electrostatic
attraction. Initially, the beam is deflected up, by applying a tunneling
voltage, V tun , between it and the diaphragm and producing an
equivalent electrostatic force, P1, to bring the tip close enough to the
diaphragm and to cause electron tunneling from the tip to the counter
electrode on the diaphragm, as shown in Fig. l b. When an external
pressure P is applied, the diaphragm deflects, and the tunneling
current will change at a constant V1un• The sensor can be operated in
a closed-loop mode when needed. In this mode the tunneling current
is kept constant when the diaphragm moves by applying an
appropriate deflection voltage, Vdef, between the beam and deflection
electrode. The deflection voltage generates an electrostatic pressure,
Pd, which counters the external pressure, and can be tuned to
compensate for the pressure change and maintain a constant tunneling
current, thereby a constant separation between the tip and diaphragm
(the tunneling voltage remains unchanged). Pressure changes can be
measured by reading out the deflection voltage.

Development of high sensitivity and large dynamic range
sensors has become an important goal for different application areas,
including transportation, biomedicine, space, and avionics. Among
parameters that need to be measured with high resolution and
sensitivity using a small sensor are pressure and acceleration. During
the past decade a number of very sensitive capacitive pressure sensors
have been developed [l,2]. These capacitive sensors are simple in
structure and fabrication and utilize very thin (<lµm) and large area
diaphragms (a few mm on a side) to improve sensitivity to pressure
changes. Improvements in fabrication technology and capacitance
measurement techniques have allowed these sensors to continually
provide improved performance and reliability. Recently a new
category of sensors has been developed by researchers at JPL that
utilize the tunneling current between a tunneling tip and a moveable
diaphragm or beam to sense their deflection [3,4]. These tunneling
based sensors are potentially more sensitive, smaller, and have a
larger dynamic range than conventional capacitive and piezoresistive
sensors since the tunneling current is a very sensitive function of the
separation distance between the tunneling tip and counter electrode
(which is typically a movable microstructure). Although tunneling-
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Figure 1: Structure and operation of a two-level bulk-silicon tunneling-ba�ed !)ressure sensor implemented using the dissolved wafer process.
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ANALYTICAL DESIGN AND MODEUNG
In order to analyze the performance of the sensor and its
pressure sensitivity, analytical and finite element modeling has been
performed. The following provides simple analytical equations to
study the performance of the sensor. For these calculations, we
consider one of the sensor designs that have been fabricated. The
sensor incorporates a straight cantilever beam 400µm long, l 4µm
wide, and 3.Sµm thick, and a thin boron-doped diaphragm that is
700x700x3.5µm3. The target pressure range for the sensor is from
l mTorr to lOTorr. The operating voltages are less than 20V and the
target tunneling current is around lµA.
For a rigidly clamped square diaphragm, which is free from
built-in stress, the approximate load-deflection characteristic is given
by [1]:
(1)

where p is the uniform applied pressure, E = 1.88 x 1011 N/m2 is
the Young's modulus, v = 0.3 is the Poisson's ratio, a is half of the
width and length of the diaphragm, hd is the diaphragm thickness,
and de is the central bending of the diaphragm, which is calculated to
be about lµm at a pressure of lOTorr. The separation of the beam
from the diaphragm is 2µm and the tip extends lµm above the beam.
The amount of deflection of the free end of the beam, s, under
electrostatic attraction can be calculated from [6]:

glass wafer are used in a ten-mask process (four masks for each of
the silicon wafers and two masks for the glass wafer). First, the first
silicon wafer is subjected to a masked shallow boron diffusion (3µm)
at 1175°C for about one hour to define the beam thickness; the tip area
is left undoped. An anisotropic etching using ethylenediamine
pyrocatechol-water (EDP) follows to form a pyramidal cavity about
4.Sµm deep. EDP instead of KOH is used because the former has
better etching selectivity between doped and undoped silicon. Silicon
dioxide is deposited on the beam and patterned to prevent short
circuiting of the beam to the metal electrode on the glass substrate.
Next the tip metal (30nm Ti/50nm Pt/ 200nm Au) is evaporated into
the pyramidal cavity, and lifted off from the field regions to form the
tunneling tip. This produces a sharp tip that is suitable for these
tunneling applications, since a super sharp tip is not required [3,4].
Finally, reactive ion etching (RIE) utilizing a mixture of SF6 and 02
at a pressure of SmTorr and a power density of 60mW/cm2 is used to
define the shape of the beam with smooth and nearly vertical
sidewalls. The etching rate is about 80-85nm/min and etching must
traverse entirely through the boron diffused areas into the undoped
silicon. A 150nm thick aluminum is used as a mask for etching.
Processing of the second silicon wafer starts by creating a recess in it
using KOH. This recess has a depth of about Sµm and defines the
cavity height. Two boron diffusions follow; the first is a 12-1Sµm
deep diffusion, which defines the bond anchor, and the second is a
shallow diffusion (3.Sµm), which determines the thickness of the
diaphragm [8]. The multi-metal system used for the first silicon wafer
is evaporated and lifted off from the field regions to form the counter
electrode.
20

(2)
where w (force per unit length) is the uniform load on the straight
beam. L, b, and hb are the length, width, and thickness of the
straight beam. In addition, the applied force per unit length, w, is
[7]:
(3)
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where Eo is the permittivity of free space, Vtun is the applied voltage
between the straight beam and diaphragm, and d1 is the separation of
the straight beam from the diaphragm. An applied force per unit
length of 3 x 1Q-3N/m (corresponding to a voltage of 15V) can deflect
the free end of the straight beam up lµm. Consequently, the applied
voltage between the beam and diaphragm, which can produce an
electrostatic force large enough to bring the tip close to the diaphragm
to establish the tunneling current, is less than 20V. Similarly, the
separation of the beam from the deflection electrode is 2µm such that
the deflection voltage between the beam and deflection electrode
required to bring the beam down and respond to external pressure is
also less than 20V.
As mentioned above, when pressure is applied on the
diaphragm, the sensor is operated at a constant V iun and l,un by
tuning Vdef to keep the tunneling gap unchanged in the closed-loop
mode. Assuming that the deflection of the beam by Vdef is much less
than the separation of the beam from the deflection electrode, the P
Vdefcharacteristic of the sensor can be calculated:

(4)
where d2 is the separation of the straight beam from the deflection
electrode. The P-VdeJCurve is plotted in Fig. 2 and a sensitivity of
about a few mV/mTorr can be obtained theoretically.

FABRICATION
The fabrication process is shown in Fig. 3. Two p-type (100)
silicon wafers of moderate doping (>10-cm) and one #7740 Coming
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Figure 2: Theoretical relationship between the readout voltage Vdef
and pressure for the sensor.
For the glass wafer, a 2µm recess is etched using HF:H2O to
form a cavity under the tunneling beam. Positive photoresist cannot
be used directly as a mask for an etching depth of over lµm due to
attack and peeling by the hydrofluoric acid. A 25nm chromium layer
is deposited between the glass and photoresist to improve adhesion.
Then 30nm of Ti and 70nm of Pt are evaporated and lifted off from
the field regions to define the deflection electrode. In order to
facilitate the electrostatic bonding, an 80nm shallow recess is etched
using buffer HF before metal evaporation to limit the protrusion of
metal above the glass to about 20nm to establish a good Pt/Ti ohmic
contact (a few hundred ohms for a 50 x 50µm2 area) with the boron
doped silicon after electrostatic bonding.
Before electrostatic bonding, all silicon and glass wafers are
solvent cleaned. In addition, the silicon wafers are thinned down to
about 150µm using HF-nitric-acetic acid to reduce etching time in
EDP. The first electrostatic bond between the first silicon and the
glass is performed at 400°C, with 1000V applied across the silicon
glass sandwich. The bonded sandwich is then immersed in EDP to
dissolve the undoped silicon away and leave the heavily boron-doped
beams resting on the glass. The glass with the first level of silicon is
subjected to another organic clean and placed in BHF for a few
seconds to remove Ti (Pt exposed) on the tip for bonding to the
second silicon. The second silicon is aligned and bonded at a
temperature of 4200C such that the diaphragm and anchor region can

cover the beam that has been bonded on the glass. Another EDP
etching releases the diaphragm and the fabrication is completed.

modulated from 0 to 40V. In these measurements the tunneling
current is limited to less than l µA to avoid accidental damage to the
tip, although these tips can tolerate a higher current level. Note that
as the deflection voltage is increased, thus pulling the beam away
from the diaphragm, the current exponentially reduces. An increase
of lOV in either the deflection voltage or the tunneling voltage can
produce two orders of magnitude change in the tunneling current.

Figure 4a shows the SEM view of a straight beam supporting
a tunneling tip. Figure 4b and 4c show closer SEM views of the
sharp tunneling tip. Figure 4d shows the SEM view of a two-level
bulk-silicon tunneling-based pressure sensor, where the diaphragm is
cut in half to allow observation of the straight beam. The diaphragm
is about 700µm on a side and the cantilever beam is 400µm long.

I

These measurements are also used to determine the pressure
sensitivity of the device, since an appropriate pressure measurement
setup that can generate sub-Torr pressure changes cannot be reliably
implemented. On the basis of the above 1-V measurement and the
equations presented previously, at a tunneling voltage of 22V, the
following relationship can be derived from Fig. 5:

JT,nt Siliooa

MiwLL: Grow thermal oxide mask and shallow
boron-diffuse the beam area.

Mtun = lµA - 0.03µA = 97nA / V

v"•11111---7

lOV

t:.V def

(5)

where !tun is the tunneling current and V def is the deflection voltage.
One can also show that:

__JII-----�---------Masks 2 & 3:

Etch anisotropically using EDP to
form V groove, and metallize to form the tip.

(6)
where d and Vdef are taken to be 3µm and lOV respectively. Since a
deflection of IA in the diaphragm corresponds to an increase of
l mTorr in external pressure, one can obtain:

�: Use RIE to define the beam shape.

FIRST SILICON PROCESS STEPS

t:,J

t:,J

!::,.s

_t!m. = _t!m._ = 0.2 lnA / mTorr
M'

!::,.s M'

(7)

The pressure sensitivity of the tunneling current has been plotted in
Fig. 6. These data have been obtained from the measured results in
Fig. 5 and from the equations discussed previously which are used to
convert the deflection voltage to an equivalent pressure. As can be
seen from Fig. 6, the tunneling current changes drastically with
pressure. Therefore, it is indicated that one needs to operate the
sensor at a larger tunneling current to get a higher sensitivity. As a
larger pressure change (corresponding to a larger value of the
deflection voltage) separates the diaphragm too far from the tunneling
tip to result in a considerable tunneling current, the sensitivity of the
tunneling current to pressure will become extremely low at a larger
pressure range. This apparent reduction in sensitivity of course will
not happen in the closed-loop mode because the tunneling current is
maintained at a constant value.

Masks 5 & 6:

Recess etch using KOH, and deep
boron-diffuse the anchor area.

Masks 7 & 8:

Shallow-boron-diffuse the diaphragm
area, and mettalize to form the tunneling counter
electrode.

SECOND SIUCON PROCESS STEPS

Finally, based on the above equations and our measurements,
one can also show that the average sensitivity of the deflection voltage
to pressure is about l mV/mTorr, which agrees with the calculations
presented before. The results clearly demonstrate that high sensitivity
can be obtained using these devices without either super thin or large
diaphragms. We are currently conducting tests to determine the long
term stability and temperature sensitivity of these devices.

Masks 9 & 10:

Wet etch by HF : H20 to form a
recess and metallize to form the deflection electrode.

Figure 3: Fabrication sequence for the bulk-silicon tunneling-based
pressure sensor.

CONCLUSION
Tunneling-based pressure sensors have been fabricated using
a bulk-silicon dissolved wafer process. The fabrication technology
utilizes boron diffusion and boron etch-stop to form a cantilever beam
supporting a tunneling tip and a thin pressure-sensitive diaphragm,
both of which are attached to a glass substrate. The process is
simple, single-sided, and allows the implementation of a variety of
pressure sensor designs. These sensors can be operated in both the
constant-voltage open-loop mode (where the change in the tunneling
current is used to provide an indication of pressure change) and the
constant-current closed-loop mode (where the feedback voltage
between the beam and deflection electrode can provide an indication
of pressure change). The sensitivity and dynamic range of these
sensors can be varied over a large range by changing diaphragm and
beam dimensions. A sensor with a l 0Torr dynamic range was
fabricated and tested and provides a current sensitivity of several
hundred pA per mTorr, and voltage sensitivity of about l mV per
mTorr (without amplification).

EXPERIMENTAL MEASUREMENTS AND TESTS
Experimental measurements were carried out at several points
in the process. Before the second silicon bond, capacitance change
between the beam and deflection electrode as a function of the
deflection voltage was measured using an HP 4194A gain
phase/impedance analyzer to be 0.35fFN, and the pull-in voltage was
measured to be 13.SV. After the second silicon bond, capacitance
change between the beam and diaphragm as a function of the
tunneling voltage was also measured to be 0.34fFN.
After device fabrication, the full electrical characteristics of the
device were measured using the HP-4145B semiconductor parameter
analyzer. Figure 5 shows the tunneling current as a function of the
tunneling voltage between 0 and 50V as the deflection voltage is
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Figure 4: a) SEM view of the 400xl4x3.5µm 3 straight beam that
supports a tunneling tip; b) and c) magnified SEM views of the sharp
tunneling tip made from platinum. The tip protrudes from the upper
side of the beam by lµm; d) complete two-level bulk-silicon
tunneling-based pressure sensor. The 700x700x3.5µm3 diaphragm
is cut in half to allow observation of the beam.

AN ULTRA-SENSITIVE CAPACITIVE PRESSURE SENSOR
WITH A BOSSED DIELECTRIC DIAPHRAGM
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where y is the center deflection, P is the applied pressure, E is
Young's modulus for the diaphra�m material, and 3: and h are _the
radius and the thickness of the diaphragm, respectively. Ap is a
stiffness coefficient which is a function of the so called "solidity ratio
of boss and diaphragm radii" (b/a). In (2), vis Poisson's ratio and b
is the boss radius. These two equations, however, assume that the
diaphragm deflects linearly with applied pressure. In addition, they
do not account for effects due to a finite diaphragm boss thickness
and internal stress.

ABSTRACT
This paper reports the development of an ultra-sensitive
pressure sensor for a very _small ( <5cc) . P?rtable
microinstrumentation cluster for envuonmental momtormg and
process control. The device utilizes a thin stress-compensated
dielectric diapluagm with a silicon boss. For a d�vice with a 2.�
diameter 0.3µm-thick diapluagm and a 1.2mm-diameter 3.0µm-thick
boss, the measured pressure sensitivity is more than 10,000pp�a
(5fF/mTorr), at least five times greater �han other recent �evices.
The minimum resolvable pressure is 0. l mTorr, while the
temperature coefficients of the zero-pressure offset and the pressure
sensitivity are 910ppm/° C and -2900ppm/° C, respectively. These
temperature coefficients can be reduced to 15ppm/°C and -63ppml°C
using digital compensation implemented through a six-term
polynomial.

To accurately predict the device performance so an optimuJll
design could be achieved with respect to both high sensitivity and
dynamic range, an approach based on the finite-element method
(FEM) was adopted in this work. An FEM software tool,
CAEMEMS-D [6], was used to search for the best combination of
the center boss dimension and the diaphragm thickness. The
analysis has led to the foll?�in� findings: 1) The linearitf of the
load-deflection charactenstlc improves as the boss thickness
increases. This improvement is minor when the boss thickness is
less than five times the diapluagm thickness but becomes significant
when the boss thickness is about ten times the diaphragm thickness
because with that thickness ratio, the center boss can, like a plate,
deflect uniformly under load. 2) There is a trade-off in selecting the
best solidity ratio (b/a) because it affects both the operating range and
the pressure sensitivity. The_ center
boss is designed to serve �s .a
_
conducting plate for the capacitive pressure sensor; hence, when 1t is
too small, a smaller than desired output signal (LlC) results. On the
other hand, too high a solidity ratio can make the diaphragm too stiff,
degrading the sensitivity. Afte� many �esign-�imulati?n itera��n�, a
near-optimum design was obtamed which achieves high sensitivity,
appropriate diaphragm rigidity, and a large o�tput sign�!. _In this
design, the device has a gap of 2.76µm. The diaphragm is c1�cular,
2mm in diameter, and 0.3µm in thickness. The center boss is also
circular with a 1.2mm-diameter and a thickness of 3µm.

INTRODUCTION
As micromachining and wafer processing technology have
improved, it has b_eco_me po�sible to . J'.a�r!cate silicon l?ressure
sensors with stead1ly-improvmg sensitivities. Such devices are
needed for a broad variety of applications, including 1!1icrophones f?r
use in hearing aids [1-3], manometers for _ trackmg barometnc
pressure variations, and instruments for use m automated process
control [4]. Some of these applications require the sensors to be
physically very small, to respond to very low differential pressu!es,
and yet to operate over a considerable dynamic range. To satisfy
these sometimes conflicting requirements, the research reported here
has explored the use of a capacitive pr�ssure sensor having an ul�a
thin diaphragm and a center boss wh_1ch serves as the C?!l��ctmg
plate. The resulting devices have achieved pressure sens1tivit1e� as
high as 5fF/mTorr, at least five times higher than other recent_ devices
[1,4]. This paper describes the design ap�roach use� and discusses
in detail the effects of such factors as diaphragm mternal stress,
device geometry, ambient temperature, and long-te� operating drift.
Digital compensation techniques are used for reducmg temperature
effects, and the present pressure resolution is compared to
fundamental noise limits.
DESIGN AND FABRICATION
To achieve high sensitivity and wide operating_ range i!l a
micromachined capacitive pressure sensor, one possible des1�n
approach is to use an ultra-thin diaphragm with a center boss. This
approach has several advantages: 1) An ultra-thin diaplua�m offers
very high sensitivity; 2) A center boss enlarges the operating r�ge
and yields improved linearity; and 3) !',. n_early parallel-plate capacitor
is obtained using the center boss. It 1s difficult, however, to analyze
and optimize this structure. Earlier work [5] has expressed the center
deflection of a circular diapluagm having a center boss as:

Dielectric diaphragm

Fig. 1: A three-dimensional view of the ultra-sensitive capacitive
pressure sensor
Figure 1 provides a three dimensional view of the capacitive
pressure sensor. The device is composed of a glass base with
patterned metal electrodes and an ultra-thin diaphragm with a center
boss. The device is fabricated using a six-mask silicon bulk
micromachined dissolved-wafer process. The rim of the device is
first defined using a deep boron diffusion, after which the recess
defining the capacitor gap is form�d by_ dry etching. !he c�nter b?ss
is formed using a shallow boron d1ffus1on, and the dielectrics which

(1)

(2)
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form the diaphragm are deposited by LPCVD (Si)N4-SiO2-Si3N4,
600N1800A/600A) and patterned using dry etching. The wafer is
then metallized to connect the center boss to the chip rim, inverted,
and anodically bonded to the metallized glass plate. The device is
then completed using an unmasked etch in EDP to remove the
portions of the silicon wafer that are not etch-stopped. The top view
of an actual device is shown in Fig. 2.

Diaphragm Internal Stress and Pressure Sensitivity
To investigate the effect of diaphragm internal stress on
pressure sensitivity for an ultra-thin diaphragm with a center boss,
the device has been compared with another fabricated device in
which the diaphragm was formed using a two-dielectric sandwich of
Si3N4-SiO2 ( 2100N900A). As an approximation, the average
internal stress for the composite diaphragm structure is given by [8]:
(3)

where crl is the internal stress for Si3N4, cr2 is the internal stress for
SiO2, and h1 and h2 are the corresponding layer thicknesses.
The calculated internal stress of the diaphragm for the ultra
sensitive device is only 60MPa, a stress level compatible with that
for boron-doped silicon (40MPa), whereas the internal stress of the
second diaphragm is 575MPa, about ten times higher. Figure 4
shows the measured capacitance change as a function of applied
pressure for these two devices. As can be seen, the pressure
sensitivity is 5fF/mTorr for the ultra-sensitive device and only
0.33fF/mTorr for the second device. The gap difference accounts
for about a factor of two in this sensitivity reduction, while the
increased diaphragm internal stress is responsible for a factor of
more than seven.
2.0

8, 1 .5

Fig. 2: Top view of a device having a 2mm diaphragm diameter
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This ultra-sensitive capacitive pressure sensor design has
been extensively tested. Figure 3 shows the measured capacitance
change versus applied pressure. As can be seen, the capacitance
change is highly linear because of the design of the center boss.
Since the boss is ten times as thick as the diaphragm, most of the
diaphragm deformation comes from stretching and bending of the
dielectric layer. The minimum measured pressure sensitivity of the
device is 5fF/mTorr, and the equivalent boss deflection is
25NmTorr. The minimum resolvable pressure is 0.lmTorr. The
operating range of the device has been studied from 0 to lOOOmTorr
(0 - 130 Pa), which covers the range of sound pressure levels [7]
and complements existing barometric devices.
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Fig. 4: Capacitance change vs. applied pressure for two capacitive
pressure sensors with different diaphragm internal stress
Another important observation is that the device with a
Si3N4-SiO2 diaphragm structure also exhibited a large zero-pressure
offset. A possible explanation is that when SiO2 is deposited on top
of the Si3N4 layer, the internal stress gradient in the thickness
direction in the composite diaphragm will change from tensile on the
top to compressive on the bottom (near the glass). When the
diaphragm is released from its silicon substrate, a deformed
diaphragm results due to this stress distribution in the diaphragm
thickness direction, leading to a large zero-pressure offset. On the
other hand, the zero-pressure offset observed for the ultra-sensitive
device using the balanced Si3N4-SiO2-Si3N4 diaphragm has been
negligible.
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Device Geometry and Pressure Sensitivity
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For a device with a given diaphragm thickness and internal
stress level, the size of the diaphragm and the capacitive gap distance
become the main factors affecting the pressure sensitivity. To
investigate these effects, the ultra-sensitive device was compared
with a similar device which differs only in its diaphragm and boss
diameters (1.5mm and 0.9mm). The measured pressure sensitivity
is 5fF/mTorr for the ultra-sensitive device and l .83fF/mTorr for the
smaller diaphragm, reflecting a 63.4% loss for a 0.5mm reduction in

400

Applied Pressure (mTorr)

Fig. 3: Capacitance change versus applied pressure for a pressure
sensor with a 2mm-diameter circular diaphragm
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the diaphragm diameter. This sensitivity loss is less than 83.5%
calculated using Eqs. (1) and (2) in which the diaphragm internal
stress and the boss thickness are ignored.

on a representative device. In the test, a periodic square pulse
(voltage) was applied to the diaphragm to induce deflection
electrostatically. The pulses were equivalent to an applied pressure
of 200mTorr. Alternating positive and negative square pulses were
used so that any charge built up in the device during charging and
discharging could be eliminated. The device was tested continuously
for 1.93 million pulse cycles at a frequency of 1.49Hz. The
capacitance versus applied pressure response was examined before
and after the test; no noticeable change was found in the device
response surface (zero-pressure offset or sensitivity). Any changes
were less than the 0.05mTorr resolution imposed by the
measurements, indicating that the dielectric diaphragms are
mechanically stable, at least when operated over a limited pressure
range (0-lOOOmTorr).

To study the effect of device gap changes on the pressure
sensitivity., the ultra-sensitive device and a similar device with a
larger gap (4.76µm) were compared. The minimum pressure
sensitivity measured is only 1.25tF/mTorr for the second device.
The pressure sensitivity therefore drops by 75% when the gap is
increased by 2µm. According to the pressure sensitivity definition:
1 /l.C
Scap = C /l.P
o

(4)

where /l.C and /l.P are the changes in capacitance and pressure, and
Co is the zero-pressure capacitance. The calculated pressure
sensitivity drop here is 69.9% as the gap changes from 2.76µm to
4.76µm. The experiment results are thus in good agreement with the
theory. To achieve very high sensitivity, the gap should be designed
to be as small as possible, consistent with dynamic range
requirements.

DIGITAL COMPENSATION

As discussed earlier, the capacitance response of the sensor is
affected by temperature. Such an effect constitutes a shift in the
response surface. Since the device is very sensitive and is designed
for use over a low range of pressures, even a small amount of offset
or drift in the response surface can be very detrimental to its
performance. To correct the device response for temperature
variations, digital compensation techniques have been used with this
sensor. As a first step, the device was fully tested over a pressure
range
of 0-500mTorr and over a temperature range from 25° C to
l00 ° C using a total of 80 test points. The measurement data were
then analyzed using a statistical software package, RS/1, and were
fitted with a quadratic model using multiple variable regression.
Through analysis, the device compensation model was generated as a
function of both the applied pressure and temperature:

Temperature and Pressure Sensitivity

The pressure sensitivity and accuracy of a capacitive pressure
sensor can easily be degraded due to operating temperature changes
which are often not controllable. To study these
temperature effects,
°
a representative device was tested from 25 C to 100 ° C. Figure 5
illustrates the capacitance change as a function of applied pressure for
different temperatures. An increase in temperature causes the
response to decrease, probably due to the increasing diaphragm
internal tensile stress as well as the thermal expansion of the glass
base. According to [9], the thermal expansion coefficients for SiO2,
SiJN4, and glass are 0.5xI0-6f° C, 2.8xI0-6 / ° C, and 3.2xI0-6f° C,
respectively. Since Si3N4 possesses a tensile stress on silicon and
SiO2 is compressive, the larger thermal expansion coefficient in
SbN 4 results in a larger tensile stress in the diaphragm as
temperature increases. Similarly, because the silicon rim is anchored
to the glass base, the larger thermal expansion coefficient in the glass
base induces additional tensile stress onto the diaphragm. Although
these temperature effects are undesirable, the responses are
repeatable; hence, they can be minimized using digital compensation
techniques [10].
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where Creg (in pF) is the predicted capacitance from this model, P (in
mTorr) is the applied pressure, and T (in °C) is the external
temperature. Figure 6 is a plot of the uncompensated response
surface for the device with respect to both applied pressure and
temperature. The device was digitally compensated, reducing
the
temperature
coefficient of sensitivity from -2900ppm/ ° C to
°
-63ppm/ C (0.05mTorr) over all the measurement points. The
temperature coefficient of zero-pressure offset was reduced from
910ppm/°C to 15ppm/°C.
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8,600

0

Creg(P,T) = 3.537068 + 0.004158P + 0.003795T - 0.0000lOP-T +
9.542191xI0-7p2 - 0.000004T2
(5)
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Fig. 5: Capacitance change versus applied pressure for a 2mm
diameter diaphragm at temperatures from 25°C to 100°C.
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Fig. 6: Response surface of the ultra-sensitive pressure sensm

Long-Term Stability

The nature of its application as a precision measurement
device requires that an ultra-sensitive pressure sensor be stable
during its operating lifetime, meaning that its response surface does
not move beyond a given tolerance range. In order to evaluate the
stability of the fabricated sensor, a long-term test has heen conducted

NOISE ESTIMATION

When developing an ultra-sensitive pressure sensor, the
effects of noise should be estimated as a measure of how much
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further it is feasible to consider pushing the response of such a
device. In our study, three important types of noise have been
considered: Brownian noise, kT/C noise, and noise induced by
voltage source (readout) variations. Brownian noise is mechanical
thermal noise resulting from the thermal agitation of molecules
bombarding the diaphragm. The diaphragms of ultra-sensitive
capacitive pressure sensors are especially susceptible to this type of
noise. Since this molecular agitation of the medium surrounding the
diaphragm creates local variations in pressure, it determines the
minimum pressure resolution possible for a given measurement. The
two-side power spectral density of the pressure fluctuation in the
medium due to the thermal noise is defined as [11-13]:
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FABRICATION OF ULTRA.SENSITIVE FORCE DETECTORS
S. Hoen, 0. Zuger, C.S. Yannoni, H.J. Mamin, K. Wago, D. Rugar
IBM Research Division, Almaden Research Center
650 Harry Road, San Jose, CA 95120

"Brownian" type motion of the cantilever deflection. Its
magnitude can be determined by a Nyquist type argument
since the cantilever is in thermal equilibrium with its
surroundings.[7] The only three parameters needed to
characterize the response of the oscillator near resonance
are the resonant frequency f,,, the quality factor Q, and the
spring constant k.[8] Setting the minimum detectable
force, Fmin• equal to the effective noise force, one finds[4, 9]

ABSTRACT
We have developed micromechanical cantilevers capable of
detecting sub-femtonewton forces. These cantilevers have
been used to detect nuclear magnetic resonance (NMR)
signals from microscopic samples, inaugurating a technique
which is several orders of magnitude more sensitive than
conventional NMR schemes. The cantilevers are fabricated
from low stress silicon nitride grown on <110> oriented
silicon using low-pressure chemical vapor deposition. After
an anisotropic wet etch, the fixed end of the cantilever is
determined by a vertical slow-etching (111) plane,
eliminating the need for backside alignment or anodic
bonding. The release process is completed by a critical
point drying step which is necessary to protect these
delicate structures from meniscus forces. Using this
process, we have fashioned 200A thick silicon nitride
cantilevers with thickness to length ratios of 1:2500 and
spring constants of~10·5 Nim. Their thermally limited force
sensitivity is 2.4 x 10·17 N/✓Hz at room temperature.
Damping measurements have been made as a function of
temperature for 600A thick nitride cantilevers.

_ (2kBk l/2
f) '
11:

Fm1n -

(1)

where Bis the measurement bandwidth, ks is Boltzmann's
constant and Tis temperature. Equation (1) holds for both
resonant and off-resonant force detection as long as the
damping is relatively frequency independent. For sensitive
force detection, it is desirable to have a small spring
constant while maintaining a large Q and f,,. An attractive
option is a micromachined cantilever since it can have a
very low spring constant while maintaining a high
resonant frequency. A rectangular cantilever of Young's
modulus E and density p, has a spring constant k = Ewt8
I 4L8 and a fundamental resonant frequency f,, = 0.161
(wt/L2) x (E/p) 112, where w, t, and L, are the cantilever
width, thickness, and length, respectively.[10] Equation (1)
can then be rewritten in terms of cantilever geometry as

INTRODUCTION
With the advent of modem micromachining techniques and
the atomic force microscope, the interest in the detection of
extremely small forces has multiplied. Sensitive force
sensors are required for micromachined accelerometers,
atomic force microscopes (AFM's), and other scanning probe
devices. Typical forces measured by micromachined
accelerometers vary from 10·8 N/✓Hz for large (~ 1mg) Si
proof masses to 10·14 N/✓Hz for accelerometers using
tunneling detection.[1] Since Albrecht's construction of the
first micromachined AFM cantilever,[2] AFM's have been
routinely used to detect forces from 10-a N to 10·12 N.[3]

(2)
The cantilever force detector should thus have minimal
width and thickness and large Q and L. In this paper, we
focus especially on the reduction of cantilever thickness.

One of the most demanding applications of force detection
is magnetic resonance force microscopy (MRFM). Sidles has
proposed using a sensitive force sensor to detect nuclear
magnetic resonance (NMR) with an ultimate goal of
detecting NMR signals from individual nuclei.[4, 5] This
technique requires a force sensor which is many orders of
magnitude more sensitive than a conventional AFM. In
this paper, we describe the fabrication of silicon nitride
cantilevers ranging in thickness from 900A to 200A. These
cantilevers are capable of detecting sub-femtonewton forces
at room temperature and attonewton scale forces at low
temperatures. Recently, the 900A thick cantilevers have
been used to detect NMR via magnetic force.[6]

PROCESSING
We have incorporated several innovations in producing
silicon nitride cantilevers with thicknesses ranging from
900A to 200A. Low stress silicon nitride is grown on <110>
oriented silicon in a silicon rich atmosphere (4:1
dichlorosilane to ammonia) using low-pressure chemical
vapor deposition. The nitride is subsequently patterned
with an SF6 reactive ion etch. An anisotropic wet etch in
60°C KOH releases the cantilevers from the underlying Si.
The low temperature (60°C) maximizes the relative
<110>/<111> etch rate.[11].
Figure 1 shows the completed chip with the attached
cantilevers on the upper and lower faces. The fixed end of
the cantilever is determined by a slow-etching (111) plane
which is perpendicular to the wafer surface. Thus, access

In the optimal case, the absolute sensitivity of a cantilever
is limited only by the thermal noise in the mechanical
system. This thermal noise is readily detected as a
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500 µm
�

Figure 3. Optical micrograph of asperity formed along (111) face
during the etch. The left hand side of the "nose" is formed by a
slow etching (111) plane.
Figure 1. Optical micrograph of bulk micromachined chip � th
_
attached cantilevers formed by a KOH etch of patterned mtnde
on <110> oriented silicon.

.....en

is provided to both sides of the released cantilever without
any need for backside alignment or wafer bonding. The
overall shape of the chip is not rectilinear because the
remaining (111) planes do not run parallel to the vertical
direction. An additional benefit of this design is that the
chip is held to the remainder of the frame by thin (-30µm)
legs, allowing easy removal of the chip from the frame.
Two 900A thick paddles, on which samples can be
mounted, are shown in more detail in Figure 2. The
silicon nitride exhibits excellent integrity, and some
underetch is visible as a white band bordering the chip.
The thicker paddle has a spring constant of 2 x 10-3 N/m
and a resonant frequency of 9.3 kHz.
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Figure 4. Schematic diagram of critical drying process using
CO2• Initial dilution of methanol surrounding the sample occurs
at point a. The CO2 is next heated to point b and then the
pressure is reduced to atmospheric.

One drawback of using <110> oriented Si is that the (111)
surface exposed during the anisotropic etch is unstable
with respect to the formation of asperities. One such
asperity is shown in Figure 3. A cantilever causes enough
perturbation of the upper etch surface to prompt their
formation. They are bounded on one side by a slow etching
(111) plane oblique to the surface and, as the upper surface
of the silicon is etched away, they grow until the wafer is
etched entirely through. Clearing these asperities requires
a 30% overetch.

With the original 900A thick cantilevers, we found yields
of -5% with the wet etching process. The low yields were
caused by surface tension effects in removing the
cantilevers from the release bath. To circumvent the need
to cross a liquid/vapor interface, we designed and built a
critical point drier using CO2 as the fluid system.[12] This
drying process is shown schematically in Figure 4. To stop
the etch, the KOH is first exchanged with distilled water
which is then incrementally diluted with methanol. The
wafer is placed in a pressure vessel and the methanol is
replaced with liquid CO2 at high pressure (point a in
Figure 4). By increasing the temperature, the CO2 is
raised above the critical point (1070psi, 31.3 °C) and there
is no longer any distinction between the gas and liquid
phases (point b in Figure 4). The high pressure fluid is
then vented and the cantilevers are freed without ever
experiencing a liquid/vapor interface. This process has
increased the yields of the 900A thick cantilevers from 5%
to 95%, and it has proved essential for the release of
thinner cantilevers.
The 900A thick paddles have a slight curvature and are
bent down at their ends by -3 µm, visible as a defocussing
in Figure 2. Figure 5 shows the measured silicon nitride
curvature as a function of thickness for cantilevers grown
on bare <100> and <110> oriented Si. Thinner cantilevers
exhibited substantially more curvature and cantilevers
grown on <100> Si showed -40% more benqing than on
<110> oriented Si. The curvature of the 200A cantilevers

Figure 2. Optical micrograph of two 900A thick silicon nitride
paddles. Access to both sides of the paddle is provided by the
vertical (111) etch face at the cantilever base.
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Figure 5. Curvature of the released cantilevers plotted as a
function of silicon nitride thickness. To reduce curvature, a
buffer layer of 1000A of oxide was first grown on the silicon.

r�µm
Figure 6. Optical micrograph of 200A thick silicon nitride
cantilever grown on 1250A SiO / <110> Si. The end of the
cantilever is pointed to allow mounting of a magnetic film.
grown on bare Si renders them unusable. The curvature
is due to a residual stress gradient in the cantilever
material which probably arises from the lattice mismatch
between the Si substrate and the deposited nitride. We
overcame this problem by growing a -1000A thermal oxide
layer on the bare Si before the nitride deposition. Thermal
oxide is an excellent buffer layer since it provides a more
amorphous surface on which to grow the nitride and it
etches slowly in KOH. Figure 6 shows an optical
micrograph of a 200A thick cantilever grown on a 1250A
thick oxide layer over <110> oriented Si. The curvature
has been reduced to that of the original 900A thick
cantilevers. This cantilever has an aspect ratio of 1:2500
and a spring constant of -10·5 Nim.
FORCE SENSITIVITY RESULTS
The ultrathin cantilevers produced by the preceding
process show considerable promise as force detectors. To

Figure 7. Optical micrograph of 900A thick silicon nitride
cantilever with a 12ng ammonium nitrate sample attached.
properly quantify their sensitivity, measurements of
resonant frequency and Q were made in vacuum (< 1
mtorr). In this pressure range, the value of Q depends
only on the internal friction of the nitride and the losses at
the boundary. Because we see very little change in Q
under varied boundary conditions, it appears that the Q is
determined only by the internal friction.
Table I presents measured values of Q and (0 for the silicon
nitride cantilevers along with calculated values of k and
Fmin•
Fmin was calculated using equation (1) and the
experimentally determined values of f, and Q for all
thicknesses except 200A. For the 200A thick cantilevers,
Fmin was calculated using equation(2) and assuming a Q of
3000. The measured values off. are within -5% of those
calculated from simple beam theory assuming E = 140
GPa and p = 3 gm/cm3 • The extraordinary sensitivity(< 1
fN/✓Hz) of these cantilevers arises from their small spring
constants.
The cantilever Q was also studied as a function of
temperature because magnetic resonance force microscopy
will ultimately require cooling below 4K. Between room
temperature and 4.2K, Q showed a moderate increase for
the 600A thick cantilevers. This is expected since, for most
materials, energy dissipation mechanisms freeze out as
temperature is lowered, increasing Q. The overall force
sensitivity increased by a factor of 13 in this same
temperature range because of the Boltzmann term which
enters equation (1).
MAGNETIC RESONANCE FORCE MICROSCOPY
Cantilevers of the type shown in Figure 2 have already
been used to detect the NMR signal arising from a
microscopic sample.[6] Figure 7 shows one such 900A
thick cantilever with an attached 12ng ammonium nitrate
sample. The physical characteristics of this cantilever are

TABLE I. Physical Parameters of Micromachined Cantilevers
Thickness
(A)
900
900
600

Width
(µm)
10
5
10

Length
(µm)
50
50
50

Geometry Temperature
(K)
295
paddle
sample
295
295
paddle
77

200

5

55

cantilever

4.2
295

k
(µN/m)
2000
1000
600
600
600
8
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Q
3000
3000
1270
2200
2900

fo

(kHz)
9.23
1.8

2.23
2.23
2.14

calculated Fmin
(fN/✓Hz)
0.43
0.77
0.753
0.29
0.059
0.024

similar to our estimate. The noise floor implies a
minimum resolution of 1013 nuclear spins in a 0.25 Hz
bandwidth, which is two orders of magnitude more
sensitive than conventional NMR techniques. This
experiment clearly demonstrates the phenomenal
sensitivity mechanical detection can achieve.
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CONCLUSIONS
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Sample

To our knowledge, these cantilevers provide the most
sensitive force detection to date and should move magnetic
resonance force microscopy significantly closer to the goal
of atomic scale resolution. Measuring the NMR signal
from a single nuclear spin will require a force sensitivity of
1.5 x 10·18N in a field gradient of lOOG/A.[4] This is
already close to the sensitivity of a 200A cantilever if it
were cooled to lK. This temperature range will also be
required to have the proper NMR relaxation times. The
cantilevers should already sensitive enough to detect single
electron spin resonance at 4.2K.

Cantilever

Figure 8. Schematic diagram of magnetic resonance force
detection technique. See text for description ofelements.
included in Table I. Equation (1) predicts an Fmin of 0.39
fN in a 0.25 Hz bandwidth. The experimental configuration
for MRFM is shown schematically in Figure 8. An external
field B0 of 2.4 T polarizes the nuclear spins and an
additional field gradient of6 G/µm is produced by a nearby
magnetic tip. As in NMR, an rffield applied at the correct
frequency will flip the nuclear magnetic moments. Using
cyclic adiabatic inversion, by fm modulating the rf field,
the nuclear magnetic moments are caused to oscillate at
the cantilever resonant frequency. The resulting change in
the sample magnetic moment applies an oscillating force
on the cantilever. The resulting cantilever displacement is
detected by a fiber optic interferometer.[13] In principle,
the interferometer noise contributes to the overall noise;
however, its effect is small because the thermal vibration
of the cantilever is on the scale of angstroms, several
orders of magnitude larger than our interferometer
sensitivity.
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Abstract
A new micromachined gyroscope based on a vibrating ring is de
scribed. The device measures rotation rate or whole angle inertial
rotation by monitoring the position of node lines in a vibrating ring.
To sense rotation, the ring is electrostatically forced into an ellipti
cally shaped vibration mode and the position of the node lines are
capacitively monitored. When the device is subjected to rotation, the
node lines, lag behind the rotation due to the Coriolis force. The
control and readout circuitry monitors this lag and develops a cor
rective voltage, that is proportional to the rotation rate, to hold the
position of the node lines fixed. The device is fabricated using a
low-cost process based on metal electroforming techniques that al
lows large amounts of circuitry° to be included with the sensor. A
resolution of approximately 0.5 /sec in a 10 Hz bandwidth, limited
by the on-chip electronics, has been obtained with this new sensor.
Further improvements in the on-chip electronics and° sensor materi
als are expected to push the resolution to below 0.5 /sec in a 50 Hz
bandwidth.

In this paper we present a new low-cost micromachined vibratory
gyroscope based on a vibrating ring that is designed for medium
performance applications [8]. To understand the operation of this
device we first review the principles of vibratory gyroscopes using
the familiar Foucault pendulum to present these concepts. We then
discuss the various types of vibratory gyroscope designs to get a
clearer understanding of the advantages and disadvantages of the
ring design. After this the more detailed design and fabrication of
the ring gyroscope is presented emphasizing the reasons for choos
ing the ring design for a micromachined device. We next discuss
the operation of the sensor with its closed loop electronics.
Experimental results are then reported for the rotation response of
the sensor and electronics followed by some concluding remarks.

Introduction

Vibratory Gyroscope Principles

Gyroscope devices for measuring angular rotation or rotation rate
have been the subject of extensive research and development over
the past several decades. With the development and proliferation of
low-cost miniature silicon micromachined accelerometers, attention
is naturally turning to the development of a low-cost companion mi
cromachined gyroscope since many applications exist for these de
vices. Some of the applications being considered for these miniature
devices include: automotive applications such as traction control
systems and ride stabilization systems; consumer electronic applica
tions such as video camera stabilization and model aircraft stabiliza
tion; computer applications such as an inertial mouse; as well as
robotic applications; and military applications [1]. Generally the re
quirements for these sensors are
a resolution between 0.1 •/sec to
l /sec, a full scale range of 50°/sec and a response bandwidth of 50
Hz at a cost of 10$ to 20$ per sensor. Given the large number of
potential applications for medium performance gyroscopes many
groups are currently developing micromachined designs to meet this
need [2,3].

Vibratory gyroscopes use the Coriolis acceleration or force that
arises in rotating reference frames to sense rotation. Similar to the
centrifugal acceleration, familiar to all amusement park lovers, the
Coriolis acceleration is one of the accelerations that are used to de
scribe motion in a rotating reference frame and accounts for radial
motion. Its effects must be considered in many phenomena where
rotation is involved and can even account for the differences in the
motion of air over the earth's surface in the northern and southern
hemispheres. To understand how vibratory gyroscopes use Coriolis
acceleration it is instructive to first examine a simple vibratory de
vice, the well known Foucault pendulum [9]. This discussion pro
vides the base for understanding the principles of vibratory gyro
scopes in general and the ring gyroscope in particular. During the
discussion the nonnal mode method for modeling vibratory gyro
scopes is introduced and discussed [10]. Later this model is used to
describe the operation of the ring gyroscope. Three ways of operat
ing vibratory gyroscopes are then presented and discussed in terms
of the normal mode model followed by a discussion of desired char
acteristics of vibratory gyroscopes to achieve the best performance;

medium to high performance device. For these reasons most groups
are basing their micromachined designs on vibrating mechanical el
ements.

0

Over the years many different gyroscope concepts have been con
ceived and successfully developed. The traditional gimbaled spin
ning wheel and the ring laser gyroscope are two well-known de
signs that have been widely applied and proven in inertial navigation
applications [4]. Although highly accurate, these devices are cur
rently too expensive for many of the low-cost applications. Some
low-cost fiber optic gyroscopes are currently under development but
it is uncertain whether these devices can meet the cost goals of many
applications even in large scale production volumes [5]. Another
class of successful gyroscope designs, known as vibratory gyro
scopes, use vibrating mechanical elements to sense rotation [6].
Although less well known, these devices find many applications in
the medium performance range and one vibratory gyroscope, the
Hemispherical Resonator Gyroscope (HRG) [7], has achieved iner
tial navigation performance levels rivaling and even exceeding that
of the best ring laser gyroscopes. Almost universally when low
cost is the goal, gyroscope devices are based on vibrating mechani
cal elements due to their simple structure. Since vibratory gyro
scopes have no rotating parts that require bearings they can be read
ily miniaturized and batch fabricated using micromachining tech
niques to produce a low-cost device. Furthermore, with the preci
sion of micromachining techniques it is still possible to produce a
0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.49
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Figure 1 Foucault pendulum and normal mode model
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Foucault Pendulum and the Normal Mode Model
In 1851 the French scientist Leon Foucault used a large pendulum
to study earth's rotation. As the earth rotated under the pendulum,
the plane of the pendulums swing appeared to rotate or precess at a
rate equal to earth's vertical rotation rate. Foucault correctly rea
soned that the Coriolis acceleration due to earth's rotation caused the
precession of the pendulum. Mathematically this precession phe
nomenon can be modeled by two independent harmonic oscillators
that are coupled by the Coriolis acceleration as shown in Figure 1.
This method of describing the Foucault pendulum is known as the
normal mode method in vibration theory and the independent oscilla
tors are called the normal modes of the system [10]. In this model
the pendulum's swing is resolved into two orthogonal amplitude
components x and y, one for each oscillator or normal mode. The
path of the pendulum's swing is then obtained as a linear superposi
tion of these two independent motions.

time for these devices, isolated structures that do not radiate
acoustic energy and which are fabricated from low-loss materials are
desirable [11]. Also, the damping time is increased as the resonant
frequency of the structure is lowered. Consequently, lower natural
frequency structures are desirable as well, however, the natural fre
quency of the structure is generally chosen to be above the environ
mental noise to improve vibration sensitivity. In this paper we de
scribe a new micromachined vibratory gyroscope design that uses
these principles.

Types of Vibratory Gyroscopes
Vibrating elastic bodies can sense rotation just as the Foucault
pendulum and many different designs for these structures have been
developed. These vibratory gyroscope designs generally fall into
one of five classes; vibrating prismatic beams, tuning forks, single
or dual accelerometers, vibrating shells, and rotated piezoelectric
crystals [6,12]. Each of these classes are represented by commercial
or research devices with the highest performance belonging to the
vibrating shell class. Since the rotating piezoelectric crystal devices
use bearings that are currently unavailable in micromachining tech
nology, this class of devices will not be discussed further. To put
the ring gyroscope into perspective, examples of each of these other
classes will be discussed highlighting the advantages and disadvan
tages of each class.

How Coriolis acceleration causes precession in this model can be
understood as follows. Consider the case when the pendulum's
swing is initially aligned with the x-axis. At this time all the energy
or amplitude of vibration is stored in the first normal mode. In the
absence of rotation the pendulum swing would stay aligned with the
x-axis and all the stored vibration energy would remain in the first
normal mode. However, under rotation the normal mode equations
reveal that the Coriolis acceleration will transfer energy between the
two normal modes causing the pendulum to precess. Solving the
normal mode equations for the case of constant rotation shows that
the pendulum would precess at a constant rate equal to the rotation
rate. This principle of the transfer of energy between two vibration
modes of a structure caused by the Coriolis acceleration is the basic
operating principle underlying all vibratory gyroscopes [6].

Vibrating Prismatic Beams
Probably the simplest vibratory gyroscope is the vibrating rectan
gular beam that operates like the Foucault pendulum and uses the
two identical primary bending modes of the beam to sense rotation
(Fig. 2). Experience with these devices has revealed that they are
difficult to mount, have large temperature sensitivities due their
construction, and are sensitive to spurious vibrations [12].

Modes of Operation
So far we have considered the case when the pendulum swing is
allowed to freely move under rotation. In this mode of operation,
called the whole angle mode, the pendulum operates as a rate-inte
grating gyroscope and measures the angle of rotation. Vibratory gy
roscopes including the Foucault pendulum can also be operated as
rate gyroscopes to measure rotation rate in an open-loop or force-to
rebalance mode.

n input rate
oriolis acceleration response

To measure rotation rate, the pendulum would be continuously
driven to a fixed amplitude in the first vibration mode along the x
axis. In the absence of rotation there would be no vibration ampli
tude in the second mode along the y-axis. Under rotation, however,
the Coriolis acceleration will cause energy to be transferred from the
first mode to the second mode. In the open-loop mode of operation
the second-mode amplitude is allowed to build up to a steady state
value and provides a measure of the rotation rate. In the force-to-re
balance mode of operation the secondary vibration amplitude is
monitored and continuously driven to zero by applying the neces
sary force along the y-axis to rebalance the Coriolis acceleration.
Which operating mode is used in a particular vibratory gyroscope
depends on the application and the particulars of the device design.

piezoelectric transducers

Figure 2 Vibrating prismatic beam gyroscope
Tuning Forks
To overcome the difficulties encountered with vibrating beam gy
roscopes, designers have worked with gyroscopes based on tuning
forks which being balanced devices are easy to mount and not sen
sitive to linear vibrations. In operation, the tines of the tuning fork
are differentially driven to a fixed amplitude and, when rotated, the
Coriolis acceleration causes a differential sinusoidal force to develop
on the individual tines orthogonal to the main vibration (Fig. 3).
Depending on the design of the device, this force is detected either
as differential bending of the tuning fork tines or as a torsional vi
bration of the tuning fork stem. Due to fabrication difficulties and
temperature drift problems, the input and output mode natural fre
quencies of tuning fork gyroscopes are generally not matched, limit
ing the device sensitivity [6]. Another problem encountered with
tuning fork gyros is large bias errors caused by a misalignment of
the mass centers of the individual tines [6]. If the centers of mass
are not precisely in the plane of the tine vibration, their inertia pro
duces a vibration response that is indistinguishable from the Coriolis
acceleration. To minimize this error, tuning fork devices are often
individually mechanically trimmed. In spite of these difficulties a
high-quality micromachined quartz device is available from Systron
Donner and a silicon-micromachined device has been developed by
Draper Labs with impressive sensitivity [3].

Design Goals
All vibratory gyroscopes are based on the rotation-induced transfer
of energy between two vibration modes of the structure.
Independent of the mode of operation, highest performance for vi
bratory gyroscopes is obtained when these two vibration modes
have the same natural frequency and a long damping time or high
quality factor [6]. When this is the case, the response to the very
small Coriolis acceleration is amplified or multiplied by the quality
factor of the resonance which can exceed 50,000, thereby improving
the overall sensor performance. Not all vibratory gyroscopes use
this principle of matched vibration mode frequencies in their design.
Tuning fork designs, for example, often do not match the resonant
frequencies of their two vibration modes and still achieve good per
formance. They do this by careful design that involves detecting
small motions. However, the highest performance vibratory gyro
scope, the HRG, has used this principle of matched frequencies to
achieve inertial-navigation performance levels demonstrating the
potential of this design principle [7].
The design goal of matching the vibration mode frequencies is
most easily obtained in symmetric structures that naturally have two
identical modes of vibration such as the Foucault pendulum or the
vibrating shell designs discussed shortly. To obtain a long damping
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for each type of vibrating shell gyroscope-called the angular gain
and is approximately 0.3 for a wine glass.
Due to their shape, vibrating-shell gyroscopes are inherently
rugged but are still highly sensitive to rotation. They are less sensi
tive to spurious vibration than other vibratory gyroscopes for, ide
ally, spurious vibrations do not couple to the shells identical vibra
tion modes. Only when the shells have mass or stiffness asymme
tries, can environmental vibrations induce a spurious response.
Vibrating shell gyroscopes can be operated in either the whole angle,
the open-loop, or the force-to-rebalance mode depending on the de
mands of the application [1,6,7,12].

Figure 3 Tuning fork vibratory gyroscope
Single and Dual Accelerometers
Dual-accelerometer gyroscopes are essentially tuning fork gyro
scopes whose tines are constructed from identical accelerometers
(Fig.4). These devices are operated by vibrating the accelerometer
proof masses antiphase in one plane and measuring the resulting dif
ferential Coriolis acceleration in an orthogonal plane. Since this
class of devices is so similar to the tuning fork class, they share
many of the same advantages and disadvantages, although, they can
also measure acceleration, which is an important advantage in many
applications. For less demanding applications a single accelerometer
can used to measure the Coriolis acceleration but like the prismatic
beam this device is more sensitive to spurious vibrations.

Device Description
Given the many advantages of vibrating-shell gyroscopes, we
chose to develop a micromachined, vibrating-shell gyroscope to ex
plore the potential of such a device. After some consideration we
based our device on a vibrating ring; rather than a hemisphere,
cylinder, or disk, as micromachining versions of the other shapes
can be problematic. Although hemispherical wine-glass shapes can
be micromachined, it would be difficult to fabricate attached ver
sions of these structures with the associated capacitive drivers and
pickoffs in a batch process. Furthermore, to obtain low natural fre
quencies with long damping times, cylinder structures would require
very tall, thin walls that demand special, expensive fabrication tech
niques such as LIGA. The main difficulty found in fabricating these
two structures is their three-dimensional nature which demands
special micromachining techniques. Although disk structures are
more two dimensional, they would still have to have very large di
ameters to obtain reasonable natural frequencies as their vibration
mode is primarily extensional. In contrast, the ring structure that we
have developed is a small quasi-two dimensional device that can be
easily batch fabricated, thus avoiding the difficulties associated with
these other structures. As we shall see, the ring gyroscope can be
fabricated with a simple inexpensive process using conventional
process equipment based on electroforming.

Ar,
�mass=on

Coriolis acceleration response

Figure 4 Dual accelerometer vibratory gyroscope

The ring gyroscope, shown in Figure 6, consists of three main el
ements; the ring itself, the support springs, and the drive pickoff and
control electrodes [8]. Like the vibrating wine glass device, this
device uses the two primary flexural vibration modes of the ring to
sense rotation. In these modes the ring vibrates in the plane of the
substrate in an elliptically-shaped pattern with two node lines. The
device can be operated in the whole angle mode, the open-loop
mode or the force-to-rebalance mode, although in this paper we will
concentrate on the force-to-rebalance mode of operation.

Vibrating Shells
Tuning fork gyros are based on the rotation-induced transfer of
energy between two different vibration modes of the structure. This
can cause the device to have low sensitivity or a large temperature
drift. In contrast, vibrating-shell gyroscopes transfer energy be
tween two identical modes of the structure just as the Foucault pen
dylum does, thus avoiding these problems [6,7,12]. Because of
their shape, vibrating shells have two identical modes of vibration
with nominally equal resonant frequencies. They may be shaped
like a wine glass (HRG), like a cylinder, or like a ring [6].
Although the vibrating disk is not, strictly speaking, a vibrating shell
it can be included in this category as well [12].

To suspend the ring above the silicon substrate, we have devel
oped a novel support arrangement using eight semicircular springs
that attach the ring to the substrate at the ring center. This spring ar
rangement supports the ring without drastically restricting its in
plane motion, thus allowing the ring to still vibrate in a low-fre
quency, elliptically-shaped mode. Symmetry considerations require
at least eight springs to support the ring to give a balanced device
with two identical modes that have the same natural frequency. The
attachment point in this structure forms a balanced isolated support
for the ring that is similar in spirit to the base in tuning fork designs.
As a result of this isolation, the support structure is compatible with
high Q, long time constant devices for high performance applica
tions. Another feature of the support structure is its released design
which eliminates the effects of package-induced stress on the device.

The rotation sensing principles of the vibrating-shell gyroscope
were first analyzed by G. H. Bryan in 1890 and are best illustrated
by the ringing wine glass vibrating in its fundamental flexural mode
shown in Figure 5 [13]. In this mode of vibration, the lip of the
wine glass vibrates in an elliptical-shape mode that has two nodal di
ameters. When the wine glass is rotated, the node lines lag behind
the rotation or precess much° like the swing of the Foucault pendu
lum precesses. During a 90 rotation, the node lines are observed to
precess by about 27° . The precession rate is a geometric constant
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actual rings usually have some imperfections that cause these two
frequencies to be slightly different. By applying the proper voltages
to the balancing electrodes, as discussed shortly, this frequency split
can be removed [7]. The remaining electrodes are not used and are
held at ground potential.

vibrating ring
semicircular support springs
support post

The ring gyroscope design is more compliant than wine glass de
signs or cylinder designs due to its support structure. This makes
the ring gyroscope somewhat more sensitive to spurious vibrations
than other shell designs since three vibration modes of the structure
have resonant frequencies below the flexural mode frequencies used
to sense rotation. The first vibration mode of the ring gyroscope is a
torsional mode in which the ring remains rigid and rotates about the
support center. Often when people are first exposed to this sensor
they mistakenly assume that this is the vibration mode used to sense
rotation. However, for the range of rotational accelerations nor
mally encountered when using this sensor the torsional mode is not
excited and the ring structure faithfully follows the applied rotation.
The second and third vibration modes of the ring gyroscope are x
and y- translational modes in which the ring remains rigid. In per
fectly balanced devices these modes do not contribute to the rotation
response of the device. However, when mass or stiffness asymme
tries exist in the sensor structure these modes can cause the device to
be sensitive to environmental vibration [15]. In demanding applica
tions, rigid-body motions of the ring can be electronically rejected
using the balanced electrode set to further improve sensor perfor
mance in high vibration environments.

Plan View
drive, pickoff, control electrodes

vibrating ring

Out-of-plane vibration modes of the ring can be moved to high
frequencies by using high aspect ratios in the sensing element.
When these modes have high frequencies, they do not significantly
contribute to the sensitivity of the sensor to spurious vibrations. It
is, therefore, desirable to use a high-aspect ratio process to fabricate
the sensor element such as the electroforrning process described
later. At this time, it should be remembered that even the high per
formance HRG shell design has torsional and translational modes
that lead to unwanted vibration sensitivity [15]. The ring gyroscope
support structure only lowers these frequencies. This design trade
off is one compromise in the sensor design. Although, hemisphere
or cylinder shells do not require this compromise the ring gyroscope
is much easier to fabricate as mentioned earlier.

Cross Sectional View
Figure 6 Plan and cross sectional views of ring gyroscope
Since the vibrating ring is a shell structure, it naturally �as two
identical modes that have nominally equal resonant frequencies. To
obtain two identical frequencies in either tuning fork or beam struc
tures, it is necessary to match both the thickness and width of the
structure which is difficult, if not impossible, to do with the required
precision in a batch-fabricated process. In contrast, to obtain two
identical frequencies in the ring device, it is not necessary to pre
cisely control any dimension of the device, rather, it is only neces
sary that the device be uniform in its dimensions and material prop
erties at the die level. This makes fabrication of the ring gyroscope
much simpler as these requirements are easy to achieve in a batch
fabrication process.

Device Operation and Control and Readout
Electronics
Just like the Foucault pendulum, the operation of the ring gyro
scope can be understood from the normal mode model. For the
ring, the two identical modes of
the structure have an elliptical shape
with their antinodes lying 45° apart. For the purposes of this dis
cussion we will initially consider a balanced device in which case
one mode, which we will call the primary mode, can be considered
to be aligned with o• pickoff; and the other mode, which° will be
called the secondary mode, will then be aligned with the 45 pickoff.

Thirty-two capacitive electrodes are located around the outer cir
cumference of the ring to drive, sense, and control its vibration.
The electrostatic drive and detection scheme used in this device is
ideal for a micromachined device and results in a clean, simple, one
element mechanical structure [14]. In developing the ring gyro
scope, we have used these electrodes in two different sets; a simple
unbalanced set and a balanced set. The balanced electrode set uses
all thirty-two electrodes in a symmetrical arrangement that electroni
cally cancels the electrostatic effects of rigid body motions of the
ring on the sensor's operation. It is envisioned that this complete
electrode set would be used when vibration performance of the sen
sor is crucial. Otherwise, the simpler unbalanced electrode set
would be used. As discussing both electrode sets would be redun
dant, we will discuss the simpler set in this paper. All the basic op
erating principles of the device are covered in this discussion with
out loss of generality using this electrode set. For a further discus
sion of the balanced set the interested reader is referred to [8].

The ring gyroscope uses electrostatic drive and detection biased by
a polarization voltage applied to the ring. Each pickoff electrode in
corporates a low-input capacitance, unity-gain, buffer amplifier to
sense the small capacitance changes due the ring vibration [16]. The
pickoff electrode capacitor and the input capacitance of the buffer
amplifier form a capacitive voltage divider which is biased by the
ring polarization voltage. This circuit arrangement converts the ring
vibration into a buffered output voltage for the control and readout
electronics. For simplicity and ease of fabrication, the initial device
design has used a source follower for the unity gain amplifier shown
in Figure 7. Resolution of the sensor is currently limited by noise in
the buffer amplifier and could be improved with an improved buffer
design [16]. In the current design, with large 7 µm electrode gaps,
the polarization voltage is 60V. This voltage can be reduced to more
c�nventional IC voltages by scaling the device to reduce its gap
sizes.

In the simple electrode set, two pickoff electrodes, located at 0°
and 45° , are used to capacitively sense the ring vibration. Two°
electrodes located across from the sense electrodes at 180° and 225
are used to electrostatically
drive the ring vibration. Four electrodes
located at 67.5° , 90°, 112.5°, andl35° are used to electrostatically
balance the ring so that the two flexural vibration modes of the ring
have the same natural frequency. Ideally, these two modes are
identical and would have the same natural frequency. However,

The block diagram of the control and readout electronics for op
erating the ring gyroscope in the force-to-rebalance mode is shown
in Figure 8 [1,6,12]. To sense rotation rate, the primary mode is
driven to a fixed amplitude at the ring resonant frequency with a
phase-locked loop, oscillator circuit and an amplitude control loop.
The primary or main drive loop incorporates an amplitude control
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Vdd
diode clamp
output
sense electrode

This response time may be too slow for some applications so the
sensor electr0nics includes a second control loop to continuously
force the secondary mode amplitude to zero thus operating the sen
sor in a force-to-rebalance mode [1,6]. With this feedback control
arrangement, the sensor response time and damping are entirely
controlled electronically, as the control system can apply large drive
forces to rapidly and continuously rebalance the Coriolis accelera
tion. The rebalance voltage is used to measure the rotation rate and
is given by
vb

v.,

current source
Vbias

Vss

Up to this point in the discussion we have been considering ideal
balanced rings with two equal normal mode frequencies. Actual
rings usually have some mass or stiffness asymmetries that split
these two frequencies somewhat. Without compensation, this small
frequency split produces a scale factor error and, if the split is large,
the sensitivity of the sensor is greatly reduced since then there would
be no Q amplification. To balance the device, voltages are applied to
the balancing electrodes to force the normal mode frequencies to be
equal [7]. Placing voltages on the balancing electrodes can be
thought of as adding 'electrical' springs to the ring at the electrodes
to compensate for device asymmetries. When the vibrating ring de
forms at a biased electrode there is net force tending to make it de
form still further due to the nonlinear electrostatic force. For small
vibrations of the ring this additional displacement is modeled as a
negative 'electrical' spring.

loop to set the primary mode amplitude to a predetermined level.
Since the scale factor of the sensor is proportional to the amplitude
of the primary mode it is important to control this amplitude to
eliminate the effects of device parameters, such as Q, on the sensor
response [1].
When the device is not rotating, the secondary mode will not be
excited and therefore has zero amplitude. Rotating the ring causes
the secondary mode to be excited by the Coriolis acceleration and to
build up amplitude. The sensor could be operated in this open-loop
mode with the amplitude in the secondary mode giving the rotation
rate. However, in this mode of operation the response to a step
change in rotation rate would not be instantaneous, since time is re
quired for the amplitude to build up. The amplitude build up is ap
proximately exponential with a time constant given by

How balancing of the ring is performed can be understood by
mass distribution, shown in
considering the simple nonsymmetrical
Figure 9, with extra mass at 0°. For this simple mass distribution
the primary mode located at o• has° a lower natural frequency than
the secondary mode located at 45 . To balance this extra mass, a
negative electrical spring is applied to the secondary mode thereby
reducing its frequency to match that of the primary mode. All
asymmetries, whether due to mass or stiffness variations in the ring,

-r= 2Q
(J)

where Q is the quality factor of the resonance and w is the angular
natural frequency [1,6].

112.5 Balance
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where Vb is the secondary mode drive voltage required to rebalance
the device, Vd is the primary mode drive voltage, Ag is the angular
gain, and n is the rotation rate to be measured.

Figure 7 On-chip source follower buffer amplifier
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Figure 8 Block diagram of control and readout electronics
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interfacing without sacrificing overall yield or increasing cost. The
process is simple and uses only conventional techniques and stan
dard equipment and can, therefore, be implemented on most IC fab
rication lines with minimal additional equipment.

applied balancing voltage at 45' acts
as a negative 'electrical' spring

Fabrication of microstructures by electroforming, although not
new, is currently experiencing a revival of interest for fabricating
novel, high aspect-ratio microstructures. Several electroforming
processes have been developed ranging from the very high aspect
ratio LIGA process to lower aspect-ratio low cost processes
[17,20,21]. Similar techniques were developed over a decade ago
and are now being used to fabricate thin film magnetic recording
heads for computer disk drives [22]. These processes are based on
fabricating a nonconducting mold into which the metal structure is
electroplated. Movable microstructures are fabricated in these pro
cesses by including sacrificial spacer layers for surface microma
chining.

extra mass at O'

The basic process, shown in Figure 11, for fabricating the ring
gyroscope begins with a standard CMOS process to fabricate the on
chip buffer circuitry. After completion of the CMOS, the aluminum
metallization is passivated and anchor regions where the sensor ele
ments are attached to the silicon substrate are defined. Next, a con
ductive sacrificial spacer is deposited and patterned. This layer de
fines the movable portions of the sensor element and also serves as a
plating base layer for electroforming the microstructure. At this
point, the electroforming mold is defined, and the sensor element is
formed by selective electroplating in the open mold areas. The mold
and sacrificial layer are then removed, completing the sensor pro
cess.

Figure 9 Balancing of simple nonsymmetrical mass distribution
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Figure 10 Frequency magnitude response before and after balancing

1. Electroforming mold defined by UV exposure
electroformed metal microstructure

can be balanced in this manner as long as the frequency split is not
excessively large. Initially, sensors are open-loop trimmed for
course balance (Fig. 10) and, in operation, the control electronics
uses the quadrature imbalance to continuously balance the device.
[7].

Ultimately, the resolution of the sensor is limited by Brownian
motion of the ring itself. However, this resolution has not been ob
tained in the current design due to noise in the buffer amplifier. The
sensitivity of the device can be improved with a higher Q and by im
proving the buffer amplifier design.

2. Electroforming of sensor element

Fabrication

free standing sensor element

To fabricate the ring gyroscope, we have developed a LIGA-like
post circuit process for incorporating high aspect-ratio, electro
formed metal microstructures with CMOS circuitry [17]. In the
electroforming process a nonconducting mold is fabricated into
which metal is electroplated to form the sensor element. Although
other micromachining techniques exist for fabricating high aspect
ratio structures [18,19], we have selected electroforming because of
the ease of integration and potential low-cost of this process. Our
general approach is to fabricate the on-chip circuitry using a state-of
the-art standard CMOS technology, and to add the gyroscope in a
series of low-temperature, post-circuit fabrication steps without any
disturbance to the underlying circuitry. This partitioned approach
enables one to include a large amount of on-chip circuitry with the
sensor for signal readout, compensation, calibration, and external

3. Mold and sacrificial spacer removed
Figure 11 Electroforming fabrication sequence
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Experimental Results

The most important step in the ring gyroscope process is the for
mation of the electroplating mold. Initially, in the development of
the ring gyroscope, we used a polyirnide layer that was patterned by
reactive ion etching for the electroforrning mold [8]. Currently, we
are using a contrast-enhanced, optical lithography process to fabri
cate the electroforming mold. The process uses a thick positive
photoresist of high viscosity and high transparency that is defined
with conventional UV lithography equipment. This is a low-cost
mature technology that was originally developed for the thin film
magnetic recording head industry and is, therefore, well suited to
fabricating sensors [22]. Molds fabricated with this technology
have nearly vertical walls with aspect ratios of about 7, almost
matching the quality of molds produced by reactive ion etching
(Fig.12).

The ring gyroscope with integrated CMOS buffer amplifiers has
been fabricated using the electroforrning process and the sensor has
been tested. Figure 13 shows a die photo of the fabricated device
including the on-chip buffer amplifiers. The ring has a diameter of
1mm, a thickness of 19 µm, a width of 5 µm, with electrode gaps of
7 µm. Circuit performance was evaluated by wafer probing before
and after the electroforrning process and no change in the circuit per
formance was observed confirming the integration potential for this
fabrication process.

Figure 13 SEM photograph of ring gyroscope sensor

Figure 12 SEM photograph of photoresist electroplating mold

The device has been operated in the force-to-rebalance mode using
the closed loop circuitry described earlier. Initial electrostatic bal
ancing of the device was performed manually and then further auto
matically trimmed with the balancing control loop. Figure 14 shows
the results of rotation testing of the complete sensor system and
plots the analog output voltage as a function of the applied rotation
rate. For these tests the device was packaged in a 24-pin ceramic
DIP and continuously pumped using a metal lid with an o-ring seal.
This arrangement gave a marginal vacuum level that reduced the Q
of the device to 2000 down from its intrinsic Q of 4000. The sensor
system shows excellent linearity and moderate sensitivity.
Resolution of the system is approximately 0.5' /sec in a 10 Hz
bandwidth limited by noise from the on-chip buffer amplifiers and
by the low Q of the device. Using the measured secondary mode
rebalance voltage and the measured primary mode drive voltage the
angular gain of the ring gyroscope is found to be approximately 0.3
which is in good agreement with theoretically calculated value of
0.33 [8] . The step response of the sensor is shown in Figure 15
which shows the analog output voltage of the sensor as the rotation
rate is stepped form 0'/sec to 10'/sec to 0'/sec to -10'/sec and back
to 0'/sec demonstrating the transient performance of the system.

A concern with this process is that a metal structure is used for the
vibrating sensor element that may exhibit creep, fatigue, or long
term drift problems. One could legitimately ask why even consider
a metal sensor element, after all silicon is an excellent mechanical
material and many techniques are available for rnicromachining this
material. Certainly a high aspect-ratio polysilicon fabrication could
be used to fabricate the ring gyroscope and produce a high quality
device. However, one should not prematurely rule out using a metal
element for the sensor, given the integration and cost advantages of
the electroforrning process. Furthermore, using metal structures for
vibrating elements is not without precedence as many resonator de
vices have metal elements including a macroscopic vibratory gyro
scope [1]. For these applications metal alloys are available that have
been specifically designed with elastic moduli independent of tem
perature so that the natural frequency of these devices does not vary
with temperature.
In the ring gyroscope process, we have initially used nickel as the
material for the sensor element. Nickel was selected because of the
ease with which it can be electroformed and because of its moderate
hardness. We have found that nickel is not an ideal material for the
sensing element. Ring gyroscopes have a maximum Q of around
4000 which limits the performance of the device. To improve the
sensor's performance we are investigating other electroplated mate
rials for the sensing element that potentially have a higher Q. Even
with a lower Q, the gyroscope devices have shown a sensitivity of
0.5' /sec in a 10 Hz bandwidth.

0.1
,....._

�
�

0.06

0

Fabrication of the ring gyroscope is not limited to this electroform
ing process. Other micromachining techniques, including LIGA,
surface micromachining of polysilicon, or reactive ion etching of
bulk silicon could be used and may be advantageous for some appli
cations [17,18,19]. The LIGA process could produce very tall de
vices with larger pickoff capacitors and, consequently, better sensi
tivity. Polysilicon devices would have higher Q and, therefore,
better sensitivity. If the Young's modulus variation with crystal ori
entation of heavily doped silicon is not excessive the dissolved
wafer process could be used to fabricate very high Q ring gyro
scopes. With better materials and processes the ring gyroscope
could potentially be used in low grade, short term, inertial naviga
tion applications such as belt-buckle size, personal navigation sys
tems.

:5

s-::,

0

0.02

....0

-0.02

C/l

-0.06

"'C:

.,

-0.1

-10

-6

2
-2
Rotation Rate (deg/sec)

6

Figure 14 Measured rotation response of sensor
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Figure 15 Step response of sensor for 10°/sec changes

Conclusions
Micromachined gyroscopes are currently receiving a great deal of
attention as many applications exist for these devices. In this paper,
we have described a new, low-cost, micromachined gyroscope
based on a vibrating ring. The vibrating ring design is small and
naturally suited to fabrication by micromachining. It is fabricated by
a simple mature process that allows for the inclusion of large
amounts of on-chip circuitry, thus lowering the unit cost. Precise
control of the device dimensions and material properties is not re
quired as it is only necessary that the device be uniform-something
that is easily achieved in a batch fabricated process. The device de
sign is inherently insensitive to secondary parameters such as linear
acceleration, and package-induced stress, simplifying the overall
system design. Control and readout electronics for the device are
relatively simple and could potentially be integrated with the device
producing a reliable, low-cost, total sensor system with autocalibra
tion and self-test features.
In comparing the ring design with other micromachined designs
such as the tuning fork design [3] each device is seen to have advan
tages and disadvantages. The ring device is a shell design with two
identical modes, so the response of this device is amplified by the
quality factor Q. For a given amount of driven motion there is more
motion to detect in the ring device than in the tuning fork device.
However, this motion is measured in a smaller capacitance in the
ring device. At this point in time, due to the low Q of the device and
the buffer amplifier design, the ring gyroscope is less sensitive than
the tuning fork design. As Q increases, however, the ring and tun
ing fork designs become more competitive in terms of raw sensitiv
ity and then additional features of the ring gyroscope, such as its
simple low-cost fabrication process and high integration potential,
become very attractive .
Currently, the resolution of the ring gyroscope is about OS/sec
which is suitable for some, but not all, of the perceived applications.
This performance level represents our initial experience with this
new device and we feel many options are available to greatly im
prove the device. Simply increasing the device diameter lowers the
resonant frequency and increases the pickoff capacitance, improving
the sensitivity of the device. Reducing the electrode gaps reduces
the voltage requirements for the device to more reasonable IC volt
age levels without decreasing sensitivity. As mentioned earlier, the
resolution of the sensor is presently limited by noise from the on
chip buffer amplifier. Better buffer designs with lower input capaci
tances will further improve the sensor performance. Further im
provements in the sensor's performance can be obtained by increas
ing the quality factor of the device. Already we have measured a Q
of 10,000 on some of our nickel structures and we have reason to
believe that the Q for the ring will ultimately be above this level
when we incorporate new materials in our electroforming process.
Combining°all these potential improvements we feel that a resolution
below 0.05 /sec can be obtained with this device structure and fabri
cation process, opening up many new applications for this new sen
sor.
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A Digital Pressure Sensor Based on Resonant Microbeams
D. W. Burns, J. D. Zook, R. D. Horning and W. R. Herb
Honeywell Technology Center
10701 Lyndale Ave S., Bloomington, Minnesota 55420
H. Gockel
University of Wisconsin Center for Applied Microelectronics
Madison, Wisconsin 53706
the design of the resonant pressure sensor devices. Simplified
analysis of a resonant microbeam pressure sensor requires a model
of the deflection profile of the pressure diaphragm under load, the
resulting applied strain to the microbeam(s) as a function of the
position on the diaphragm, and the shift in resonant frequency of the
microbeam with applied strain. With these basic elements, the
microbeam frequency response as a function of applied pressure can
be predicted as a function of geometry and material properties.

Abstract
A quasi-digital pressure sensor based on polysilicon resonant micro
beams has been demonstrated. Pressure sensitivities of nearly 4,000
counts per second per psi have been attained on a 10-psi device with
a base frequency of 233,000 Hz. The microbeams are fabricated
with their own integral vacuum cavities, allowing high-Q operation
in the differential pressure mode or in contact with liquids such as
silicone oil. Design considerations include the effects of internal
strain and lead to a push-pull layout configuration independent of
microbeam strain or diaphragm thickness. Fabrication technology
incorporates fine-grained polysilicon, surface micromachining, and
reactive sealing. Packaging into precision avionics headers is being
used for preliminary testing. Testing results indicate suitability for
precision avionics, industrial, and commercial applications. Optical
methods have been used to test resonant microbeam pressure
sensors and verify the push-pull design methodology.
Introduction
Pressure sensors are second only to temperature sensors as the most
important and widely used type of sensors being sold today. They
are used to measure not only pressure but flow, fluid level, and
acoustic intensities. More that ten different uses for pressure sensors
have been identified in automotive applications. Honeywell intro
duced piezoresistive silicon sensors in the mid-1960s that, with
continuous improvements, have been used extensively for precision
pressure measurement in industrial controls and aircraft guidance
controls. The trend in both of these areas is to increase the number
of measurement points and the accuracy of the measurements under
the premise that better information leads to better control.

b. Pressure
Sensor
Silicon
Diaphragm
Microbeam

IF-----eal-,

Figure 1. Cutaway view of a resonant microbeam. The sectional view
in (a) shows the microbeam inside its vacuum-cavity enclosure with a
central drive electrode and a position sensing microbeam at one end.
A small ac voltage applied to the drive electrode electrostatically
excites the microbeam, which is maintained by external drive/sense
electronics. The resonant frequency of the microbeam shifts with
applied axial strain. Selective positioning on a silicon diaphragm
provides a large shift in frequency with differential pressure applied
across the diaphragm.

Improvements in precision silicon micromachining technology
during the past decade have led to a wide range of improved sensing
structures, including the use of resonant microbeams as strain trans
ducers.1-7 With resonant sensors, the output is in the form of a
robust sinusoidal signal whose frequency changes with pressure.
The output is quasi-digital in the sense that it can easily be con
verted to digital form using a high frequency clock. Strain-sensitive
mechanical-grade polysilicon resonators have been fabricated
monolithically on silicon pressure diaphragms with integral
vacuum-sealed cavities (see Figure 1) for differential or absolute
pressure sensors that are usable in a wide range of applications.

The response of a undamped resonant microbeam element is
governed by the following differential equation, 1,6 which includes
the effects of intrinsic and applied strain:

Precision pressure applications now require "smart" transmitters that
provide calibrated, temperature-compensated output in a specified
format. Compensation for temperature and pressure nonlinearities
requires calibration constants that must be stored in look-up tables
and processing capability to execute the data correction algorithms.
This capability is included in the package of a smart transmitter but
not on the sensor chip. Use of a separate microcontroller chip that is
interconnected to the sensor chip inside the package offers much
greater flexibility and much faster time to market than combining
them on the same chip. In this way, separate manufacturing pro
cesses can be used for each chip and there is no need to compromise
the sensor or IC design or processing to achieve a merged process.
In the case of the resonant sensors, it is possible to integrate the
oscillator on the sensor chip using simple analog electronics. At the
present time, however, we are using discrete surface-mount
elements for the oscillator electronics.

Eia4w/ax4 - (Eo + Eapp)E Aa2w/ax 2 = -pAa2w/at2

where w(x,t) is the lateral, time-dependent displacement of the beam
along its length, E is Young's modulus of the beam material, I is the
moment of inertia, €0 is the internal or residual strain, Eapp is the
applied strain to the beam ends, A is the beam cross-sectional area,
and pis the mass density. This equation does not yield exact
solutions, but approximate solutions can be found using energy or
Rayleigh methods, which give the resonant frequencies of the beam.
The resonant frequencies of a rectangular beam element of length lb
and thickness hb are then given by Eq. 2 for doubly supported
beams (clamped-clamped) and Eq. 3 for cantilever beams:
fr = (bn/2p)(E/p) 112(hbflb2)(1 +Yn0bfhb)2(Eo+Eapp))112

Pressure Sensor Design

(2)
(3)

The coefficients for the fundamental frequency and the first two
overtones are summarized in Table 1.

Static and dynamic structural modeling of the resonant microbeam
and the sensor microstructure have been used extensively to guide
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(1)
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without changing the layouts. The overall device performance has
many other influences, including the microbeam drive/sense
configuration. The details of the microbeam design and layout are
further influenced by processing considerations, drive/sense
electronics and packaging. Interconnects to the microbeam drive and
sense lines are configured to minimize parasitic resistances and
capacitances. The piezoresistor length is optimized to maximize the
change in resistance with beam deflection. The electrostatic drive
electrode may be optimized to selectively excite the fundamental
mode and discourage higher order modes. Processing constraints
affect the design rules for the microbeam, affecting in tum the
minimum beam length and width. Packaging effects such as
mechanical and thermal hysteresis are reduced by isolation
techniques and the push-pull configuration.

Table 1. Coefficients of resonant microbeams.
bn
Doubly Supported

Yn
Doubly Supported

Cn
Cantilever

Fundamental

6.4586

0.2949

First Overtone

17.8034

0.1453

6.3608

Second Overtone

34.9018

0.08119

17.8104

1.0150

To determine the applied strain to the microbeam, a model of the
pressure sensor microstructure is required. With the pressure
diaphragm in the form of a thin circular plate, the displacement
profile under uniform applied pressure may be found in standard
references8 as:

� 0.05
"§
[ 0.04

(4)
where w is the diaphragm deflection, Pa� is the applied pressure, E
and u are Young's modulus and Poisson s ratio for the silicon
diaphragm, a and � are the diaphragm radius and thickness, and r is
the radial coordinate from the center. The corresponding strain
distribution at the diaphragm surface is:

�
$ 0.03

-�
�
U)
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CD
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For a microbeam mounted to the surface of the diaphragm, the strain
applied to the beam may be calculated as the average diaphragm
strain over the beam length. Eq. 6 and 7 give this result for two
specific cases. Eq. 6 gives the applied strain to a microbeam of
length lb with one end mounted at the diaphragm edge and extend
ing inward, while Eq. 7 gives the result for a beam centered on the
diaphragm:
Ea= 3Pappa2(1 -u2)[2 - 3(lt,/a)+(lt,la) 2]/8Ehct2

(6)

Ea= -3Papp82 (1 -u2)[1 - (lt,!2a)2]/8E�2

(7)

By combining Eq. 6 and 7 with Eq. 2, the change in microbeam
resonant frequency with applied pressure may be determined for a
variety of sensor layouts. For a dual-beam sensor layout, the sign
difference between Eq. 6 and 7 implies a push-pull configuration,
where the center- and edge-mounted microbeams undergo opposite
applied strain and frequency shift with applied pressure.
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Figure 2. Pressure sensitivity of a resonant microbeam pressure
sensor. The normalized shift in output frequency is plotted versus the
microbeam length normalized to the diaphragm radius. The
sensitivity of a center-mounted and an edge-mounted microbeam
increases with length due to the increase in gage factor of the
micro beam with increased aspect ratio (length/thickness) to a
maximum value, then decreases due to a rapid reduction in the
average applied strain. At the ratio Ii/a= 0.4, the frequency sensi
tivities of the two microbeams are equal in magnitude but opposite in
sign, allowing subtraction and cancellation of first-order effects.

Sensor Fabrication

To optimize the push-pull pressure sensor configuration, a sensi
tivity factor was defined to quantify the beam frequency response as

(8)
where M is the total frequency shift with pressure, f0 is the base
frequency, and dPapp is the change in pressure. Eq. 6, 7, and 8 may
be used to calculate the sensor pressure sensitivity as a function of
the beam length to diaphragm radius ratio. Figure 2 plots Sf versus
lt,la for the edge and center microbeams, and the combined push
pull configuration with equal length edge and center beams, with an
assumed intrinsic strain value of 300 microstrain. This factor is
maximized in the push-pull configuration for an lt,la ratio of 0.4, a
result that is independent of the beam and diaphragm thickness. This
design choice also results in equal length beams, which provides
first-order cancellations of microbeam nonlinearity and temperature
effects.
An alternative sensor configuration with a single active beam on the
diaphragm and a reference beam mounted off the diaphragm was
also studied. Referring again to Figure 2, a sensor with a single
center-mounted beam would have an optimum lt,la ratio of about
0.6, a somewhat longer beam length than the optimal push-pull
configuration. Unlike the push-pull configuration, the optimal singly
active center-mounted design length varies significantly with the
microbeam intrinsic strain level.
The design analysis was used to select the microbeam length-to
diaphragm diameter ratios to optimize the nominal frequency
sensitivity of the resonant pressure sensor. The specific pressure
sensor ranges can then be attained by varying diaphragm thickness
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Resonant microbeam pressure sensors are fabricated on an n-type
silicon epitaxial layer that is grown on a p-type substrate. The
resonant microbeams are formed first, followed by diaphragm
etching. Initial microbeam process steps include the growth and
patterning of a thin oxide and deposited silicon nitride. Two local
oxidations are done in the lower cavity region.9 The first oxidation
forms a depression in the silicon and is stripped off. The second
oxidation deepens the depression to about 7500 A and fills it in. The
oxide forms a sacrificial layer upon which the beams are formed.
The thin oxide film surrounding the depressions is patterned into
narrow lines, forming channels for introduction of the sacrificial
etchant later in the process. A 2-µm-thick film of mechanical-grade
polysilicon, deposited over the oxide films and implanted, will form
the resonant beam. The polysilicon piezoresistors are deposited and
patterned over the beam poly. Following the piezoresistor
formation, the beam poly is etched to define the exact beam
dimensions, typically 46 µm wide x 200 µm long. A low
temperature oxide is then deposited and patterned to form a
sacrificial layer above the beam. Another 2-µm-thick polysilicon
film is deposited and patterned to form a shell over the beam and
sacrificial layers. An HF solution penetrates through patterns etched
in the shell and through the oxide channels. All oxide in the cavity is
etched away, freeing the microbeams for vibration. After careful
rinsing in water and cyclohexane baths, the wafers are placed in a
vacuum chamber for sublimation of the solidified liquid in the shell.
Following sublimation, the wafers are immediately placed in an
LPCVD furnace to be evacuated and reactively sealed. Finally,
contact openings are made to the substrate, piezoresistor, and shell,
and PtSi contacts are formed in the openings. Aluminum is used for
pads and for connection to the contacts. This completes the resonant
microbeam formation, as shown in Figure 3.

above. Modulated incident laser light excites the microbeam into
resonance. Resonances are detected by reflected light, as shown in
Figure 8. Pressure applied to the backside of the diaphragm shifts
the resonant frequencies of the microbeams to provide a measure of
applied pressure, as shown in Figure 9. Optical testing shows high
Q, high sensitivity, and excellent stability.

Figure 3. SEM of a wire-bonded resonant microbeam. Electrical
interconnects are made to the drive line and sense lines of the 400-µm
long and 46-µm-wide microbeam.
An HF-based anodic etch is used to form the diaphragms. The
backsides of the wafers are ground and polished to a thickness of
about 280 µm. A Pt film is deposited and patterned with openings
for the diaphragm etch. Additional pinhole protection is provided by
a sputtered nitride film. The Pt acts as both the mask for the etching
and as the contact to the p-type substrate. Etching is carried out in
an HF-based electrolyte containing H2SO4 to allow higher current
density. IO The wafer is biased anodically at about 2-2.5 V with
respect to a Pt counter electrode in the solution. The p-type substrate
etches readily; etch stop occurs when the etch front reaches the n
type epilayer. This procedure forms a circular diaphragm with
thickness determined by the initial epilayer thickness. Following
removal of the backside nitride and Pt and the frontside protection
layers, the wafer is diced and mounted in packages for testing.

Figure 4. Resonant microbeam pressure sensor die. A multiplicity of
resonant microbeams are located at the center and periphery of an
isotropically etched silicon diaphragm and are selectively wire bonded
for testing purposes. The die measures 3.3 mm x 3.3 mm.

Packaging and Test Results
Completed resonant microbeam pressure sensor wafers are probed
optically to verify microbeam operation, frequency, and Q.fl This
noninvasive measuring technique requires the modulation of
incident laser light around the microbeam resonant frequency.
Reflected light is detected by a simple photodetector to locate
microbeam resonances and determine Q.
Select die are electrically probed to verify drive line and piezo
resistor impedances. The die are thermoelectrically bonded to a
Pyrex tube, mounted in a Honeywell avionics product header, and
wire bonded. A die with select microbeams wire bonded is shown in
Figure 4. A metal lid can be welded on under vacuum to provide a
vacuum reference for absolute pressure sensor measurements, or
omitted for differential or gage pressure operation. The sensor die
and header are mated with associated drive/sense electronics, as
shown in Figure 5. The drive/sense electronics excite the microbeam
into resonance and maintain it there as pressure is changed. The
output is buffered for external data acquisition and analysis. The
output frequency of a single microbeam as pressure is varied using a
commercially available transfer standard is shown in Figure 6.
Linearity, span shift, null shift, and thermal hysteresis measurements
are now under way on first units. Long-term testing on resonant
microbeam devices have now exceeded 24,000 continuous operating
hours without failure. Periodic checking of base frequency and Q
shifts show little alterations. Continuous data taken on resonators
suspended in a constant temperature bath show short-term stability
as low as 0.01 ppm based on the fundamental resonant frequency.
Frequency noise data for a typical microbeam is shown in Figure 7.
The data represent nearly 100,000 measurement points. This device
is being operated long term and has over 7,000 continuous operating
hours.
Optical interrogation of the resonant microbeam pressure sensor has
been demonstrated using the packaging and fixturing described
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Figure 5. Packaged pressure sensor with digital output. The resonant
microbeam pressure sensor die is located inside the circular metal can
surrounded by the drive/sense electronics. The sensor is driven with
standard ±12-V supplies and a buffered frequency output is available
at one of the pins. The pressure port is located on the opposite side of
the stainless steel manifold.
�-------------------�
4
2 ,500

23, 500

ii'
C:

!',: 22,500
er

�

LL

21,500

20,500�-�-�--�--'---'----'--"--�--'
-4
-3
4
-2
-1
0
1
2
3
5

Pressure (psig)

Figure 6. Frequency output in differential mode. Operating at a base
frequency of 223,000 Hz, the pressure sensitivity is 3,880 Hz/psi.

Solid State Electronics Center for providing precision packaging
and wire bonding of the sensors.
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Figure 7. Root Allan variance of a resonant microbeam. This plot is a
compilation of 100 consecutive paired variance data taken every 10
min over the time frame of a week, showing short-term stability of
0.02 Hz for a base frequency of 625,000 Hz.
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Results and Conclusions
Resonant microbeam technology combines precision polysilicon
microbeam strain sensors with conventional silicon microstructures
to produce high-quality silicon sensors that integrate the digitizing
function directly at the sensor. Interconnection with digital control
systems is possible via electrical or optical means,allowing remote
operation in harsh environments where immunity to EMI or intrinsic
safety is required.The large gage factors of a resonant microbeam
and its integral vacuum cavity to maintain high-Q operation allow
large signals to be obtained with minimal strain for avionics and
industrial applications such as differential pressure sensors.
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with a pair is measured by the difference in resonant frequencies.
By monitoring both bridge pairs simultaneously, direction can also
be determined. In-depth discussions on the device concept and
theory of operation have been reported previously [4].

ABSTRACT
As the complexity of automotive systems increases, there
has been a concurrent increase in demand for motion sensors.
Vibratory sensors, capable of measuring linear and angular
motion, have the potential of satisfying these demands. A resonant
bridge microaccelerometer has been developed to test two design
innovations. The first involves the incorporation of thin film zinc
oxide to piezoelectrically excite and detect bridge resonance. The
primary advantage of moving away from electrostatic excitation
and detection to the piezoelectric approach is the elimination of
squeeze-film damping. Higher Q values have been obtained as a
result and offers the potential for device operation at reduced
vacuum levels. The second innovation turns the device inside out
by placing the proof mass around the perimeter of the device
rather than at the center. This new cantilever-like configuration
decouples the resonant bridges from the effects of package
induced stress and also provides a proof mass that is six times
heavier than its central proof mass counterpart.

In this version of the accelerometer, bridge resonance is
driven and detected piezoelectrically. When an electric field is
applied vertically across the ZnO drive element, a stress is induced
in the film laterally (through piezoelectric coupling, d31). This
stress bends the bridge which, in turn, produces a strain in the
sensing element. The resulting change in the charged state of the
ZnO sensing element is detected and an1plified by the on-chip
circuitry.
DEVICE DESCRIPTION
Plan and cross-sectional views of the overall structure of the
accelerometer are shown in Fig. 1 (a-c). The dimensions of the
various components are given below, along with brief descriptions:

INTRODUCTION

1. Proof mass

Sensors based on beam resonance have attracted more and
more attention over the past few years due to the quasi-digital
nature of the output signal and the better sensitivity/bandwidth
product of the sensors [1-4]. So far, beam resonance has been
most often activated by electrostatic force. Simple device
structure and IC process compatibility are the advantages of this
approach. However, the close proximity of the beam to the drive
sense electrodes (~2 µm) necessitates vacuum packaging �10
mTorr) to minimize squeeze film damping effects so as to achieve
a high quality factor (Q). In addition, the electrically measured
resonant frequency is a strong function of the electrode gap
distance, and hence, it is more sensitive to processing variations
associated with the construction of resonant structures [5].

12 mg (peripheral)

mg (central)

Two different proof mass arrangements were devised: a central
proof mass (Fig. l b), and a peripheral proof mass (Fig. le). For a
given chip size, th� peripheral proof mass is approximately six
times heavier than the central proof mass which translates into
greater sensitivity. The accelerometer with the peripheral proof
mass is essentially a released structure and inherently is less
affected by package-induced stress.
2. Drive-Sense Elemt>nts
thickness = 1µm

area= 9600 �1m2 (per pad)

The transducing elements are positioned in two different
configurations as shown in Figs. 2 a and 2b. In both cases, the ZnO
pads are positioned such that they do not cross the points of
inflection of the fundamental flexure mode of the bridge. The
configuration shown in Fig. 2b provides a larger ZnO area, and,
hence, a larger sensor signal is expected. The drive and sense
elements are sandwiched between silicon dioxide and silicon
nitride layers to prevent charge leakage, thus ensuring device
performance in the low frequency spectnun.

As an alternative to electrostatics, we have experimented
with sputter-deposited zinc oxide (ZnO) thin films to
piezoelectrically drive and sense bridge resonance. With drive
voltages of a few millivolts, a clear bridge resonance was observed
even at one atmosphere. The measured Q value was 300. Q
increased to 1800 when the measurement was done under a
vacuum of ~100 mTorr, which is two to three times greater than
the Q values achieved with the electrostatically driven devices. In
this work, the established ZnO thin film technology is applied to
the fabrication of a resonant bridge microaccelerometer. Simple
on-chip circuitry, consisting of a diode and a n-channel depletion
mode MOSFET is incorporated for signal conditioning and
amplification.

3. Bri�
Length
500µ111
Resonant bridge:
Constraining bridge: 1200 pm

SENSOR CONCEPT

Width
100 pin
100µm,

Thickness
5µm
IOµm

The resonant bridges as well as the constraining bridges are made
of heavily boron-doped single crystal silicon.

The device is a two-axis accelerometer which employs two
pairs of silicon bridges orthogonally attached to a common proof
mass to measure in-plane acceleration. This acceleration causes
differential axial loads on opposing bridge pairs, thereby shifting
their resonant frequencies. The acceleration component aligned
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FABRICATION

CONCLUDING REMARKS

Figure 3 shows the principal processing steps in sequence.
The thicknesses of the resonant and constraining bridges are
defined by two separate deep boron diffusion operations (Fig. 3a).
The on-chip circuitry (a diode and a n-channel depletion mode
MOSFET) is closely positioned to the resonant bridge with the
diode-gate lead connected to the sensing element (Fig. 3b). The
ZnO pads are deposited by rf magnetron sputtering and patterned
with either phosphoric acid or ammonium chloride etchants [6].
The ZnO is sandwiched between a silicon dioxide layer and a
plasma nitride layer before aluminum metallization (Fig. 3c). The
proof mass, resonant and constraining bridges are formed
simultaneously by etching in an ethylene diamine-pyrocatechol
(EDP) etchant (Fig. 3d). Figures 4a and 4b are photomicrographs
of the fabricated accelerometers showing both proof mass
configurations.

The results obtained in this work clearly demonstrate that
piezoelectric thin film ZnO is a viable transduction material for a
resonant bridge accelerometer and that sensor designs exploiting
the piezoelectric effect offer some advantages over prior
developments using electrostatics. In the piezoelectric design, the
electrodes are an integral part of the resonant bridge, thus
eliminating the bridge-to-electrode air gap required for
electrostatic devices. Consequently, device petformance is not
limited by squeeze film damping nor by nonlinear effects
associated with changing air gap dimensions. When measuring
the quality factor (Q) for both devices at 100 mTorr, the new
device yields 5 times the Q value of its electrostatic predecessor.
The direct benefit of the new design is that vacuum packaging
requirements may be relaxed -- or eliminated -- for some
applications.

RESULTS AND DISCUSSION

Finally, there are two advantages to the peripheral proof
mass configuration: a) it eliminates the coupling of package
induced stress to the resonant bridges which simplifies the
packaging process, and b) it yields a heavier proof mass for a
given die size when compared to its central proof mass
counterpart, thus making more efficient use of silicon real estate.

Figures 5a and 5b show the frequency response of the
resonant bridge associated with the central proof mass when
operated at one atmosphere and at 100 mTorr, respectively.
Bridge resonance is clearly detected at one atmosphere, however,
the quality factor (Q) is low. Q increases to 1,800 when the device
is operated at 100 mTorr. Similar results are obtained for the
device with a peripheral proof mass. The measured resonant
frequency, fm, is �200 kHz, which is somewhat higher than the
expected natural frequency, f0, of an unstressed bridge as
estimated by the equation,

t =1 03Vo-v2)p
f=x=(!....z2 )
0

•
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(1)

where E is Young's modulus, v is Poisson's ratio, p is the density,
t is the bridge thickness, and I is the length of the bridge.
Neglecting the effects of the various layers comprising the bridge
and using E = I. 5x1012 dyne/ cm2 , v = 0.25, p = 2.328 g /cm',
t = 5µm, and l = 500µm, the calculated resonant frequency is
-165 kHz. The built-in tensile stress can be estimated from the
following relationship,

(2)
and comes out to be - 2x10" dyne/ cm2 , which is comparable to
the values reported by Ding, et al, for heavily boron-doped silicon
[7].
Figures 6a and 6b show single-bridge responses to static in
plane accelerations of _!lg for the different proof mass
configurations. The measured frequency shifts are -36 Hz and 12
Hz for devices with the peripheral proof mass and central proof
mass, respectively, as compared with the calculated values of 130
Hz and 20 Hz. The causes of these large discrepancies between
the measured and calculated responses are not clear at this point.
It may be attributed to the fact that the resonant bridge is fonned
by five layers of different materials: B+ doped silicon / silicon
dioxide / ZnO / plasma nitride / aluminum.
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Fig.1

Schematic diagram of a piezoelectrically driven and
sensed resonant bridge microaccelerometer with
alternative proof mass configurations: a) top view, b)
cross sectional view of central proof mass
configuration, c) cross sectional view of peripheral
proof mass configuration.

Fig.2

Two different arrangements of thin film zinc oxide
transducing elements.

Bridge and etch-stop diffusions

Drive

Sense

(a.)

(c.)

Proof
Mass
(b.)

Fig. 3

Resonant Bridge
(d.)

Major processing steps for device fabrication: a) the dimensions of the resonant and
constraining bridges are defined by two consecutive boron diffusions, b) the on-chip
circuitry consists of a diode and a depletion mode n-channel MOSFET, c) the ZnO
thin films are sandwiched between SiOz and Si3N4 to prevent charge leakage, d)
proof mass, constraining bridges and resonant bridges are formed simultaneously by
etching in EDP.
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Frequency responses of the resonant bridge associated
with central proof mass when operated at: a) one
atmosphere pressure, and b) 100 mTorr.
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Frequency shifts of the resonant bridges when the
proof mass is subjected to static acceleration of.:!: l g in
the direction parallel to the length of the bridge:
a) central proof mass configuration, M = 12 Hz,
b) peripheral proof mass configuration, M = 36 Hz.

MICROTEXTURED RESONATORS FOR MEASURING LIQUID PROPERTIES
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This causes acoustic energy to be radiated away, leading to severe
resonance damping. Thickness-shear modes, with only in-plane
surface displacement, suffer much less acoustic coupling to a
contacting liquid and a tolerable amount of resonance damping.
Oscillator circuits have been designed for the TSM resonator
that overcome the damping contributed by low viscosity liquids (1).
Since the mass sensitivity of the resonator is nearly the same in
liquids as in air or vacuum, the device can be used as a sensitive
solution-phase microbalance (2). In addition, the sensitivity of the
TSM resonator to contacting fluid properties enables it to function
as a monitor for these properties. Kanazawa and Gordon (3) have
shown that the TSM resonant frequency decreases with liquid
12
immersion as (pTJ)1 , where p and 11 are liquid density and
viscosity, respectively. Muramatsu et al. (4) demonstrated that
12
resonance damping also increases as (pTJ)1 • Martin et al. (5)
derived an equivalent-circuit model to describe the electrical
behavior of the TSM resonator in terms of the contacting fluid
properties.
This paper will describe the mechanical interactions between
smooth- and textured-surface TSM resonators and a contacting
liquid. These interactions influence device response in a way that
depends on liquid properties, providing a means for measuring these
properties.

ABSfRACT

The response of smooth- and textured-surface thickness-shear
mode (TSM) quartz resonators in liquid has been examined.
Smooth devices, which viscously entrain a layer of contacting
liquid, exhibit a response that depends on the product of liquid
density and viscosity. Textured-surface devices, with either
randomly rough or regularly patterned features, also trap liquid in
surface features, exhibiting an additional response that depends on
liquid density alone. Combining smooth- and textured-surface
resonators in a monolithic sensor enables simultaneous extraction of
liquid density and viscosity.
INTRODUCTION

A TSM resonator typically consists of a thin disk of AT-cut
quartz with circular electrodes patterned on both sides (Fig. 1).
Due to the piezoelectric properties and crystalline orientation of the
quartz, the application of a voltage between these electrodes results
in a shear deformation of the crystal. The crystal can be
electrically excited into several resonant modes, each corresponding
to a unique standing shear wave pattern (eigenmode) across the
thickness of the crystal. The fundamental thickness-shear mode is
shown in Fig. 1. For each of these modes, displacement maxima
occur at the crystal faces, making these devices sensitive to surface
mass accumulation and contacting fluid properties.
A major obstacle to adapting piezoelectric resonators to
liquid sensing applications arises from mechanical damping by the
liquid medium. Resonators with a surface-normal displacement
component generate compressional waves in the contacting liquid.

Liquid
p;r1

REsPoNSE WITH A SMOO'TII SURFACE

When a smooth TSM resonator is operated in contact with a
liquid, the shear motion of the surface couples to the contacting
liquid, radiating a critically-damped shear wave into the liquid, as
shown in Fig. 2a. The decay length 6 of this shear wave is (3):
(1)

Entrained
/ Liquid
!?.

Electrode
AT-Quartz
Pq,µq

Displacement

Electrode

Fig. 1. Cross-sectional view of a smooth TSM resonator with the

Fig. 2. Cross-sectional view of a resonator surface in contact with

upper surface contacted by a liquid. Shear motion of the smooth
surface causes a thin layer of the contacting liquid to be viscously
entrained.
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a liquid: (a) smooth, showing viscous entrainment, and (b) textured,
showing both viscous entrainment and trapping.
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where co is angular frequency (2rr.f). For reference, o = 0.25 µm
in water at 20°C when f = 5 MHz. The liquid entrained by the
oscillating smooth surface undergoes a progressive phase lag with
distance from the surface and is described as "viscously coupled."
Liquid entrainment leads to energy storage and power
dissipation in the contacting liquid and affects resonator response.
An equivalent circuit model can be used to describe the electrical
response of the dry or liquid-contacted resonator (Fig. 3). This
modified Butterworth-Van Dyke circuit (6) consists of a "static"
capacitance C/ (includes any parasitic capacitance) in parallel with
a motional branch (L i, Ci, R1, L 2, R2, and L 3). The static
capacitance arises between electrodes across the insulating quartz.
The motional impedance is due to electrical excitation of a shear
mode mechanical resonance in the piezoelectric quartz. Liquid
coupling to the surface modifies this motional impedance. For a
smooth surface, viscous coupling introducing a motional inductance
(L0 and a resistance (R0. These are related to the density p and
viscosity T\ of the contacting fluid (5,7):

in L 2 arises from the kinetic energy of the viscously-entrained liquid
layer (with effective thickness o/2); power dissipation in R2 arises
from shear wave radiation into the liquid.
The equivalent circuit model in Fig. 3 can be used to derive the
changes in series resonant frequency !lj<S! and motional resistance
M_ (S! contributed by viscous coupling to liquid by the smooth
(superscript S) resonator surface (5,7):
(

-

N1t

(

PTJ

)1

4K2 C0 2w,l'qPq

2

(3a)

(3b)

Eq. 3a is in agreement with Kanazawa and Gordon (3).
Eqs. 2 and 3 indicate that the response of a smooth TSM
resonator depends only on the product (pT\) of liquid density and
viscosity. Thus, density and viscosity cannot be individually
resolved from smooth resonator measurements alone.

(2a)

R2 _

)I

PTJ 2
41tf.

REsPONSE WilH A TEXTURED SURFACE

Devices with textured surfaces, either randomly rough or
regularly patterned, trap a quantity of fluid in excess of that
viscously entrained by a smooth surface (7-9). Vertical features
constrain this trapped liquid to move synchronously with the
oscillating crystal surface, rather than undergoing a progressive
phase lag as occurs with viscously coupled liquid. Thus, this
trapped liquid behaves much like an ideal mass layer contributing
an areal mass density p, = ph, where p is the liquid density and h,
the effective thickness of the trapped liquid layer, is dependent upon
the vertical relief of the surface texture.
We can approximate the response of a textured-surface
resonator in liquid by separating the solid/liquid interface into two
regions, as shown in idealized fashion in Fig. 2b. If we imagine a
boundary connecting peaks of the textured surface, then liquid
below this boundary is "trapped" and moves synchronously with the
surface; liquid above this boundary is viscously coupled (as if by
the boundary) and undergoes a progressive phase lag with distance
from the boundary.
Liquid trapping by surface texture gives rise to an additional
motional impedance element (L 3) in the equivalent-circuit model of
Fig. 3 (5,7):

(2b)

where N is the resonator harmonic number (1, 3, 5,...), co, is the
angular series resonant frequency, while pq, µq and K2 are the
quartz density, shear stiffness, and electromechanical coupling
factor, respectively. Eqs. 2 are for one-sided liquid contact; for
two-sided contact, L 2 and R2 are doubled. Electrical energy storage

Unperturbed
(Dry)

Viscously Entrained
Liquid

Mass Layer or
Trapped Liquid

(4)

Fig. 3. Equival,ent-circuit model to describe the electrical,

characteristics (for co near co,) of a TSM resonator with liquid
loading. Contributions arise from both viscously-coupled liquid (L2
and Ri) and liquid trapped by surface features (LJ.
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Electrical energy storage in L 3 arises from the kinetic energy of the
trapped liquid moving synchronously with the oscillating device
surface.
The changes in series resonant frequency and motional
resistance arising from liquid contacting a textured (superscript T)
surface are (5,7):

resistance is also slightly larger with the rough device. This
indicates increased power dissipation by the rough surface, thought
to arise from compressional wave generation by surface asperities
(7). For very rough devices, these additional t:.R responses can be
significantly larger than those shown in Fig. 4 (7).
DENSITY AND VISCOSITY EXTRACTION

Comparison of Eqs. 3a and 5a indicates that density and
viscosity can be individually resolved by using a pair of TSM
resonators, one smooth and one textured. Since the response due
to viscous entrainment of liquid is common to both devices, the
difference in response measured upon immersion eliminates this
contribution and, in effect, weighs the trapped liquid. Subtracting
Eq. 3a from Eq. 5a yields the liquid density:

Response Measurements From Eqs. 5, surface texture is expected
to increase the frequency shift caused by liquid contact, in
proportion to ph, without changing the motional resistance. Fig. 4
shows the changes in series resonant frequency t:.f and motional
resistance Af?. measured vs. the liquid parameter (p11) 112 •
Measurements were made using a network analyzer on a smooth
and a rough device as water/glycerol solutions contacted one side.
The different degrees of surface roughness were obtained by
polishing the quartz crystals with various abrasive particle sizes
before depositing the conformal Cr/Au electrodes. Surface
roughness was quantified using a Wyko RST (Tucson, AZ) profiler
(7). The smooth device has an average roughness < 10 nm-much
smaller than the liquid decay length o (250 - 1200 nm for the
glycerol solutions tested). For this device, the measured changes
in frequency and motional resistance are nearly equal to the
predictions for an ideally smooth surface (dashed lines, Eqs. 3).
The rough device has an average roughness of 243 nm, comparable
to the liquid decay length. Extrapolating the data to (p11) 112 = 0
shows that this device exhibits a large additional frequency shift of
approximately 0.87 kHz due to liquid trapping in the randomly
rough surface. From Eq. 5a, this gives h = 150 nm, or roughly
63% of the optically-measured surface roughness. The motional

•...
a:
<l

(6)
where t:.f (IJ and 4f !SJ are the frequency shifts measured upon
immersion of the textured and smooth resonators. Using Eq. 6 for
liquid density, the frequency change of the smooth device (Eq. 3a)
is used to determine liquid viscosity:
TJ

2rt hN{li";ri; (I:!.fs)2
5

fsll:!.f(T) -1:!,./< >1

(7)

Alternatively, if the change in motional resistance Af?. <SJ is
measured, liquid viscosity can be determined from this parameter:
(8)

< 10 nm

MONOLffHIC SMOOTH AND TEXTURED REsoNATOR PAIR

243nm

Fig. 5 shows a monolithic quartz sensor that includes a smooth
and a textured TSM resonator to measure liquid density and
viscosity. Since these liquid properties (especially viscosity) are
temperature dependent, a meander-line resistance temperature
device (RTD) is included to measure the liquid temperature.
Texture in the form of a surface corrugation is formed on one
device by electrodepositing periodic gold ridges on top of the gold
electrodes. In order to trap liquid and insure that it moves
synchronously with the surface, these ridges are oriented
perpendicular to the direction of surface shear displacement ( + X
crystalline direction).
In fabricating the dual-resonator device, a Cr/Au (30 nm/200
nm) metallization layer is first deposited on both sides of an
optically polished AT-cut quartz wafer. This metallization layer is
photolithographically patterned to form the resonator electrodes
(both sides) and the meander-line RTD (one side). To form a
surface corrugation on one resonator, a periodic resist pattern is
formed on opposing electrodes. Gold is then electrodeposited, to
a thickness of 1.5 µm, onto the electrode between resist strips.
When the photoresist is removed, a corrugation pattern remains

1

Fig. 4. Change in series resonant frequency (4{) and motional
resistance (t:.R.) vs. the liquid parameter (p11)112 for TSM resonators
with two different surface roughnesses.
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to approximately 2 kn. Using Eq. 3b, and assuming p = 1 g/cm3,
this enables resonator operation in liquids with viscosity values up
to 34 cP for one-sided contact or 8.6 cP for two-sided contact.
In instrumenting the dual-resonator sensor, each resonator is
driven by an independent oscillator circuit. The RF outputs from
the oscillators are read by frequency counters while the DC voltages
and RTD resistance are read by multimeters. These signals are
input to a personal computer. The baseline responses are
determined by measuring frequency and motional resistance for
each device before immersion. Changes in responses are then
measured for the smooth (t:ij!SJ, t:,R(SJ) and textured (t:ijrr'J, t:,R(I'J)
devices upon immersion. Eqs. 6 and 7 or 8 are then used to
determine density and viscosity.
Fig. 7 illustrates the densitometer function of the dual-resonator
sensor of Fig. 5. The difference in responses I N(I') - t:ij!SJ I

with channels approximately 5 µ,m wide for trapping liquid. Fig.
6 is an SEM micrograph of the sectioned surface, showing the
surface corrugation.

RF Connectors -.-------------,

measured between the textured and smooth resonators upon
immersion (two-sided liquid contact) is shown vs. liquid density.
The response difference is linear with density, despite variations in
viscosity between the test liquids. This indicates that liquid
trapping is independent of liquid viscosity, as assumed in the simple
trapping model outlined above.

Smooth
Resonator

RTD

Textured
Resonator

10

Fig. 5. Monolithic sensor that includes a smooth and textured TSM

8

resonator to measure liquid density and viscosity along with an
RTD to measure temperature.
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Fig. 7. The difference in frequency changes I N(I'J - t:ij!SJ I

measured between the textured and smooth resonators (Fig. 5) upon
immersion vs. liquid density. Liquids tested: (1) hexane, (2)
butanol, (3) water, (4) chloroform, (5) carbon tetrachloride, (6)
dibromomethane, and (7) tetrabromoethane.

Fig. 6. SEM micrograph of surface corrugation, formed from

electrodeposited gold, for trapping liquid at the surface.

Fig. 8 shows a "scatter diagram" that compares liquid densities
and viscosities extracted from dual-resonator measurements (circles)
with literature values (squares). For pl] > 0.08 g2 cm4 s·1 (8 cP
g/cm3), the crystal is damped too severely to sustain oscillation.
This data illustrates that liquid density and viscosity can be
extracted from measurements made by a pair of quartz
resonators-one smooth and one with surface texture. When
compared to the literature values, the average measured density

An oscillator circuit has been designed to operate the TSM
resonator in liquid media and provide outputs indicating the
resonant frequency and motional resistance. The oscillator,
described by Wessendorf (1), provides an rf output indicating the
the series resonant frequency of the crystal, and a de voltage
proportional to the motional resistance R = R 1 + R2 • The
oscillator circuit will sustain oscillation for motional resistances up
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error in this data set was 5.3% and the average viscosity error was
19.5%.
Interestingly, the points in Fig. 8 divide into density bands
according to chemical class: the lowest set (A - J) are
hydrocarbons, the middle set (K - M) are chlorinated solvents,
while the upper point (N) is a brominated solvent. This data
suggest the possibility of identifying pure liquids on the basis of
density and viscosity measurements.
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literature (squares) values of liquid density and viscosity for organic
liquids: (,4) n-pentane, (B) n-hexane, (C) methanol, (D) ethanol, (E)
n-propanol, (F) n-butanol, (G) n-pentanol, (H) n-hexanol, (1) n
heptanol, (J) n-octanol, (K) dichloromethane, (L) trichloroethylene,
(M) carbon tetrachloride, (N) dibromomethane.
CONCLUSION

Quartz resonators with smooth surfaces can be operated in
liquids to measure the density-viscosity product of a contacting
fluid. Surface texture causes fluid trapping and an additional
response proportional to liquid density. Comparing the responses
of a pair of resonators-one smooth and one textured-enables
liquid density to be extracted. Once density is known, the response
of a smooth device yields liquid viscosity.
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Abstract
This paper reports preliminary results on the development of
polysilicon micromotors for optical scanning applications. The
scanner structures studied are similar to conventional mechanical
polygon scanners but utilize micromotors with diameters up to one
millimeter. The optical elements are hollow polygonal nickel
reflectors plated up to 20 µm tall on the rotor of the micromotor.
The optical axis of reflection corresponds to the axis of rotation of
the micromotor. Optical measurements have been done at visible
wavelengths (633 nm) using multi-mode optical fibers roughly in
the plane of the substrate for the source illumination. The scanned,
reflected radiation was detected via scattering from the substrate or
by a television camera in the plane of the substrate.

Introduction
Significant improvements in polysilicon micromotor
operational characteristics allows them to be considered for a variety
of applications [1,2]. The development of polysilicon micromotors
for optical scanning applications is a good match to the small size
and low cost of batch fabricated micromotors with the low-load
requirements imposed by optical elements such as polygon mirrors.
Typical optical scanners (e.g., supermarket scanners) are large,
complex systems requiring careful alignment. A micromechanical
scanner implementation could reduce the weight and size of existing
scanners by two orders of magnitude with significant decrease in
cost due to batch fabrication. This paper focuses on demonstrating
the feasibility of using polysilicon micromotor for optical scanning
applications.

Figure 2: SEM photo of a typical optical microscanner which was
fabricated by electroless-plating of nickel reflecting surfaces on the
rotor of a 0.5 mm-diameter salient-pole micromotor. The thickness
of the nickel is 20 µm and the width of the nickel line is 10 µm.

Microscanner Designs

Light

We are investigating two types of microscanners based on
polysilicon micromotors: a micromotor polygon scanner and a
micromotor grating scanner. Figure 1 presents schematic drawing
of a polygon scanner with optically reflective rotor segments.
Figures 2 and 3 show a SEM photograph of a typical microscanner
fabricated on a salient-pole micromotor and a cross-sectional
schematic of the microscanner. The polygon scanner can scan in a
straight line in a plane, but requires high-aspect-ratio fabrication of
metallic microstructures for the reflective surfaces and careful optical
design to efficiently transmit optical radiation through small
dimensions of the microstructure. A polygon scanner such as
described here can also be used for inexpensive optical switches.

EEi Silicon � Polysilicon

Figure 3: Cross-sectional schematic of a typical microscanner (e.g.,
Fig. 2) after release showing illumination of the nickel surface with
a laser beam.

...,�--� Light

A micromotor grating scanner replaces the plated optical
element with a diffractive element. Figure 4 presents schematic
drawing of a micromotor grating scanner. The source illumination
will come from out of the plane of the substrate and can be
perpendicular to the plane of the substrate depending upon the
application. Depending upon the optical wavelength and the
substrate material, a rotating grating scanner will be capable of being
operated in either the transmission mode or reflection mode.
Because the optical source can be perpendicular to the substrate
plane and the grating structure will be of millimeter dimensions, the
optical design will not be as complex as that for the micromotor
polygon scanner. In addition, arrays of gratings rotated by
synchronized micromotors would be capable of scanning large
diameter optical beams (larger than one millimeter).

.,omotor-

Figure 1: Schematic drawings of a rotating polygon scanner with
optically reflective rotor segments.
I On leave from Olympus Optical Co., LTD., Tokyo, Japan
2 Current address: Center for Microelectronics Systems Technologies,
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Figure 4: Schematic drawing showing the concept of a micromotor
grating scanner in the reflection mode.
In general, the micromotor polygon scanner scans in a
straight line in a plane, and the micromotor grating scanner scans in
a cUIVed line out of the plane of the grating. The former requires
high-aspect-ratio optical elements to limit diffraction losses, and the
source must lie in the same plane. This also poses strict
requirements on the optical source in terms of efficiently coupling
the optical energy to the reflecting elements of the polygon. The
most promising sources are optical fibers as we describe here or
integrated optical waveguides. The grating scanner requires well
defined grating lines and precise control of the grating depth during
fabrication. However, coupling the optical energy to the grating is
relatively simple. Processing of a grating scanner for transmission
mode requires that the substrate to be transparent to the optical
radiation. This paper describes preliminary development results for
the polygon scanners. The grating micromotor scanners are still
under development and will be reported on in the near future.

Figure 5: SEM photo of an typical optical microscanner which was
made by electroless-plating of nickel reflecting surfaces on the rotor
of a 1.0 mm-diameter wobble micromotor. The thickness of the
nickel is 20 µm and the width of the nickel is 10 µm.

Fabrication of the Microscanners

Flange Bearing

The microscanner structures described in this paper are
based upon the development of millimeter-sized polysilicon
micromotors and the integration of a high-aspect-ratio electroless
nickel plating process with polysilicon surface micromachining to
fabricate the optical elements.

Millimeter-Sized Polysilicon Micromotor
In order to support optical elements large enough to have
acceptable diffraction losses, we have developed large diameter (up
to one millimeter) micromotors. Figures 5 shows SEM photograph
of a typical microscanner fabricated on the rotor of a 1.0 mm
diameter wobble micromotor, which is the largest side-drive,
polysilicon surface micromachined electrostatic motor reported to
date. In our work, typical motor dimensions are rotor diameters 0.5
to 1.0 mm, rotor/stator gaps 1.5 to 2.5 µm, and rotor/stator
thicknesses of 5 µm.
Figure 6 presents a cross-sectional schematic of a
millimeter-sized micromotor before release. Millimeter-sized motors
were fabricated using the rapid prototyping process described in [2]
which results in flange bearing wobble and salient-pole motors. The
rotor/stator and bearing were fabricated from a 5 µm-thick
phosphorus-doped polysilicon film. A 2.4 µm-thick Low
temperature oxidation (LTO) film was used for substrate/stator
isolation, as well as the sacrificial layer under rotor. The bearing
clearance was created by a 0.5 µm thermal oxidation step.

ml Silicon

Im Polysilicon

□

LTO

Figure 6: A schematic drawing of the cross-sectional view of the
millimeter-sized micromotor before release.
Figure 7 presents a schematic of the reflector fabrication
process. After the motor is fabricated (Fig. 6), the oxide layer on
rotor/stator is removed in BHF. A thick (up to 23 µm) photoresist
layer is then spun cast and patterned to make the mold for plating
(Fig. 7(a)). Electroless plating of nickel is then performed
(Fig. 7(b)), and the photoresist mold is removed. The
microscanners are then released in hydrofluoric acid (HF) for 10
minutes (Fig. 7(c)). The release process does not alter the reflective
properties of the nickel structures in our work.
In the photolithography process for the plating mold
(Fig. 7(a)), large heights, smooth vertical sidewalls, and material
compatibility with the electroless plating chemicals were required.
Our photolithography process used a positive photoresist of high
transparency and high viscosity with multiple coats to obtain thick
photoresist films and planarized surfaces. The softbake, exposure,
and development conditions were controlled to obtain near vertical
sidewalls. A standard high pressure mercury ultraviolet source was
used for exposure. Figure 8 shows a close-up of the photoresist
mold pattern on the rotor. The thickness of the photoresist is 23
µm; the mold opening is 7 µm.

Fabrication of the Reflector
A high-aspect-ratio lithography process was developed in
conjunction with an electroless nickel plating process to fabricate the
polygon reflectors on the rotor of the polysilicon micromotors prior
to release. Of key importance is the compatibility of the reflector
fabrication process with that of the micromotor process, in particular
during the release step. Additionally, a large area smooth reflective
surface is desired.
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Before plating, the polysilicon surface was pretreated. In
our work, this pretreatment includes: (a) a 45 second etch in a
solution of HNO3, HF, and H2O; (b) a 9 minute deposition of Pd
as a starting catalyst from a solution of PdCl2, SnCl2, and HCl;
(c) 15 seconds in HCl to removal the Sn oxide complex; and (d) a
2 minute rinse in deionized water. In (a), etching of the polysilicon
surface takes place, which has been determined to be critical for the
uniformity of the plating process and for adhesion. The adhesion
force between nickel and polysilicon seems to be primarily
mechanical (not chemical) in nature. The etch rate and surface
morphology vary depending on the polysilicon grain size which is,
in tum, affected by the LPCVD deposition conditions, as well as
subsequent thermal treatment. For short etch times, plating will not
be initiated uniformly. For long times, the polysilicon film
thickness is reduced significantly, affecting the mechanical integrity
of the rotor.
After the surface treatment step, electroless plating was
carried out in a mixture of NiSO4, NaH2PO2 (as reducing agent),
and CH3COONa (as a buffer and mild complexing agent for
Ni) [3]. A fresh plating solution was used for each experiment to
keep the nickel concentration constant and to avoid contamination
from the solution itself, photoresist, and/or substrate. Electroless
plating on polysilicon was conducted at 90-C in the pH of 5
electroless plating solution with a pH of 5. Figure 9 is an example
of a nickel-plated beam on a polysilicon rotor. The thickness of the
nickel is 20 µm. The polygon be� width is 7 µm.

(a)

(c)

� Polysilicon
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■
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Figure 7: Cross-sectional schematics describing the reflector
fabrication process: (a) after thick photoresist process to create the
reflector mold; (b) after electroless plating of nickel; and (c) after
release.

Figure 9: SEM photo showing a magnified view of the sidewall and
top surface of a 20 µm-thick nickel reflector on a polysilicon rotor.

Polysilicon Microscanners
Preliminary Mechanical Measurements

The microcanners fabricated from millimeter-sized motors
operate smoothly and reproducibly in room air for extended periods
(e.g., several months) after release. Minimum voltages can be as
low as 12V, while maximum rotor speeds have been 100 rpm for
microscanners fabricated on millimeter-sized wobble motors and
2500 rpm for those fabricated on millimeter-sized salient-pole
motors. These large motors have motive torques over an order of
magnitude larger than previously reported polysilicon
micromotors [4].
Figure 10 presents typical experimental gear ratios as a
function of excitation voltage for loaded (e.g., nickel plated) and
unloaded (e.g., unplated) wobble motors. As expected, the gear
ratio increases with increased load, since the load increases friction

Figure 8: A magnified view of the thick photoresist pattern where
the reflector is to be plated. The thickness of the photoresist is
20 µm; the mold opening is 7 µm.
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at the flange contact by increasing the normal contact force. The
increased flange friction leads to increased rotor slip [5.6]. The load
was estimated near 72 µN using pure nickel density of 8.9 g/cm3.
The increase in the gear ratio at the smaller excitation voltages (and
hence smaller motive torques) is due to increased rotor slip as well.
Figure 11 presents typical step transient data for salient-pole
motors with load and without load. Stroboscopic dynamometry was
used to measure the step response of the motors [7]. The step
response is overdamped for these motors due to the increased
viscous drag caused by the larger rotor as compared to our previous
micromotors [7]. The rise time of the step response is one order of
magnitude larger than that for our previous micromotors which are
one tenth the size of these motors [7]. As expected, the step
response of the motor with load is slower due to the increased inertia
and friction.
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Figure 12: Instrumentation for optical measurement on the
microscanners.
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speed.
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Figure 11: Step transient data for 0.5 µm-diameter salient-pole
micromotors with load (e.g., nickel plated) and without load (e.g.,
unplated). The rotor/stator gaps are 1.5 µm. An excitation voltage
of 95V was used.
Preliminary Optical Measurements
SO

We have performed preliminary optical testing of the
microscanners using a 633 nm He-Ne laser coupled into a multi
mode optical fiber. The core of the optical fiber was 20µm in
diameter and the cladding was 125 µm. The laser beam was
mechanically chopped to facilitate subsequent optical detection. The
optical fiber was positioned approximately in the plane of the
substrate 1.5 millimeters from the axis of rotation of the motor. The
scanned optical radiation was detected using a photo detector
(Milles Griot #13 DSI 007). Absolute power measurements have
not yet been performed to determine the optical efficiency of the
microscanners. Figure 12 presents a schematic diagram of the
instrumentation for optical measurements on the microscanners.
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Figure 13: Detected optical radiation from a rotating polygon
scanner: (a) a 0.5 mm-diameter rotor with constant rotational
speed; and (b) a 1.0 mm-diameter rotor with different operating
rotor speeds during measurement. The vertical axis for these
measurements is arbitrary.
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Figures 13(a) and (b) show the detected radiation reflected
by microscanners fabricated on wobble micromotors. The
diffraction pattern of the scanned radiation is repeatable. The
intensity variation in the scanned radiation may be due to wobbling
of the micromotor on its rotational axis. The potential of the
micromotor scanner is most clearly seen in Fig. 14 which is a
digitized photo of a laser beam reflected from the microscanner. The
image was captured using a common camcorder with a macro lens
approximately in the plane of the scanner and about six inches from
the micromotor. The diffraction pattern is observed in Fig. 14.

[3]

[4]

[5]
[ 6]

[7]

Figure 14: Visible optical radiation pattern from a rotating polygon
scanner. The scanner is a 1 mm-diameter wobble micromotor, with
a 20 µm tall nickel plated polygon reflector approximately 300 µm
in diameter. The image was detected with a television camera in the
plane of the substrate. The diffraction pattern can be observed.

Discussion
Our results clearly demonstrate the ability of the micromotors
to rotate optical elements capable of directing laser beams.
However, polygon reflectors which are much taller, i.e. on the order
of 100-300 µm, are more desirable. Such large structures could be
made by the LIGA process but the weight of such structures and the
corresponding frictional effects as they relate to the performance of
the micromotors must be studied. Furthermore, the optical scanners
described in this paper have the polygon reflector located a
considerable distance from the outer dimensions of the rotor. This
design is not efficient for coupling the source radiation to the
reflector for either scanning or switching applications. We
recommend placing the reflecting surfaces near the outer rotor of the
micromotor. For optical switching applications, the source and
detected radiation could be transmitted through optical waveguides
fabricated on the substrate, dramatically improving the optical
efficiency of the device.
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ABSTRACT
We describe the design, fabrication, and operation
of a chopped microincandescent IR source which can be
used in applications demanding a modulated IR output at
a fairly high frequency (typically above !kHz). Such a
source is typically required to reduce background noise
and to improve signal amplification. The chopper and
source
are
formed primarily using
surface
micromachining in a continuous batch process to produce
a microencapsulated polysilicon filament IR source similar
to that described by Mastrangelo and Muller [l] and an
overlying shutter based upon the resonator structures first
introduced by Tang and Howe [2]. Although Tabata et al
[3] have used bulk micromachining to produce a
resonating comb-drive shutter to chop IR entering a
detector, this research is the first to combine fabrication of
an IR source and chopper and to make extensive use of
surface micromachining. Experimental choppers were
operated between 9 and 15 kHz.
A nine-mask process produced the shuttered
microlamp. Six of the masks were used to fabricate the
incandescent source and the remaining three produced the
shutter positioned above it. The six-mask microlamp
process is slightly modified from that of Mastrangelo [1].
Aside from layout changes, the new process replaces a
potassium hydroxide etch with a nitric acid/hydrofluoric
acid mixture to form a trench below the filament in the
substrate and it uses n-type dopants for the filament. Post
fabrication tests and measurements show that device yield
is approximately 98% for the microlamp. Yields for the
shutter processing were above 80% when 3-micrometer
features were employed, but dropped to about 50% when
I-micrometer features were used. Although radiative
output peaks in the IR, visible output radiation, becoming
quite intense at higher filament voltages, was clearly
observable during microlamp testing even under normal
indoor illumination as will be shown in a video. To avoid
polysilicon recrystallization that would permanently
change the filament resistance, the drive voltage must be
kept below a "reversible" region that can be found by
characterizing the 1-V characteristic of the microlamp.
When the applied voltage is held below the
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recrystallization voltage, the microlamp operates for over
four hours with less than 10% change in its current.
The measured shutter resonant frequencies matched
closely those obtained through simulations. We designed
a total of 81 different shutters
having resonant
frequencies from I to 10kHz. Deviations between the
measured and calculated resonant values were smaller
than 2%. In contrast, the measured bandwidths (~200Hz),
were an order-of-magnitude smaller than the calculated
bandwidths (~2kHz).
In addition, measured
displacements ranging from 1 to lOum were larger, also
by an order-of-magnitude, than simulated expectations.
The matches in resonant frequencies, combined with the
mismatches in bandwidths and displacements, suggest that
the damping effect modeled in simulation has been
overestimated. The polysilicon shutters were found to
absorb most of the visible output radiation although an
infrared-absorbing metal layer would be needed in order
to extinguish completely all IR output.

INTRODUCTION
Since their introduction in the work of Tang
and Howe [2], resonant polycrystalline-silicon
microflexures, driven by electrostatic comb structures,
have proven themselves as reliable frequency standards
[4]. With design modifications, these microstructures can
also function as micro-chopping elements that can be
produced compatibly with electronic components to
function as key elements in a number of special-purpose
MEMS.
An early example is the miniaturized
electrostatic voltmeter or "field mill" described by Hsu
and Muller [5] which was later improved by Loconto and
Muller [6]. The microchopper in the "field mill" interrupts
an electric field which gives rise to currents in a detector
electrode that are proportional to the difference in voltage
between a test surface and the detection electrode.
Choppers are also key components for photoemissive and
photosensing systems where they can be used as shutters
to chop the optical signals and enable phase-locked
system designs. By making such systems suitable for
MEMS, microchoppers open important new engineering
applications.
Mastrangelo
[I]
has
introduced
a
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microincandescent source that is suitable as a very tiny
infrared emitter. Its construction can be combined, using
surface micromachining, with the resonant-shutter
technology to produce a microshuttered IR source. The
source may have applications in sensors, remote controls
and communications, and as nonlinear compon ents in
circuits that operate under hostile environments .

DESIGN and FABRICATION
The microlamp has a similar design to that of
Mastrangelo [1] and consists of two main elements: a
compliant spring
(folded beams)

suspend ed microbridge filament that is anchored at both
ends, and a microshell that hermetically seals the filament
under low pressure. Th e filament is made of
polycrystallin e silicon c oated with a layer of silicon
nitride. Another layer of silicon nitrid e acts as the window
material. Mastrangelo measured a radiant power of ~ 300
microwatts p eake d strongly in the infrar ed with a filament
power of 5 mW [7]. The sourc es produced in this w ork
are noticeably brighter although measurements of
brightn ess have not been carried out as yet.

infrared-absorbant cover (with slit)

�rni:-;:-ion area (filamem)
electrostatic comb actuators

ckclric field i:-olation plane

Figure 1. Layout, cross section, and die photograph of a microchopped IR source. The
micro/amps are I00µm by 300 µm and the overall width of the assembly is 1.05 mm.
layers and three masks. Figure 2 provides a processing
Figure 1 shows a layout, cross secti on and di e
summary. The process uses ap-type, <100> silicon wafer
photograph of th e microchopper IR source. The
as substrate and b egins with the deposition of 500 nm of
fabrication process for it us es eleven layers and nine
low-str ess silicon nitride on it. This layer of nitrid e forms
masks. The microlamp is formed in seven layers and six
the bottom half of the coat that protects the polysilicon
masks, whil e the shutter is built in the remaining four
filament. The undoped filament is 1 um thick. A

0.5 11msilioo nni1tidc:
bouomha lfoffi\amentpro1ec1ivcco at

3.5 um PSG:
microshells aerificial laye r

lumsiliconnitride:
lOpmicroshell/l ow-pressurescal
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shuucr.comb drives. spring uppon

0.6 um PSG:
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ground plancckhuge shiekl
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3.SumPSO:
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PSGremoval
shutterrelcaseeu:h

l'SGs11crifici1llaycr1emo va!.
ri1Hmcnl/suhs tr3lc i�o!a1io n groove

Figure 2. Processing steps for the microchopped IR source.
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phosphorus-rich silicon dioxide layer (PSG) is then
deposited above the filament, and from it phosphorus is
driven into the filament in a two-hour, 1050C anneal. The
PSG layer is then removed and a 500nm silicon nitride
deposition above the filament completes the filament
protective coating. The two silicon nitride layers are
patterned and etched, near the filament, to provide an
opening to the substrate. Silicon etchant used in
subsequent steps opens an isolation groove under the
filament.
A thick PSG sacrificial layer, for the microshell, is
followed immediately by a thin PSG layer for the etch
channels. The silicon nitride microshell is next deposited,
in two l µm depositions. Etch channels are defined above
the thin PSG after the first 1µm deposition. The wafer
then undergoes a long 5:1 BHF immersion, during which
the BHF attacks and removes the PSG sacrificial layers
enclosed in the shell. Another immersion step, in a VLSI
silicon etchant (consisting of, 50:20:1 HNOfH2O:HF by
weight) follows the BHF dip to form the underlying
isolation groove. Since this silicon etchant is isotropic,
prolonged immersion undercuts the substrate below the
filament so that a cavity is formed in which the filament is
suspended. The second l µm silicon nitride deposition
forms the top half of the microshell and hermetically seals
the microshell at ~300mtorr, the LPCVD deposition
pressure for low-stress silicon nitride. A silicon nitride
etch, not shown in the figure, opens the filament contact
and completes the improved microlamp process.

MEASUREMENTS and CHARACTERIZATION
Only those microlamps with IOµm-wide filaments
were tested for yield. Of 324 microlamps tested in the 12
central dice of the wafer, all but four survived the 6-mask
process and are functional (two of the four "dead"
microlamps had broken microshells, while the other two
had broken filaments).
Consequently, the 6-mask
microlamp process yielded 98.8% .The lamps were
surprisingly robust; all 320 were operational after the
shutters were fabricated. Fabricating the shutter (3-mask
process) was more difficult than fabricating the
microlamp, primarily due to difficulty in the final release
etch. Because of their large surface areas and relatively
fragile beam supports, many shutters were tom from their
anchors during rinsing. Even though precautions were
taken to insure minimal rinse-deionized-water flow,
approximately 50% of the shutters were Jost. We believe
that significant yield improvement would follow the use of
the supercritical drying technique described by Mulhern et
al [8].
Figure 3 is a plot of microlamp lifetime
measurements as performed on the HP4145B. The
lifetime values were obtained by applying a constant
voltage across the filament until the current across the
filament changed by more than 10% of its normalized
value.
Each data point is the average of three

A 500nm undoped polysilicon layer is then
deposited and patterned. It will act as the charge
shielding ground plane. The sacrificial PSG layer for the
top shutter, 4µm-thick, follows the ground-plane
deposition and shutter-support anchors to the substrate
are defined in this step. The final polysilicon layer, l µm
thick, constitutes the shutter and the actuator. The two
polysilicon layers are doped during a high-temperature
anneal that drives the dopant from the PSG sacrificial
layer into the polysilicon. To ensure doping symmetry,
another PSG layer is deposited above the polysilicon to
act as the upper dopant source for the shutter. A thin
tungsten coat (100nm) is sputtered above the polysilicon
shutter and the two layers are patterned in one step. Wet
etching the wafer in 5:1 BHF removes the PSG and frees
the shutter.
Eighty-one shuttered microlamps, of varying
component sizes, were designed using the KIC layout
generator. Variations include three filament sizes (widths
of 4, 10, and 20µm), different electrostatic comb sizes (1,
2, and 3µm), comb gaps (1, 2, and 3µm), and compliant
supports of varying widths (1, 2, 3µm).
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Figure 3. Measured lifetimes of micro-IR sources as a
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measurements. Due to time constraints on equipment
usage, lifetime measurements at the lowest voltage were
stopped after 4 hours for all filament widths, which is why
the extrapolated lines for these measurements seem to
converge at approximately 4 hours. However, at low
voltages (~ 3 volts), the filament resistance changes very
little for all microlamps, and we expect them to last much
longer than 4 hours. The log voltage vs. lifetime plot for
the polysilicon filament consists of only one line with a
single slope, suggesting that a single mechanism
dominates the filament-degradation process, most likely
polysilicon evaporation.
Eleven of the 27 shutter designs survived the
release etch and were operational. Of the 27 shutters
designed for the lOum-wide filament, most of the 9
designs that use l pm-wide folded beams did not survive
the release etching and rinsing. Those that were
fabricated could not be powered without a failure caused
by the overly flexible driver combs becoming stuck to the
substrate. In fact, we found that thin beams and small gap
spacings led to failures in all 1 pm-gap beams whereas
nearly 100% of the 2 pm-gap shutters were functional.
For the 11 shutter designs that operated, the resonant
frequencies match very closely to predicted values [9];
deviations from theory are less than 5%. Such close
matches in resonant frequencies suggest that modeling of
the folded-beam spring constants and the shutter mass
used in the simulation is very accurate. However, the
observed bandwidths for all these shutters (approximately
200Hz) are much lower than those obtained by simulation,
implying that the simulation may overestimate shutter
damping . The narrow bandwidth makes it necessary to
tune very carefully in order to drive these microchoppers
at their resonant peak. The largest displacement measured
was 30pm (peak-to-peak) at 10.25 kHz.

The measured resonant frequencies for the completed
microchoppers agree well with the predictions of
simulations, indicating accurate modelling of the folded
beams and shutter masses. The simulation, however,
substantially underestimates the measured mechanical
quality factor and the maximum shutter displacement.
Both inaccuracies are thought to result from improperly
modeling damping in the system. Several design changes
leading to more simplified processing and improved
performance have become evident in carrying out this
research. These changes, which will reduce the mask
count and modify the shutter design, should move the
microchopped IR source closer to system applications.
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CONCLUSIONS
The design, fabrication, and operation of a micro
chopped luminous source has been demonstrated for the
first time. Both a vacuum-encapsulated source and an
overlying resonant polysilicon microflexure chopper have
been produced in a nine-mask continuous batch
fabrication process. Yields of nearly 100% were achieved
in the first steps of the process which produced the
encapsulated IR sources. The silicon nitride-windowed
microcavities proved adequately robust for further steps
needed to fabricate the resonant microchoppers. The
critical release-etch step was successful for shutters
having feature sizes above 2pm, but generally failed for
1 pm features. Additional failures of greater than 50% of
the shutters were experienced in the final-rinse step.
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Micromachined Jets for Manipulation of Macro Flows
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jet thrust vectoring. Recent experiments by Green and Glezer [2]
have demonstrated the utility of millimeter-scale surface actuation
for thrust vectoring of larger jets having characteristic length scales
that are at least two orders of magnitude larger. Vectoring is
accomplished by exploiting hydrodynamic instabilities of the
macro-jets near the flow boundary such that the energy necessary
for their manipulation is extracted from the mean flow and thus the
power input to the actuators is of the order of several milliwatts [34]. The efficacy of this technique has been demonstrated in an air
jet emanating from a rectangular orifice (7 .62 x 1.27 cm) as
shown in contour plots of the measured streamwise velocity
component in the cross-stream plane (Figure l a-le). The
unforced jet is shown in Figure la for reference. In Figure 1b, the
jet is forced by and vectored away from the bottom actuators.
Time-periodic vectoring is achieved when the input waveforms to
the top and bottom actuators are modulated out of phase
(Figure le). Recent jet vectoring experiments at Georgia Tech
(Smith and Glezer, unpublished) in which the mechanical
actuators were replaced with millimeter-scale zero mass flux
surface jets have suggested the concept of cascaded control.
Namely, that micromachined jet actuators (microjets) be used to
manipulate millimeter-scale jets which, in tum, will control larger
jets. Arrays of micromachined jets are particularly attractive for
such applications because they can be individually addressed and

Abstract

This paper describes the successful fabrication and initial
characterization of micromachined jets (microjets) fabricated for
use in macro flow control and other applications. The microjets
were fabricated using standard silicon micromachining techniques
and consist of an orifice situated atop an actuator cavity which is
bounded by a flexible membrane. Typical microjet orifice sizes
range from 150-300 microns. Vibration of the membrane using
either electrostatic or piezoelectric drive results in a nominally
round turbulent air jet formed normal to the microjet orifice. An
important feature of the jet is that it is formed without net mass
injection by an oscillatory flow that is acoustically induced near the
edge of the orifice. Initial characterization was performed using a
miniature total pressure tube and a conventional miniature hot wire
sensor. Microjets with velocities of 17 mis and coherent to
lengths exceeding 500 diameters were achieved. The microjet
Reynolds number at a distance of 15 diameters is estimated at
approximately 1400.
Introduction

While there is no question that one of the most important
application areas for microactuators is the control of macro-events,
these actuators usually generate insufficient force to directly realize
control authority. Thus, some type of mechanical amplification is
required. An attractive means for the amplification of the actuator

phased. In this paper, we describe some design and fabrication
concepts of micromachined jet actuators and include some
preliminary measurements of their performance.

output is its coupling to inherently unstable pressure or flow
systems. If system operating points are carefully chosen, the
relatively small forces generated by a microactuator can be used to
create large disturbances in either static, pressure-balanced
systems or in free- and wall-bounded shear flows. These
concepts have been exploited for years in a number of static and
dynamic macro systems such as pressure regulators and fluidic
actuators, respectively. More recently Huff et al. [ l] have
demonstrated the adaptation of a pressure-balanced system to an
electrostatically-actuated microvalve.
An example of flow control that illustrates a scaling
hierarchy which can be adopted for microactuators is in the area of
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Jet Operation

In the present investigation a nominally round turbulent air
jet is formed normal to an orifice in a flat plate. An important
feature of the jet is that it is formed without net mass injection by
an oscillatory flow that is acoustically induced near the edge of the
orifice. As in larger-scale geometries (e.g., lngard and Labate [5])
the jet is synthesized by a train of vortex rings. Each vortex is
formed during the half cycle of the acoustic wavetrain when the
orifice velocity is in the streamwise direction and is advected away
from the plate under its self-induced velocity. The vortices are
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Figure 2 Cross-section of fabricated microjet.

patterned aluminum as a mask for infrared alignment, a matching
orifice hole was created on the back side of the wafer using
photolithography. Using the patterned silicon dioxide as an etch
mask, the jet orifice was anisotropically etched using a 20%
potassium hydroxide solution in water at 60 °C (Figure3b).
Photolithography was then used to pattern a square
actuator hole in the back-side oxide 3 mm on a side (Figure 3c).
This hole was anisotropically etched to a depth of 15 microns
using a timed etch consisting of 20% potassium hydroxide in
water at 50 °C (Figure 3d). The wafer was then re-oxidized using
thermal oxidation such that a layer of 2500 A of silicon dioxide
was formed in the etched region. A layer of aluminum 3000 A in
thickness was then sputtered on the back side of the wafer to act as
an electrode for electrostatic actuation. A layer of polyimide film
was bonded to the back side of the wafer to form the flexible
actuation diaphragm. This polyimide film was then coated with a
layer of 3000 A of aluminum using DC sputtering to provide the
second electrode for electrostatic actuation (Figure 3e).
For electrostatic actuation, application of voltage between
the diaphragm electrode and the electrode on the back side of the
wafer was used to realize diaphragm actuation. Alternatively, a
ground plane below the wafer could also be used for actuation; in
this case, voltage is applied between the diaphragm electrode and
the ground plane. For piezoelectric actuation, the back side of the
wafer was fitted with non-vented standoffs and bonded to a
commercial piezoelectric transducer. Vibration of the piezoelectric
transducer caused pressure fluctuations in the transducer-actuator
wafer cavity, thus realizing diaphragm actuation. Both
electrostatic and piezoelectric actuation were successful in the
creation of microjets. In the case of piezoelectric actuation, the jet
output could be modified by the electrostatically actuatable
diaphragm. In the jet measurements described below,
piezoelectric actuation is used.

(c)

Figure 1 Measured contours of streamwise velocity
for a rectangular air jet with dimensions
7.62 cm x 1.27 cm. (Uexit = 6.5 mis).
formed at the excitation frequency and the jet is synthesized by
their interaction downstream from the orifice. In the present
work, the acoustic excitation is provided by a diaphragm that is
mounted at the bottom of a sealed shallow cylindrical cavity under
the orifice plate as described below.
Fabrication
A cross-section of the prototype microjet in shown in
Figure 2. In this design, the orifice and actuator are incorporated
into the same wafer. Both electrostatic and piezoelectric drive can
be used in this configuration. Although only a single jet is shown
in this configuration, extension of this concept to addressable
arrays of microjets is straightforward and has been realized by us.
The microjet orifice and actuator hole were anisotropically
etched in the wafer as pictured in Figure 3. Starting with a high
resistivity two inch <HlO> silicon wafer that was polished on both
sides, a layer of silicon dioxide 1 micron in thickness was formed
using wet thermal oxidation. On the front side a 3000 A layer of
aluminum was deposited using DC sputtering. Photolithography
was then used to pattern a square orifice hole in the aluminum.
This hole was designed to be 265 microns on a side. Using the
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microjet.
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linearly with streamwise distance. Large coherent vortical
structures are apparent in the far field of the jet. The Reynolds
number of the jet based on the centerline velocity and its width at
x/D = 15 (see velocity profiles in Figure 5) is approximately 1400.
The streamwise velocity component was measured using a
miniature total pressure tube having inner and outer diameters of
212 µm and 340 µm, respectively. Radial profiles of the time

Figure 3 Microjet fabrication sequence.
a) Prior to etching orifice
b) After etching orifice
c) Prior to etching actuator cavity
d) After etching cavity
e) After membrane attachment and
metallization

averaged streamwise velocity were measured at x/D = 15, 25, and
35 using a three-axis traversing mechanism and are shown in
Figure 5. Despite the obvious limitations in spatial resolution and
sensor interference, these profiles suggest that the jet is reasonably
symmetric about its centerline, and furthermore, when these
profiles are plotted in the usual similarity coordinates (Figure 5b),
they appear to collapse reasonably well on top of each other,
suggesting that the jet is self-similar. The self-similarity of the
flow is further supported by the linear decay of the centerline
velocity with streamwise distance for x/D > 15 as shown in
Figure 6 (a line with a slope of -1 is shown for reference).
Measurements at x/D < 15 are included for reference as an
indication of the the spatial limitations of the sensor.

Initial Measurement of the Jet Flow

In all experiments reported here, the piezoelectric driver is
operated at its nominal 1.3 kHz resonance frequency in its first
axisymmctric mode of vibration using a laboratory function
generator and a high voltage (max. 120 Vrms) broad band DC
amplifier (the present measurements were taken at an excitation
level of 42 Vrms). Figure 4 is a smoke visualization photograph
of the jet where the smoke is injected radially near the orifice edge.
The field of view measures 89 mm in the streamwise (x) direction
and thus corresponds to nearly 500 jet diameters. The jet appears
to become turbulent at or near the orifice, and spreads almost
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featureless below 1000 Hz and that no subharmonics of the
excitation frequency are present.

Figure 5 Measured time-averaged streamwise velocity
of the microjet.
a) Plotted using radial coordinates
(U in mis).
b) Plotted using similarity variables.

Conclusions

Micromachined jets and jet arrays have been realized using
silicon micromachining techniques. These jets can be driven
piezoelectrically or electrostatically and can produce velocities on
the order of 17 mis within 15 orifice diameters, and remain
established up to 500 diameters or more. Each jet is produced
with no mass injection at the edge of an orifice by a vibrating
diaphragm and is synthesized by the interaction of a train of vortex

Finally, a spectrum of the centerline (streamwise) velocity
was measured at x/D = 40 using a conventional miniature hot wire
sensor and is shown iq Figure 7. The spectral component at the
excitation frequency and its higher harmonics shows that an
oscillatory component of the fluid velocity is prominent even in the
far field of the jet. It is noteworthy that the spectrum is virtually
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rings. Although these jets are formed by the strong oscillatory
motions, they appear to become self similar within fifteen orifice
diameter from the actuator surface. These microjets show great
promise as vehicles by which macro-scale effects can be
influenced by microactuators.
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ABSTRACT

allows rotation of the end of the leg while resisting vertical motion, in
a manner which approximates a simply-supported boundary
condition. The long, thin suspension arms also provide high thermal
resistance between the legs and the frame for reduced power
consumption.

A nickel-silicon bimetallic microvalvc intended for use in analytical
instrumentation has been designed, fabricated, packaged, and tested.
This valve's range of operation constitutes an order-of-magnitude
increase in both pressure and flow m; compared to the performance of
previous bimetallically actuated valves. System requirements of 0-200 psi and 0--600 seem have been met or exceeded with air, He, N2,
and H2.

In operation the actuator is heated by a thin-film nickel heater situated
near the central ends of the spider legs. The heater sits on the silicon
surface between areas of plated nickel, and comprises two resistors
in a parallel electrical configuration. Contact to the ends of the
resistors is made at points 180° apart by two electrically isolated
plated nickel regions connected to bonding pads, and the resistor
current splits from the contact points to flow both clockwise and
counterclockwise along the meandering path. Although the resistor
region is thinner than the plated nickel regions, the meander shape
adds stiffness and prevents excessive bending in this region.

INTRODUCTION

The design of a robust gas-control valve is subject to a complex
group of constraints. Proportional control of gas flow at moderately
high pressures (5--200 psi) and moderately high flow rates (0.1--1000
seem) requires significant mechanical motion and adequate stiffness
in the mechanical structure used for flow control. For a poppet valve
in which a flat valve face moves in opposition to an orifice
surrounded by a seat, typical dimensions required arc an orifice
diameter on the order of 200--400 µm and total face motion (stroke)
on the order of 50--100 µm. Control of low flows at the high end of
the pressure range, where the valve face is nearly in contact with the
valve seat, requires that the structure be stiff enough to resist closing
as the face approaches the seat, and stiff enough in the opposite
direction for insensitivity to environmental vibrations which would
otherwise open the valve by the action of a mechano-pneumatic
positive feedback loop. In many applications safety considerations
dictate that a valve should go to a no-flow mode when power fails.
For reliability the dirt-sensitive mating area between face and seat
should be as small as possible, and reliability should be sufficient to
permit millions of operating cycles. Finally, as in all engineering
endeavors, the fabrication cost should be minimized within other
constraints.

Because the actuator chip contains no diffusions or contact holes, its
fabrication process uses only four photomasks in three photomasking
steps. Actuators can be electrically tested and optically inspected in
wafer form, minimizing testing costs.
A separate chip containing a square orifice framed by a square valve
seat sits beneath the actuator chip. This chip requires two
photomasks in its fabrication process. Like the actuator chips, orifice
chips can be inspected and marked in wafer form.
The orifice chip consists of a square raised seat area which frames a
central orifice. In contrast to previous orifice chips, the seat and
orifice (patent pending) are formed in a self-aligned manner so that
the inner perimeter of the seat exactly defines the minimum cross-
sectional area of the orifice, maximizing the orifice area in relation to
the seat area and providing several benefits. The small seat area
relative to the orifice area maximizes the head pressure which the
valve can open against for a given actuator force. Conversely, the
large orifice area relative to the seat inner perimeter maximizes flow
through the valve at a given head pressure and valve stroke. In
addition, the small seat area relative to the orifice area minimizes heat
flow from the actuator chip to the orifice chip when the valve face is
i_n contact with the valve seat, minimizing the thermal power required
to open the valve. This last consideration is especially important in a
thermally actuated valve.

Historically such valves have been solenoid actuated and have been
fabricated by traditional macro-scale manufacturing techniques. More
recently several microvalves fabricated using MEMS techniques have
been developed ll --71. The valve presented in this work is a candidate
for use in future gas chromatography systems and has generated
considerable interest within Hewlett-Packard [8,9]. Its simplicity of
fabrication and its rugged structure make it a strong contender for
many gas-phase applications.
MICROVALVE DESCRIPTION

Figures I and 2 illustrate cross-sectional and top views of the valve.
Figure 3 is a photograph of the bottom side of the actuator chip
which comprises the top half of the valve, and Figure 4 shows a
detail of the orifice and seat combination in the bottom orifice chip.

The two chips are separately fabricated and diced out of their wafers,
and are placed together during packaging. While a hermetic seal is
required between the bottom of the orifice chip and the package base,
no hermetic seal is required between the actuator chip and the orifice
chip. This characteristic provided much freedom in design and
testing, since several variants of actuator and orifice chips could be
mated to evaluate flow and pressure characteristics.

The actuator chip [ 101 comprises a central silicon boss surrounded by
a radial array of bimetal legs of plated nickel 25--50 µm thick on
single-crystal silicon also 25--50 µm thick. The "spider legs" of the
actuator act to relieve hcx)p stress during actuation, so that a greater
valve stroke is achieved than would otherwise be possible. Each leg
connects at its peripheral end to a torsion-bar suspension of plated
nickel, which in tum is attached to a silicon frame. The suspension

In production the chips can be packaged in a metal can suitable for
manifold mounting, with an internal volume of 1.2 cm3. To create a

Torsion bar suspension & thermal isolator

s;�tal ,ct,atocc e.g., 30µm N; o,,,, 30 µm

,r

s�I

0.8 mm

'¥

late
Orifice (e.g., 180 µm square)

Figure 1. Cross section of silicon microvalve.
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packaged valve the actuator and orifice chips are stacked on top of
one another on the package base and leads are attached, then a cap 1s
welded on. Gas inlet and outlet are through the base of the package,
as are electrical leads. The flow path occurs around the entire
perimeter of the actuator chip's suspension area, which maximizes
sweeping of the upstream volume of the package.

Figure 4. Cutaway detail of an orifice 200 µm square surrounded
by a valve seat 20 µm wide.
OPERATION & PERFORMANCE

The valve operates in a normally-closed fashion. With no power
applied, the central boss of the actuator covers the orifice and
contacts the valve seat, preventing gas flow. When power is applied
to the heating resistor the central boss rises as much as 100 µm out of
contact with the valve seat, permitting gas flow.
curves showing flow versus applied
Figure 5 is a set of experimental
f
voltage at several dif erent head pressures, with helium used as the
flowing gas. Each curve shows roughness because voltage was
controlled by manually turning a potentiometer. In addition, each
curve shows hysteresis because it takes more power to open a cold
valve than it does to hold a warm valve open. At higher pressures
(e.g., 50 and 100 psi) a thermal feedback loop is evident on the right
hand side of the curves: as the valve face lifts off of the valve seat in
a regime where pressure has held it closed until appreciable power is
supplied, thermal conductance between the face and seat decreases
rapidly. The decreased conductance causes the actuator to warm
rapidly at an essentially constant input power, and the valve opens
more quickly than it would in the absence of this rapid warming.
This feedback effect operates slowly enough (transients on the order
of 100 ms) to indicate that it is not a mechano-pneumatic feedback
effect due to insufficient structural stiffness.

Figure 2. Simplified plan view of an actuator chip.
MODELLING, DESIGN, AND FABRICATION

The val\'e chip and orifice were designed by a combination of hand
calculations, finite element simulations of both mechanical and
thermal characteristics using ANSYS software from Swanson
Associates on HP Unix systems, and equation-based computer
models using TKSolver Plus. Layout was perfonned using DW2000
software from Design Workshop, and a combination of optically
generated and electron-beam generated photomasks was used in
contact and proximity lithography on a Karl Suss MA-25 double
sided mask aligner.

As with any thermal actuator, there is a tradeoff between actuation
speed and power consumption, and speed is in any event slow
compared to that of a solenoid actuator. By applying a large power
pulse it is possible to move a thermal actuator rapidly in one
direction, but the rate of movement in the opposite direction is limited
by cooling through conduction and convection. Rapid cooling
requires high thermal conductance, and high thermal conductance
requires higher applied power to open the actuator. In the present
valve the thermal conductance has been designed to limit the power
requirement to l Watt for the desired pressure and flow ranges, and
actuation time (full open to full closed) is thus several hundred
milliseconds. This speed is not rate limiting in setting flows for gas
phase analysis systems, since compressible gases flowing through
small-tx1re tubing result in pneumatic time constants on the order of
hundreds of milliseconds to seconds.
Laser doppler velocimctry wa� used to characterize the mechanical
resonances of the valve actuator as evidence of high structural
stiffness. Figure 6 shows a plot of amplitude versus frequency for an
actuator chip placed on a shaker table; the la�er was focused on the
top of the actuator at a point 1.9 mm from the center of the chip. The
fundamental piston mode at 7.39 KHz is in fair agreement with
ANSYS m(xiclling which predicted a first resonance at 8 KHz; the
lower experimental resonance frequency is thought to be due to
thinner nickel and silicon in the fabricated device than in the AN�:ys
m(xicl. Modes 2 and 3 arc rocking modes; their separatio:i in

Figure 3. Photograph of the back surface of an actuator chip.
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frequency is thought to be caused by the slight asymmetry introduced
by the suspension split used to isolate the two ends of the heating
resistor. Additional characterization up to 50 KHz (not shown)
revealed ten higher-order modes.

CONCLUSIONS

A robust silicon microvalve meeting the many criteria for use in gas
phase analysis systems has been developed. This valve's range of
operation constitutes an order-of-magnitude increase in both pressure
and flow as compared to the performance of previous bimetallically
actuated valves [3,4] and is in the same range as that of thermally
actuated valves employing fluid expansion [1,5,71 or shape-memory
alloy [2,6]. The improvement compared to previous bimetallic valves
is made possible by an actuator using a torsion-bar suspension and a
nickel-and-silicon bimetal combination, which allow larger valve
dimensions and higher stress levels for consequent longer stroke and
higher force. In addition, a novel orifice and scat configuration
minimizes the requirements for force and power.
The authors believe that the simple fabrication process fo r this valve
combined with its high reliability will provide a significant
contribution to gas phase analysis systems.
[1]
[2]
[3J
[4]

Figure 5. Flow versus applied voltage in helium at 10, 50, and 100
psi head pressures.
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Principles of Operation

Thermpneumatically actuated microvalves and
integrated electro-fluidic circuits

An Electro-Fluidic Multi-Chip Module (E/F MCM) may be
comprised of five functional groups: 1) a fluid management
system including flow channels, valves, mixers, and reaction
chambers; 2) one or more sensors for measuring any of a
number of parameters, including pressure, flow, pH, optical
properties, and electrical properties; 3) separation systems for
refining chemical products from reagents; 4) interface and
control electronics; and 5) a multi-chip module manufacturing
technique that integrates these electronic and fluidic
functions. In the example of an E/F MCM described herein,
the fluid management system is comprised of a
thermopneumatic-microfabricated valve, an orifice, input and
output ports, and a flow channel connecting them; the sensor
is a pressure sensor; the separation system is omitted; the
electronics are an analog feedback control circuit that provide
pressure regulation; the MCM manufacturing technique is a
direct extension of standard PC board manufacturing
methods used in the IC industry.

Mark J. Zdeblick, Rolfe Anderson, Joe Jankowski, Bob Kline
Schoder, Lee Christel, Robin Miles, Walter Weber
Redwood Microsystems, Inc.
1030 Hamilton Court
Menlo Park, California
Abstract
An electro-fluidic multi-chip module (E/F MCM) technology
incorporating microfabricated sensors and actuators has been
developed for diverse research and commercial applications.
The first E/F MCM incorporates a thermopneumatically
actuated valve, a piezoresistive pressure sensor, and feedback
electronics to create a complete electronically programmable
pressure regulator. Both the operation of the valve and the
pressure regulator are described. By routing chemicals
between various reaction vessels and detectors, future E/F
MCM's may be used to process chemical information in a
manner analogous to the way computers manipulate
electronic information.

Operation of the microfabricated valves
The key component of a microfabricated
thermopneumatically actuated valve is a silicon diaphragm
made by etching a precisely controlled recess in a silicon
substrate. A Pyrex wafer with a resistor fabricated onto its
surface covers the liquid-filled recess, creating a hermetically
sealed control cavity. Dissipating energy in the resistor heats
the liquid, increasing the pressure inside of the sealed vessel,
increasing the volume of the vessel. This pressure is used to
modulate the flow of either gas or liquid in the adjacent
channel. In a Normally Open (NO) configuration (Figure 1),
the edges of the diaphragm are fixed in space. Increasing
control cavity volume pushes the silicon membrane towards
the valve seat. In a Normally Closed (NC) configuration
(Figure 2), a point on the diaphragm is fixed in space.
Increasing control cavity volume causes the edges of the
diaphragm to move away from the valve seat. The devices
shown in Figures 1 & 2 are both designed for gaseous
operation. Similar devices optimized for liquid operation
prevent the liquid from contacting the electrical connections.

Introduction
The idea of using silicon as an electro-fluidic substrate for
chemical analysis evolved in the laboratory of Professor James
B. Angell at Stanford University in the late 1970's and early
1980's1. In that same laboratory, other microfluidic devices
were built2,3,4 and the first complete integrated microvalve
was produced5,6_ Later, the concept of using silicon as a
substrate for multiple valves, electronics, and detectors to
perform chemical operations as complex as DNA analysis
evolved7,8,9. Others have built micropumps 0, ,12,
microvalves with a variety of actuation mechanisms13,14,1s,
flow sensors16, and electrophoreisis separators17. A nice
review paper documenting the surge of interest in
microfluidics has recently been published18. This paper
focusses on thermopneumatically-actuated microvalves and
their role in integrated circuits that have fluidic as well as
electronic elements, enabling chemical instrumentation of
increasing complexity but decreasing size.
1

11

------------------"""+,.

Since the NO and NC valves are made using a similar process,
only the Normally Closed process is illustrated in Figure 3.

Flow Output

Figure 1 : The Normally Open thermopneumatically actuated Fluistor™ Microvalve features
a liquid filled cavity which when heated, forces a silicon diaphragm outward over valve seat.
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Compared to other microvalve technologies,
thermopneumatic actuation exerts tremendous force through
a long stroke. The maximum displacement of a NO valve is
about 50 µm. Since the upper portion of a NC valve rotates, its
maximum vertical displacement is about 150 µm. A
thermopneumatic actuator is capable of providing significant
force throughout this displacement - over 20 N (200 bar x
6900 N/m2/bar x 1.6 x 10-s m2) through a 50 µm stroke has
been demonstrated in the case of the NO valve.

These drawings represent an illustrative cross-section through
a single device; typically nearly one hundred devices are
made simulaneously on a single wafer. Figure 3a) shows the
top pyrex wafer after one side has been coated with 1000A Pt
and patterned into a resistor. It also shows an electric / fluidic
via through the pyrex. Figure 3b) shows the first step in the
processing of the silicon wafer. Here a thick (1.2 µm) layer of
SiO2 is grown in a humid environment at 1100°C and
photolithographically patterned as shown. Figure 3c) shows
the silicon wafer after it has been etched in a hot (80°C)
solution (33% w/w) of KOH, defining the control cavity and
membrane. A second lithography and etch is performed,
leaving a 40 µm thick silicon membrane and sealing ring, as
shown in Figure 3d). The bottom wafer, shown in Figure 3e) is
made of pyrex, which is ultrasonically drilled and polished.
Figure 3e) shows the three wafers after they are bonded
together. After being filled with the control liquid, Figure 2)
illustrates how the cap seals the liquid in the control cavity.
The complete valve, pictured in Figure 4, measures 6.3 x 6.6 x
2.0 mm.

Top Wafer
Upper Pyrex wafer
drilled, polished,
Platinum resistor
Silicon Dioxide

Silicon Dioxide

KOH etch defining

c)

One of the advantages of thermopneumatic actuation over
other micro-actuated mechanisms - such as thermal
bimorph, electrostatic or piezoelectric - is the independence
of the actuation and the object being actuated. In this case, the
object being moved is a diaphragm, whose flexibility,
chemical inertness, and other properties can be completely
optimized independently of the actuator. The actuator, i.e., the
cavity full of gas and or liquid, can also be optimized
independently from the membrane for a particular application
by adjusting cavity shape, boiling point of the control liquid,
quantity of both gas and liquid molecules, and other
properties. The dynamic range of the device can thus be quite
broad: vacuum pressures to hundreds of atmospheres; gas,
liquid, and corrosive fluids; ultra-low (µl/min of gas) to
industrial (lO's slpm) flow rates. Valves of this type have been
built that control liquids at 204 bar (3000 psig). Flow rates of
similar valves have been built that exceed 15 slpm of N2 at 7
bar (103 psid).
Seal

( 100) Silicon

b)

cavity and flow
channels

KOH etch defining

d)

sealing ring

Bottom Wafer
Lower Pyrex
� wafer with
drilled orifice

Bonded Wafer Sandwich

Wafers are

bonded together

f)

------r�-lllllilill-

Figure 3: Process flow of a normally closed valve

Flow Output

Figure 2: Normally Closed thermopneumatically actuated Fluistor™ Microvalve
features a liquid filled cavity which when heated, flexes a silicon diaphragm
forcing the valve cover to lift off the valve seat.
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Figure 4: Photograph of a Fluistor™ microvalve.

E/F MCM Manufacturing technique

This long stroke allows a thermopneumatically-actuated
microvalve to control high flow rates and pressures relative to
other microvalve technologies. The high operating pressure
capability not only extends its application to high pressure
applications, it allows the use of significant force for
preventing leaks across the valve seat. Long stroke and
smooth actuation allows stable control of flow rate over a
wide dynamic range: single valves are capable of controlling
stable flow rates continuously from 0.001 seem to 10 slpm.
Flow v. pressure at a variety of ambient temperatures and
flow v. applied power at a variety of supply pressures are
shown in Figure Sa & Sb (Normally Open) and Figure 6a & 6b
(Normally Closed).

Multi-Chip Module is a widely known manufacturing
technique in the electronics industry for integrating electronic
chips together at the die-level to reduce the volume of the
package and improve the performance of the system. Non
packaged silicon die are bonded to a substrate, which
provides electrical connections. In this way, a system
designer has the flexibility of purchasing functionally
specialized components or systems from different vendors
and integrating them in an optimal way. Lower system cost,
smaller size, greater reliability, higher frequency response,
and electro-optic transduction are all attributes that make
MCMs higher value-added products.
Here, we demonstrate an MCM for electro-fluidic circuits, i.e.,
consists of fluidic and electronic elements. The construction
and choice of materials of the fluidic element has an influence
on the performance of the valve in the module. Since
currently available micromachined valves are thermal
devices, the thermal mass and heat conduction of the
manifold materials plays an important role in the response
time and stability of the system. Ideally, the package should
be a perfect heat sink, i.e. the chip interface stays near ambient
temperature while dissipating heat from the chip.

Pressure Sensor

The sensor used in this E/F MCM is a piezoresistive, silicon
membrane device (SenSym, Milpitas CA). The silicon sensor is
encapsulated in a plastic "button" package that facilitates PC
board mounting. The sensor has a linearity and accuracy of
about 1 %. Linearity and precision may be extended to about
0.1% through the use of well-established digital compensation
techniques that correct for nonlinearities in the sensor caused
by temperature and pressure variations.
Feedback electronics

Since fluidic interfaces (input/output ports) for E/F MCMs
must conform to industry standard fluidic fittings and tubing,
these interfaces prevent shrinking the modules even further.
For high density packaging requirements, a manifold with
flange seal type O-rings is often the best choice. This format
can eliminate fittings and tubing since the module can be
pressed directly against larger manifolds or instrument
bulkheads. In some applications, in-line connections with
!ube fittings are required - a solution that allows easy
mterface but sacrifices size efficiency.

The analog control circuit provides the necessary power
signal for the pressure sensor and conditions the sensor
output appropriately for the implementation of the pressure
control system. The analog pressure control system calculates
a valve control signal as the sum of three terms; one term
proportional to the pressure error, one term proportional to
the integral of the pressure error, and one term proportional
to the filtered derivative of the pressure error. Therefore, the
controller is a classical PID (proportional-integral-derivative)
controller. Since the system is non-linear, however, the gains
have been set to maximize the time of response without
unduly sacrificing transient overshoot or steady-state
performance. The selected gains result in a controller which
closely resembles a modified-bang-bang controller: bang
bang control until the operating point is within range of linear
behavior at which point the PID control behavior dominates.
The output of the control electronics is a O - 15 Volt signal
which serves as the command to the valve chip drive
electronics. As the valve membrane deflects due to changes in
the voltage applied to the heater, the flow through the valve
will vary, changing the sensed pressure, which is used by the
controller to continually adjust the valve heater voltage until
the sensed pressure matches the desired pressure.
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The MCM substrate contains milli-flow channels that are used
to interconnect various fluidic and electro-fluidic components.
This E/F MCM uses three such components: the microvalve,
the pressure sensor, and an optional microfabricated capillary
or orifice for relieving pressure applications. These three
devices are interconnected with a channel buried in the
substrate. Electronic traces are patterned on the surface of the
substrate using standard PC-Board manufacturing techniques.
The first example of an E/F MCM to use both microactuators
and microsensors is shown in Figure 7 - the Mini Pressure
Regulator.
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Figure Sb: Flow vs. Power for a Normally Open valve at a
variety of supply pressures and 20 °C ambient temperature.
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gas chromatography, and other mixing applications. More
complex modules for regulating pressure and flow of gases
and liquids will be developed offering greatly reduced size,
lower cost and higher performance than systems utilizing
mechanical valves.

Pressure regulators built using E/F MCM technology have
excellent performance characteristics including electronic
pressure programmability, broad dynamic range of flow
(100,000:1), excellent supply pressure rejection (>lO0dB) and
flow rate rejection (<0.1% full scale pressure/full scale flow),
temperature insensitivity (<0.1% full scale pressure/0C),
minimal ripple (0.01% full scale pressure), and long term
stability (variations <0.1% full scale pressure/year). When
compared with manual mechanical regulators, these
performance characteristics are striking. Mechanical devices
typically have small dynamic range (100:1), less supply
pressure rejection (<40 dB), lower flow rate rejection (0.5% full
scale pressure/full scale flow rate), reduced temperature
insensitivity (1.0% full scale pressure/°C), and poor long term
stability (variations greater than 1.0% full scale
pressure/year). Although small in size - measuring 6.3 x 8.6
x 1.2 cm - it is capable of regulating continuously over a
range of O to 100 psig with 0.5% accuracy. The full
performance specifications are summarized in Table 1.

Application of E/F MCM's in Medical Instrumentation

The trend in the Medical marketplace is constantly towards
reducing size and costs. Medical applications more
commonly involve carrying liquids not gases and require on
off switching rather than proportional control. For these
applications, E/F MCM materials require a higher degree of
corrosion resistance and the feedback circuitry must close the
control loop very quickly.
There are numerous medical applications where current E/F
MCMs can perform proportional control of gas pressure.
Anesthesia machines can be upgraded to perform automatic
gas mixing and flow control - functions which today are still
performed with manual valves and regulators. Insufflators,
instruments which inflate the abdominal cavity during
surgery, can be equipped with Micro Pressure Regulators to
provide dynamic closed-loop control of pressure during
surgery, replacing larger, more expensive and lower
performance electro-mechanical valve-based systems. For
Non-Invasive Blood Pressure monitoring (NIBP), E/F MCMs
can be used to rapidly inflate and deflate pressure cuffs in a
stable and predictable manner to facilitate rapid and accurate
blood pressure measurement - the size and affordability of
the E/F MCMs will enable the NIBP industry to utilize closed
loop control of pressure to replace unstable, open-loop
solenoid valve systems.

Virtually all of the closed-loop performance limitations of the
E/F MCM pressure regulator arise due to the sensor
calibration limitations. Higher performance E/F MCM
pressure regulators will be based on digital control electronics
and will incorporate accurately calibrated pressure sensors.
Off-the-shelf pressure sensors with minimal compensation
yield pressure signals which are accurate to no better than
1.0% full scale pressure. Advanced digital calibration
techniques will result in a pressure sensor with accuracies of
at least± 0.1% full scale pressure over a wide range of
temperatures. Incorporation of a microprocessor for control
opens up the possibilities of using intelligent control
algorithms which can more easily implement nonlinear
functions making fuzzy logic and neural network-based
controllers attractive. Further, the use of high accuracy
pressure sensors combined with a microprocessor makes the
development of a flow regulator a simple extension of the
pressure regulator.

Future E/F MCM's designed for liquid operation could
provide a new platform on which a variety of clinical
chemistry operations could be performed. A concept sketch of
such a "Universal chemical processor" is shown in Figure 8.
Such a processor would have a number of different elements:
an array of input ports to connect to a supply of reagents and
samples; an array of valves to route selected chemicals to and
from various nodes; a number of temperature controlled
reaction chambers where the chemical reactions would take
place; an array of separation devices for separating certain
chemicals from each other; an array of detectors that sense the
presence of chemical products; an array of output ports for
disposing of waste materials as well as any chemicals that
have been synthesized. A number of these microfabricated
elements have been developed by various researchers around

One of the key advantages of the E/F MCM technology is the
efficient use of space. Since these modules can be made
compactly, individual units can be combined to form more
complex systems without sacrificing cost or size over
specifically dedicated designs. For example, a manifold of
pressure regulators can be efficiently constructed by
mounting numerous E/F MCM pressure regulators to a
common input gas line. This type of configuration is required
by numerous industries including analytical instrumentation,
�
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the world, including electrophoresis separation, optical
detectors, pH sensors, valves, and temperature controlled
reaction chambers. Integrating them together will provide a
compact chemical analysis system with tremendous flexibility
and sensitivity.
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Conclusions
A microfabricated valve has been developed for operation on
both gases and liquids. This device has enabled the
developent of Electro/Fluidic Multi-Chip-Modules. Already,
this level of integration provides an architecture capable of
perform complex functions in a small space. The next
challenge will be to provide these chips in a monolithic
construct, with multiple valves or sensors manufactured
simultaneously on a common substrate - the first Electro
Fluidic Integrated Circuits. Mirroring the semiconductor
industry, these chips will rapidly increase in capabilities, as
their size and costs are reduced. The revolutionary impact on
the instrumentation marketplace will be analogous to the
impact of semiconductors on the computer marketplace.
Today's instruments - the equivalent of yesterday's
mainframe computers - will be replaced by the
instrumentation equivalents of workstations, lap-tops, and
field portable units.

-TABLE 1-

Performance Benefits of E/F MCM Pressure Regulators

Performance C riteria

E/FMCM Mechanical

Dynamic Range:
Supply Rejection:

100,000:1
> 100 dB
<0.1%

100:1
<40 dB

<0.1%

1.0%

<0.1%

1.0%

yes

no

Flow Rate Rejection:
(percent of full scale pressure)
Temperature Insensitivity:
(percent of full scale pressure/ ° C)
Long Term Stability:
(percent pressure variation/year)
Programmability:

0.5%

Electrophoresis
Separation

Temperature
controlled reaction
vessels

Figure 7: The size and cost benefits of E/F MCM products

increase as product complexity increases. Custom manifolds
and multiplexors - such as this pressure regulator for a
protein synthesizing instrument - will replace larger, more
expensive electro-mechanical systems.

Figure 8: Universal chemical analysis manifold
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ABSTRACT

DESIGN AND FABRICATION

A bulk-micromachined multichannel silicon probe capable of
selectively delivering chemicals at the cellular level as well as
electrically recording from and stimulating neurons in-vivo has been
developed. The probe allows detailed studies of neural responses to
a variety of chemical stimuli for the first time and represents an
important step toward improving our understanding of neural
systems and treating a variety of neurophysiological disorders. The
probe buries multiple flow channels in the probe substrate, resulting
in a hollow-core device. This approach leaves the upper surface
planar to accommodate existing thin-film electrode structures. Aow
in these microtubes has been studied theoretically using analytical
models as well as experimentally using fabricated devices. For an
effective channel diameter of lOµm, a channel length of 4mm, and a
fluid flow equivalent to l 00pl/sec, the flow velocity is about
1.3mm/sec and the measured drive pressure is 11Torr.

Figure 1 shows the structure of the new probe, which buries
multiple flow channels in the (formly solid) probe substrate,
resulting in a hollow-core device. This approach leaves the upper
surface of the probe planar to accommodate existing electrode
structures. The formation of the flow channels requires only one
mask in addition to the five required for a normal multielectrode
probe [6]. The fabrication of the microchannels begins with a
shallow boron diffusion to form a 3µm-thick highly-boron-doped
layer on the surface of a p-type (100) silicon wafer. The intended
channel area is then opened through this layer in the form of a
chevron pattern using a reactive ion etch (RIB), and an anisotropic
silicon etch (EDP) is used to undercut this chevron structure to form
a flow tube aligned with the <110> direction as shown in Figs. 2
and 3. A deep boron diffusion is now performed to define the
probe shank as in the usual probe fabrication process. Sealing of
the channel is accomplished using thermal oxidation, LPCVD
deposited dielectrics, and an optional planarizing etch-back.
Processing then continues as for a normal probe [6]. Figure 4
shows the cross-section of a sealed flow channel. Multichannel
arrays with channel-to-channel separations as small as 4µm can be
achieved.

INTRODUCTION
It is well known that complex biochemical reactions are the
underlying mechanism on which the functionality of the nervous
system is based. In order to better understand the behavior of
biological neural networks at the circuit level, it is important to be
able to deliver chemicals (drugs) to highly-localized areas of neural
tissue in precise quantities while monitoring the neuronal responses
in vivo. For example, specific caged molecules such as calcium can
be delivered to influence cellular behavior, and NMDA (n-methyl-d
aspartate) can be delivered to modify synaptic activity. In these
applications, it is important that the injecting device be very small so
as not to disturb the neural system and that it be able to inject fluid
volumes in the 10-lOOOpl range controllably. In the past, the most
commonly used techniques for injecting chemicals into brain tissue
have been microiontophoresis [1-4] and pressure ejection [2] using
single- and multiple-barrel glass micropipettes. The responses of
nearby neurons were measured using separately-positioned pipettes
filled with electrolyte. These approaches typically suffer from
relatively poor control in positioning the injecting pipette relative to
the monitoring points. Moreover, the complicated procedures
required for the assembly of multi-barrel pipette structures also
prevent them from being widely used.

Polyi
Pip

'ng/
·ng Sites

This paper describes the development of a neural drug
delivery probe which is able to selectively deliver chemicals at the
cellular level as well as electrically record from and stimulate
neurons in vivo. The probe allows detailed studies of the neural
responses to a variety of chemical stimuli for the first time and
represents an important step toward improving our understanding of
neural systems and treating a variety of neurophysiological
disorders. In contrast to a previously-reported probe based on
surface micromachining [5], this probe is bulk-micromachined. It
is also directly process compatible with the formation of thin-film
electrode arrays for electrical recording and stimulation [6,7] on the
same substrate. The electrode sites and outlet orifices on the probe
are defined using photolithography, which results in reproducible
precisely-controlled device dimensions. Separations as small as
2.Sµm between the electrode sites and the outlet orifices can be
achieved. The technology also allows probes containing multiple
flow channels to be realized. This permits multipoint injection and
recording/stimulation using a single probe.

0-9640024-0-X/hh1994/$20©1994TRF
DOI 10.31438/trf.hh1994.58

Silicon
Substrate
Fig. 1: Perspective view of a three-channel micromachined drug
delivery probe.
Microprobes with one to four flow channels have been
designed and fabricated. The channel widths have been varied from
l0µm to 32µm while the probe shank widths ranged from 58µm to
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74µm. The flow tubes do not increase the overall width of a typical
probe structure as long as only a few are needed. All the probes to
date have had a shank length of 4mm, consistent with the targeted
cortical systems. The channel depths are controlled by etch time
and by the lateral width of the channel opening, with depths of
10µm being typical. At the back of the probe, the flow channels
protrude from the body of the substrate to allow flexible pipette
tubing to be sealed around them. This tubing is 60µm in diameter
with a 7µm-thick wall and connects to a thermally-based flow
sensor and an external pump. The flow sensor is process
compatible with the probe and is fabricated on the same wafer. A
cross-section of this hot-wire flow sensor is shown as an inset in
Fig. 1. A mesh structure is formed by a polysilicon heater
supported by a dielectric membrane and is suspended across a hole
in the substrate created by masking the boron doping used for shank
definition from the area under the intended mesh. When fluid flows
through the mesh, it cools the structure, changing the resistance of
the polysilicon and providing an indication of the flow rate.

After sealing the microchannels, fabrication of the
microprobe continues by depositing a polysilicon conductor layer
and doping it with phosphorus. The polysilicon is then patterned
by RIE, followed by LPCVD oxide/nitride/oxide triple-layer
passivation. The areas for the recording/stimulating sites and
bonding pads are next opened using RIE, and chromium/gold is
deposited in the openings and patterned using liftoff. Finally, the
dielectrics outside the intended device areas are removed, and the
fluid ports for the channels are opened using a masked etch.

A

Fig. 4: Cross-section of a flow tube sealed by thermal oxide and
by LPCVD oxide/nitride/oxide layers.
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Fig. 2: An integrated flow channel structure. The channel is
formed by undercutting a boron-doped silicon chevron structure,
followed by a sealing process using thermal and LPCVD dielectrics.
Fig. 5: Four different neural probe designs having one, two, three,
and four rnicrochannels for drug delivery.
The most critical step in this fabrication process is the
sealing of the channels. Improper sealing will result in cracking of
the channel during subsequent high-temperature processing. As
described above, the sealing process begins with a thermal
oxidation. The growth of thermal oxide on the silicon beams
spanning the channel will reduce the width of the chevron-shaped
openings. As a result, the thicker the oxide is grown, the thinner
the LPCVD dielectrics that are required to seal the ,,channel.
However, as the width of the chevron-shaped silicon beams is
reduced, the thermal oxidation time becomes critical in determining
the robustness of the channel structure. For very narrow beams,
over-oxidation will convert all of the beam into oxide, making the
ceiling over the channel transparent. In this case, the membrane
over the channel is prone to crack during subsequent high
temperature processing. This can be avoided by reducing the
oxidation time to preserve silicon in the chevron bridge structure.
Figure 5 shows examples of neural drug-delivery probes
containing one, two, three, and four barrels. At the back of each

Fig. 3: Cross-section of an etched microtube after undercuttint the
silicon chevron pattern in EDP.
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probe, the flow channels protrude from the body of the substrate to
allow flexible pipette tubing to be sealed around them. These
protrusions are designed to be broken halfway back to fit into to the
tubing. The big rectangles at the ends of the protrusions are for
ease in handling. Figure 6 shows the cross-section of a three-barrel
probe; the polysilicon interconnect lines on top of the channels can
be clearly seen. Figure 7 shows the tip of a four-barrel probe; each
outlet orifice has a recording site beside it. The site at the tip of the
probe has a larger area, designed so it can function for both
electrical recording and stimulation. Figure 8 shows a closer view
of an outlet orifice. The distance between the orifice and the
recording site is 2.5µm.

definitions of Reynolds number Re and the Darcy friction factor f
are
Re = pVD/µ

where p is the fluid density (996kgtm3 for water at 23°C), Vis the
cross-sectional average velocity of fluid in the pipe, D is the
hydraulic diameter of the channel (four times the cross-sectional
area divided by the wetted perimeter length), µ is the viscosity of
the fluid (for water, 9.85xI0-4 kg/m·sec at 23 ° C), � p is the
pressure drop across the channel due to friction losses, and L is the
length of the channel.

Fig. 6: Cross-section of a three barrel microprobe. The polysilicon
interconnect for electrical recording and stimulating electrodes can
be clearly seen on top of the flow channels.

Fig. 8: Close-up of an outlet orifice. The distance between the
orifice and the electrode site is 2.5µm.
In order to determine the friction loss for fluid flowing in the
microchannels, silicon chips with 2.15cm long microchannels were
fabricated. The upper width of the channels was kept at 40µm
(defined by the etch mask), while the channel depths varied from
14µm to 17µm. These dimensions were measured under an optical
microscope by cleaving the chips after the experiments. The
hydraulic diameter D of the channel could then be calculated.
Distilled water was used for the measurements. Regulated nitrogen
was applied through a cylindrical accumulator to pressurize the
distilled water. Before entering the microchannel, the water was
passed through a 0.45µm filter to prevent any possibility of
plugging of the microchannel. The pressure drop across the
channel was measured using a differential pressure sensor. With
the channel oriented horizontally and taking the water to be
incompressible, this pressure drop resulted from friction losses.
The volumetric flow rate was determined by monitoring the
movement of the water meniscus in a transparent constant-cross
section micropipette. In order to minimize the influence of water
evaporation on the measurement, a drop of vegetable oil was kept
in the far end of the measuring pipette to form a buffer of air
between the water meniscus and oil drop. In all measurements, the
flow was assumed to be laminar and fully developed since Re< I
and D/L <I0-5. All the measurements were performed at 21-23°C.

Fig. 7: Tip of a four-barrel probe. Each fluid outlet port has a
recording site beside it. The site at the tip of the probe has a larger
area and can serve both for recording and stimulation.

FRICTIONAL LOSSES IN MICROCHANNEL FLUID
FLOW
In injecting chemicals using such microprobes, knowledge
of the friction losses in the microchannels is important in
determining how much pressure should be applied to achieve the
desired flow rate. The friction losses associated with fluid flowing
in a pipe depend on many factors, including the average velocityV
of pipe flow, the pipe diameter D, the fluid density p, the fluid
viscosity µ, and the average pipe wall roughness [8]. From
conventional fluid dynamics, for laminar flow, the product of
Reynolds number Re and the Darcy friction factor f is a constant C,
which depends on the geometry of the pipe cross-section [9]. The

With the volumetric flow rate V and the pressure drop �p
measured, the Reynolds number Re and the Darcy friction factor f
can be calculated. Figure 9 shows the product of Re and f as a
function of Re, The minimum flow rate was about 300µm/sec,
which is of the same order as the flow rates used with the chemical
delivery probe. According to conventional fluid dynamics, for a
normal-sized pipe of trapezoidal cross-section, the product of
Reynolds number and the Darcy friction factor is about 60 [9,10].

258

From the experiment results here, this product is more typically
about 55 for a microchannel with a hydraulic diameter of 18µm.

the probe substrate and are compatible with the formation of active
and passive electrode arrays for electrical recording and stimulation
on the same chip. Four typical flow channels can be accommodated
on a shank 75µm wide. Such structures can provide multi-point
drug delivery along with multi-point recording and/or stimulation
with minimal disruption to the tissue. The friction losses associated
with fluid flow in these microtubes have been studied both
theoretically and experimentally. The friction constant C (=Re x f)
is somewhat smaller than the values predicted by theory derived
from normal-sized macrotubes. The influence of intermixing at the
outlet orifice has also been evaluated. For acute experiments, the
influence of intermixing may not be significant; however, for
chronic operation of the probes, its effects can not be ignored, and
microvalves or shutters should be used over the channel orifices.

The above results can be used to determine the pressure
needed in the chemical delivery system to achieve the desired flow.
If we assume the volume of chemical to be injected is about 10% of
the tissue volume normally monitored by a cortical recording
electrode (about (100µm)3) and further assume that the chemical
must be injected in one second, then for an effective channel
diameter of 1 Oµm and a channel length of 4mm, the required flow
rate is l .3mm/sec and the required drive pressure is 11Torr.
65
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Fig. 9: Product of Reynolds number Re and the Darcy friction
factor f as a function of Re, Each data point was measured more
than five times, and the error bars represent the range of the
measured results. The measurements were performed on different
chips with channels of similar dimensions.

0.4

···•···•······ ·····•···············,···-············ ····················•·,······························--······

I

0.2

INTERMIXING

0

Intermixing is a natural phenomenon occuring when two
solutions are put in contact. When a drug-delivering neural probe is
being inserted into tissue, even without applied pressure on the
external port of the microchannel, the drug will intermix with tissue
fluid in the vicinity of the outlet orifice through diffusion. Using
the one-dimensional form of Fick's diffusion equation [11], the
interdiffusion of ions or molecules in such a solution can be
described and can be solved using finite difference methods. As an
example, assume the chemical stored in the microchannel is
acetylcholine, and the volume to be injected is lOOpl. The diffusion
coefficient of acetylcholine at 25 °C is 6.l lx l 0-6 cm2/sec [4].
Further assume that at time t=O, the acetylcholine and tissue fluid
form an abrupt boundary at x=O; from x=- to x=O the channel is
filled with acetylcholine, and from x=O to x=+oo a 'virtual' channel
is filled with tissue fluid. Figure 10 shows the calculated mixing as
a function of time. The relative amount of acetylcholine diffused
into tissue is normalized by dividing by the intended dose, Qs, The
result indicates that in 141 minutes, the amount of acetylcholine
diffused into tissue fluid is about the same as that of the intended
injection. Although in a real situation, mixing may be influenced by
cell membranes and by the finite dimensions of the channel, these
preliminary results indicate that the influence of intermixing can not
be ignored, especially in chronic applications. For better control
over drug injection, intermixing should be minimized by the use of
microvalves at the outlet orifices. Such structures are currently
being developed.
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Fig. 10: Simulation of the amount of acetylcholine naturally
diffusing into tissue versus diffusion time, normalized to a typical
desired injection dose.
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ABSTRACT

alternative to lenses for sample illumination and light collec
tion. In addition, they proposed combining a flow channel
integrated optical elements, laser diodes, detectors and sig�
nal conditioning electronics to iorm a "flow cytom�ter on a
chip." Simplified integrated flow cytometers could poten
tially be more accessible for routine clinical and research
applications and require less expertise for their operation.
Several microfabricated sheath flow cells have been re
ported previously including a five-layer stainless steel/glass
laminate described by Miyake et al. [3] and a four-wafer
silicon micromachined flow chamber built by our group [4].
These reports were important in demonstrating the feasi
bility of fabricating devices capable of supporting hydro
dynamic focusing; however, the fabrication schemes were
relatively complex. The long-term goal of our research ef
fort is to develop a low-cost device, possibly using a hybrid
chip approach, which includes a flow cell with integrated op
tics, fluid handling, and electronics for applications includ
ing flow cytometry. This paper reports on the fabrication
and testing of the first steps toward such a "flow cytometer
on a chip": a quartz micromachined flow cell with provisions
for hydrodynamic focusing and fiber optic illumination.

The long-term goal of our research effort is to develop
a low-cost microfabricated flow cell with integrated optics
and electronics for applications in flow cytometry, a method
for high-throughput measurements of physical and chemi
cal characteristics of microscopic biological particles. The
goal of the work reported here was to fabricate a low-cost
flow cell ($10/cell) which supports hydrodynamic focusing
and integration of optical fibers. A key feature of the de
vice described here is that it is fabricated entirely from
fused silica (quartz) wafers using two wafers, a single mask,
standard etchants, and wafer-level alignment and bonding.
Tests showed that the resulting devices easily allow hydro
dynamic focusing and have :flat, optically transparent sur
faces. Integrated optical fibers provided illumination of the
sample stream adequate for the detection of :fluorescent par
ticles. The use of quartz -which does not auto:fluoresce and
is transparent over a broad range of wavelengths including
the UV- suggests these flow cells will be useful for high
sensitivity optical sensing applications.
INTRODUCTION

FLOW CHAMBER DESCRIPTION

Flow cytometers are instruments widely used for high
throughput optically-based measurements of cells and other
microscopic biological particles [l]. These devices have proved
to be particularly useful in studies that require classification
of subpopulations of biological particles or detection and in
vestigation of rare subpopulations. Flow cytometry is used
extensively in clinical hematology and oncology and is ap
plied in a number of diverse research settings ranging from
immunology to ecology.
The basis of :flow cytometric analysis is that specific op
tical characteristics (e.g. light scatter, :fluorescence) can
provide a measure of specific physical or chemical prop
erties of the particle (e.g. size, DNA content, membrane
receptors). The optical measurements are made as particles
flow through a "sensing region" delimited by the intersec
tion of the illumination and collection regions provided by
light source and optical detector assemblies. Typically par
ticles are constrained to the centermost flow stream of two
concentric fluid flows and are thereby made to pass single
file through the sensing region. The technique for achieving
the concentric flows, referred to as hydrodynamic focusing,
imposes an absolute requirement for laminar flow in all po
sitions within the :flow cell.
Existing commercial flow cytometers are relatively com
plicated instruments requiring frequent adjustment of op
tical components used to align the optics to the sample
flow. In order to simplify the operation of such instruments,
Shapiro et al. [2] introduced the use of optical fibers as an
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The flow cell (Fig. 1) has a sample injector used to in
troduce a dye or particle suspension into a :flowing sheath
liquid and a two-dimensional nozzle to focus the sample into
a narrow stream. The sample and sheath flows pass through
the capillary, and exit through ports in the outlet region. In
some devices optical fibers are positioned perpendicular to
the capillary axis to allow for illumination and (ultimately)
scatter and :fluorescence detection.
O�r initial mask designs are conservative, allowing only
8 devices per 4 inch wafer. The final "chip" dimensions
are roughly those of a microscope slide (30 mm x 15 mm
x 1 mm) with a 1 cm-long capillary of oval cross-section
(height 250 µm and width 500 µm) - dimensions which
are comparable to the :flow cells on commercially available
flow cytometers. The sample injector has a nearly circular
cross-section with a height of 250 µm and width of 280 µm.
The sample :fluid is introduced using a #32 stainless steel
hypodermic needle. External connections to the sheath in
let and outlet ports are achieved by securing the chip in a
custom-machined package with an intervening O-ring seal.
The grooves for the optical fibers are slightly larger than
the cladding diameter of the multimode optical fibers. The
fibers used were selected for 442 nm excitation, have a 0.3
numerical aperture, and have core and cladding diameters
of 100 and 140 µm, respectively.
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Starting material: HOYA T-4040
4 in. fused silica wafer.

LPCVD deposition of 2.5 microns
of polysilicon.
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Figure 1: Exploded view of the fused silica flow chamber.
The top and bottom plates have matching injection and
outlet areas with a capillary joining them. Through-holes
in the bottom plate are for sheath inflow and outflow. The
sample is introduced through the injector into the center of
the sheath flow.

Photolithography and patterning of
polysilicon mask.

125 micron hot BOE etch of fused
silica substrate.

Electrochemical-discharge drilling
of through-holes and removal of
polysilicon mask.

Wafer-level alignment and thermal
bonding of two matching parts.

Figure 2: Fabrication sequence (shown along cross-section
A-A of Fig. 1).

RESULTS
The technical feasibility of the fabrication process has
been validated with the fabrication of several prototypes.
The circular and ovoid cross-sections of the injector and
capillary are apparent from the SEM micrographs (Figs. 3
& 4). The smooth, flat surface of the capillary is consistent
with the good optical properties observed in the tests de
scribed below. There was no obvious asymmetry between
the top and bottom wafers; the slight offset observed in the
capillary and injector resulted from a slight misalignment of
roughly 1 µm. Preliminary data suggest that the fabrication
sequence, including the etch characterization is reliable.
The hydrodynamic tests were performed after mount
ing the package on a microscope with either a video camera
or photomultiplier tube connected to the video port. Sam
ple and sheath flows were driven by a syringe pump and
pressure vessel, respectively. A differential pressure sensor
mounted between the inlet and outlet ports allowed us to
relate flow rates to pressure drops. Hydrodynamic focusing
in the horizontal plane was verified by microscopic visual
ization of a device operating with a water sheath and dye
containing sample (Fig. 5). The width of the sample stream
changed in accordance with changes in the relative sample
and sheath flow rates (Fig. 6). Focusing was maintained for
mean velocities of up to at least 10 m/s (requiring an inlet
to outlet pressure drop of 28 psi). Hydrodynamic focusing
in the vertical plane was verified in two ways. First, for
sample stream diameters smaller than 10 µm, conservative
estimates based on measured sample and sheath flow rates
indicate that the height of the sample stream must be less
than 160 µm, far less than the 250 µm height of the capil
lary. Second, by adjusting the focal point along the vertical
axis the dye did not appear to contact the capillary wall.
It was not possible, however, to use this approach to reli
ably identify the vertical position of the interface between
sheath and dye. Although the precise dimensions of the
sample stream are not known, these results are significant
in demonstrating that this comparatively simple device de
sign provides hydrod ynamic focusing in both the horizontal
and vertical dimensions.

FLOW CELL FABRIC ATION
Fabrication of the flow cells involves using a single mask
to create two fused silica wafers with matching isotropically
etched flow features and openings for optical fibers. After
through-holes for fluid inlet and outlet are drilled in the bot
tom wafer, the two wafers are aligned and thermally bonded.
Finally, the needle and optical :fibers are secured in place.
As illustrated in Fig.2, the specific fabrication process
starts with a LPCVD deposition of 2.5 µm of polysilicon
onto HOYA T-4040 synthetic quartz (i.e., fused silica) wafers.
This substrate material has low impurity levels making it
compatible with CMOS production environments. Process
characterization studies showed that such thick masking lay
ers were necessary to ensure negligible pin hole formation
during the wet etching. This use of poysilicon as a mask
for etching of quartz was independently reported by Kaplan
et al. at MEMS 94 [5]. The use of fine grained polysilicon
masking layers may allow lower poly thicknesess. The open
ings for the optical fibers and the flow features are defined
photolithographically, and established by plasma etching of
the polysilicon masking film followed by an isotropic hot
(50 °C) 7:1 BOE etch of the fused silica substrate. Fused
silica etch rates of 23.0 µm/hr were measured under these
conditions. The inlet/outlet holes are drilled using electro
chemical discharge machining [6]. (The precise position of
the holes is not critical.) Finally, the polysilicon film is
removed using 20 wt % KOH at 60° C and the wafers are
cleaned, aligned using a customized attachment for a stan
dard contact aligner[7], and bonded at 1000 ° C. Immediately
prior to testing, the needle and fibers are secured into place
using UV curable glue. After the fibers or needles are po
sitioned in their corresponding grooves under microscopic
observation, the glue is introduced by capillary action and
its flow stopped with the exposure to UV illumination. This
method assured precise filling and sealing of the fiber and
needle grooves.
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The presence of the fiber per se did not appear to per
turb the fluid flow (as long as the fiber did not protrude
into the channel). In some cases the groove containing the
fiber was not seafed so that through a venturi effect, air bub
bles were periodically released into the flow stream, perturb
ing the flow. The normal flow patterns were subsequently
reestablished. Fluorescence of the sample stream could be
quantified using a PMT mounted in the video port of the
microscope. The distribution of fluorescent intensity result
ing from 2 µm fluorescent particles illuminated with the op
tical fiber was determined by connecting the PMT output
to standard flow cytometry amplifier and data acquisition
system. This analysis resulted in distributions having coef
ficients of variation (CV; standard deviation/mean) on the
order of 8% (Fig. 8) which compares well the the CV's ob
tained on commercially available cytometers. Improvements
in the CV would presumably result from the use of a single
mode rather than multimode optical fiber (both because of
the gaussian intensity distribution and the smaller illumi
nation volume) and from more substantial sample stream
focusing in the vertical plane.
Figure 3: SEM micrograph showing a cross-section (section
A-A of Fig. 1) of the sample injector and part of the pas
sages for the surrounding sheath flow.

CONCLUSIONS
In summary, the work described in this paper demon
strates the feasibility of microfabricating flow chambers from
fused silica wafers using a comparatively simple two wafer,
single mask process. Although the structure geometry di
rectly imposes focusing in the horizontal plane, the resulting
flows clearly show focusing in both the horizontal and ver
tical planes. Improved vertical focusing can probably be
achieved by decreasing the vertical dimensions of the injec
tor, a change which could be implemented with a second
mask. Initial tests using the precision-positioned optical
fibers are encouraging in that illumination of the sample
stream and detection of fluorescence were demonstrated.
Additional studies are necessary to determine the flow con
ditions for which the illumination volume includes the entire
sample stream and whether integrated optical fibers can be
used for detection of fluorescence or scatter.

Figure 4: SEM micrograph showing a cross-section (section
B-B of Fig. 1) of the capillary duct. The bottom and top
surfaces are optically flat.

The good optical characteristics of the device suggested
by the optical clarity of the hydrodynamically-focused dye
stream .were further illustrated by fiber optic illumination
of a sample stream containing fluorescein isothiocyanate
(FITC) (Fig. 7). These studies were done using a 60mW
He-Cd laser beam (tuned to 442 nm), coupled to the mul
timode optical fiber using a lens and precision positioner.
The adequacy of the coupling of the laser beam to the opti
cal fiber was determined by measuring the power output at
its end. This measurement was made using an optometer
with a silicon photodiode head (calibrated at 442 nm) be
fore placing the fiber in the flow cell. At optimal alignment,
we measured a 30 mW power output.

Figure 5: Demonstration of hydrodynamic focusing. The
photograph shows dye being introduced through the injec
tor into the nozzle. In this picture the dye stream at the
entrance of the capillary is focused to a 10 micron width.
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ABSTRACT

con, instead of platinum or tungsten, is used as the sensing and supporting
material because of its compatibility with existing micromachining tech
nologies and because of its controllable TCR in the range of -1%/'C to
-J:-0.2%/'C, gepeqding on the doping concentr_ation. The doping concentra
tion of 10 1 cm- corresponds to a reproducible TCR of -1%/'C for our
polysilicon, with which high thermal sensitivity can be achieved even at
low operating temperature (shown later).

Micromachined polysilicon hot-wire anemometers have been designed,
fabricated and tested. In comparison to conventional hot-wire anemome
ters, the new designs feature a wire which is greatly reduced in size. The
geometrical structure and material properties of the polysilicon wire have
been investigated and optimized to improve the performance of the ane
mometers. Two types of polysilicon wires with different boron doping
profiles were fabricated: centerly lightly doped and uniformly doped. The
first type has faster response (2 µs in constant current mode) and higher
sensitivity, but the second type shows better stability. In extensive wind
tunnel testing, both types have demonstrated faster frequency response,
higher spatial resolution and greater sensitivity over conventional coun
terparts.

Polysilicon
Supports

H,a,il\

:�;�

Jim,imiiiimiiiiiiiii::a..::

I.aye,
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1. INTRODUCTION

Fig 1. Structures of hot-wire anemometers: (a) Conventional.

A hot-wire anemometer is a thermal transducer which is capable of
sensing point flow velocity through temperature variati<?n using a _heated
resistive wire which has a non-zero temperature coefficient of resistance
(TCR). When the electrically heated wire is placed in the flow of fluid, the
heat is taken away by the flow-induced forced convection. Depending on
the operation modes (constant current or constant temi:ierature),_either the
resistance or the output voltage drop across the w1re 1s a funct10n of the
flow velocity.

(b) Micromachined.

The polysilicon wires can be uniformly doped by high dose boron
implantation (type I) or nonuniformly doped by a low dose implantation
followed by a high dose implantation with the center part of about 2 µm
being masked(type II). Type I poly wires behavior similar to the platinum
or tungsten wires. For type II wires, the resistance and the ohmic heating
are concentrated at the 2 µm lightly doped center region. The other part of
the wire acts only as the electrical conductor and mechanical support[8].
It can be expected that anemometers with this type of wire should have
improved frequency response and spatial resolution over the type I wires.
However, the sensitivity of type II device is not necessarily higher than
that of type I device even with a much larger TCR because the tempera
ture change caused by the forced convection may not be as high as that of
longer wires. Since the lightly doped part is very short, the total resistance
of the anemometer is still within a reasonable range (<20kilo-ohms)
which can be adequately handled by signal processing circuits.

Conventional hot-wire anemometers have been used for flow velocity
measurements for over 80 years. Fig l(a) shows the structure of a typical
hot-wire anemometer. A metal wire is welded or soldered to two metal
needles which are molded to the probe body. The wire is usually made of
platinum or tungsten and is typically 5 µm in diameter and 1mm in length.
It has a resistance of 10 - 30 ohms at room temperature and needs 10 - 40
mA of current to operate[l-2]. These conventional anemometers have to
be hand-assembled one by one, thus making it difficult to be arrayed for
simultaneous velocity distribution measurement. Also, since the wire
diameter is difficult to control with good repeatability, the anemometer
probes are essentially not interchangible without recalibrating the whole
anemometer system.

3. FABRICATION
It has been reported that polysilicon, deposited in amorphous state and
then crystallized has better controllable qualities than as-deposited poly
silicon with the deposition temperature at 62Cl°C[9]. We chose to use the
former polysilicon, of which the electrical properties were previously cal
ibrated, in the fabrication of our anemometers. We found that its TCR is
about 50% higher and the temperature behavior is more linear than the
normal poly in the high doping range. Fig 2 shows the resistance changes
with temperature for three different types of polysilicon. Moreover, the
stress distribution in this _polysilicon along the depth is much more uni
form, as we will see from the SEM picJ�res in the late part of this paper.
The calibration results show that 2 x 10 cm- is the doping concentration
which gives the lowest sheet resistivity ( 30il/o ) and highest positive
TCR, and therefore, is the optimum doping concentration for the heavily
doped leads in type II anemometers and for the whol:f wire of the type I
anemometers. The doping of the center part (1018 cm- ) for type II wire is
determined such that the resistance ratio between the center part and the
leads is 10 - 20 near the operating point. This doping concentration also
gives a satisfactory TCR of approximately -1%/ 0c. Another factor which
needs to be considered for type II is how to avoid lateral diffusion of the
boron dopants from the heavily doped leads to the center part during the
annealing process which follows after the boron ion implantations. The
annealing temperature must not be so high that it causes significant lateral
diffusion in the standard 30 min. annealing, but it can not be so low that
stable polysilicon resistors could not be made. Therefore, calibration of
the lateral boron diffusivity in nonuniformly doped polysilicon was con
ducted in order to determine the annealing temperature. Fig 3 shows the
diffusivity vs. temperature curve. The highest annealing temperature for
type II wire is determined to be 900°C from the diffusion model using
these data.

Since the spatial resolution of the anemometers for flow velocity dis
tribution measurement is determined by its dimensions, it is advantageous
if the wire size can be further reduced. This would also decrease power
comsumption and thermal interference to the flow and increase frequency
response. In fact, many anemometer designs have been demonstrated
using either surface or bulk micromachining technologies[3-7]. Interest
ingly, however, they are either bulk-micromachined chip-sized devices or
wires on top of chips. No one really simulates the real feature of '.1 co?
ventional hot-wire anemometer, i.e., a wire thermistor free-standmg m
space without anything nearby so that best thermal isolation is _achieved.
As a result, they can not be direct replacements for the convent10nal_hot
wire anemometers. Here, we report our research on a new type of micro
machined anemometers that emphasize the real simulation of a hot-wire
anemometer but with greatly reduced wire size. This is made possible by
combining surface and bulk micromachining technologies. Not only the
spatial resolution and device sensitivity are better, the frequency response
is also improved by at least one order of magnitude (confirmed from
extensive wind tunnel calibration) over the conventional hot-wire ane
mometers. Optimization of the structural geometry and the material prop
erties has resulted in anemometers with time constant of 2 µs in the
constant current mode (the current record of the time constant for thermal
anemometers).

2.DESIGN
Our micromachined hot-wire anemometers have a structure similar to
that of conventional hot-wire anemometers. It consists of a sensing wire,
two parallel supports, a Si beam, and the thick Si handle, as shown in Fig.
l(b). The Si beam acts as a thermal and mechanical buffer between the
supports (0.5 µm thick) and the handle (500 µm thick) to avoid interfer
ence with the flow. The sensing wires are about 0.5 µm thick, 1 µm wide,
10-160 µm long, and are free standing to optimize the interaction with
the flow and to minimize the thermal conduction to the handle. Polysili-
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1\vo generations of anemometers have been fabricated at the Caltech
Micromachining Lab. The 1st generation has silicon nitride encapsulating
the polysilicon probe wires. The poly wires of the 2nd generation are
directly exposed to air and consequently the frequency response has
improved by an order of magnitude. Fig 4 shows the fabrication process
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flow of the 2nd generation.
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Fig 5. SEM pictures of(a) Ist generation "hot-point anemometer",(b)
l_st generation anemometer array for simultaneous velocity distribu
twn measurement,(c) 2nd generation heavily doped anemometer,(d)
2nd generation centerly lightly doped anemometer.
4. THEORY AND EXPERIMENTAL RESULTS
---

0.74

Anemometers can operate either in constant current mode (without
feedback) or in constant temperature mode (with feedback). Here, we
only use the constant current mode in the early testing stages of our ane
mometers because of its s1mphc1ty. Currently, wind tunnel tests of ane
mometers in constant temperature mode are under way and will be
reported later.

measured data

fitted curve D=Do*exp(-Ea/kT) Do=0.47 Ea=2.81eV
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4.1 Time constant

Fig 3. Lateral boron diffusivity at different temgeratures in poly
silicon deposited at 560°C and annealed at 1100 C.

4.1.1 Transient analysis
For a wire with length /, width w and thickness d at some time I and
position x from one end, the s_um of the heat absorbed by a unit length
wire_and the_ heat flowing into 1t through thermal conduction and convec
twn in unit time must be equal to t9e ohmic power[l0], i.e.,
i)T
i) T
wdc ""5""-K 1wd- +2h(w+d)(T-Ta )
(l )
p u/
f' O Y
d 2X
2
= J p 0wd[I +o:(T-Ta)]

Two generations of anemometers have been fabricated at the Caltech
Micromachining Lab. The 1st generation has silicon nitride encapsulating
the polysilicon probe wires. The poly wires of the 2nd generation are
directly exposed to air and consequently the frequency response has
improved by an order of magnitude. Fig 4 shows the fabrication process
flow of the 2nd generation.
The fabrication starts with the oxidation of the(I00) Si wafers which
have a 10 µm lightly doped epi layer on top of a 8 µm heavily boron
doped etch stop layer. A 600 nm thick amorphous Si layer is deposited at
560° C and patterned by plasma etching. Photoresist implantation barriers
are then formed on type II poly wires and this is followed by boron ion
implantation with a dose of J0 16cm-2 and an energy of 80 keY. After
stripping the PR barrier, low dose boron ions(I0 14cm-2) are implanted to
dope the center parts of type II wires. Annealing is done at 1100°C for
type I wafers and at 900°C for type II wafers for 30 min.. After the alumi
num metallization, a 3 µm LTO is deposited at 450°C and the frontside
and backside Si substrate windows are opened using both wet and dry
etchings. A 10 hours EDP etching at 95°C removes the Si underneath the
poly probe. Finally, HNA Si isotropic etchant and pad oxide etchant are
used to strip the heavily doped boron layer and the LTO respectively. Fig
5 shows SEM pictures of some hot-wire anemometers fa bricated using
this process.
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where p = 2:32g/cm3 , C P. = 0.7J/g.°C, Po, Kpol ! a.= 0.0015/°C are the
density, specific heat, res1st1v1ty, thermal conducfivtty, temperature coeffi
cient of the resistance for the polys_llicon, J is the current density, Ta is the
ambient temperature. The above d1fferent1al equation can be solved with
the boundary condition T(O,t) = T(l,t) = Ta and initial condition T(x,0) =
T3 , assuming that the two supports are perfect heat sinks. The solution is a
multi-mode response.The first mode determines the time constant,
(2)
't = 't I 12/( 't 2+12 )
pc
/ 2 pcf'
- 't I =
,,K i,Nu
't 2 = (- ) K
7t
poly
(- o:J2 + a
Po ------:;;ywhere Kair = 2.5 x 10-4W/cm. °C is the thermal conductivity of the air at
room temperature. Nu 1s the Nusselt number of the wire. It can be seen
from the above expressions that the time constant is due to two compo
nents: conve_cuon time constant 1:1, which dominates for long wires, and
conductwn time constant 1:2, which dominates for short wires.

J'

!J

For the_ centerly lightly doped probes, -r = 1:2 with I being replaced by
the effective length of the wire leff• which is longer than the length of the
lightly doped part. However, it is still expected that type II anemometers
have a much smaller time constant than type I anemometers since Ie ff< L '
which is the total wire length.

-o..:lde -poly-SI �PR rnAI EmrJl:ro
c::::J heuvily honm doped layer
c:::J SI t:pl layer

4.1.2 Time constant measurement
The time constant is determined_ by passing a step current through the
anemometer in mil air and observing the voltage rise(for positive TCR)
or fall(for negative TCR) man oscilloscope. If a steady flow with certain
velocity is applied, the time constant will be reduced. For a conventional
hot-wire anemometer 5 µm in diameter, the time constant is about 0.5 ms.

Fig 4. Process flow of polysilicon hot-wire anemometers using
both surface and bulk micromachining technologies.
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mometers. In constant temperature mode, it can be derived from (3) and
(4) that
(5)
V2=A1 +B 1 Un
In constant current mode,
(V-/Ra )
(R-Ra )
a
T-Ta= �
alRa
a
a
where R and a are the resistance and TCR at the ambient temperature, a
is the ov�r heat ratio. It can be shown that
(Az+B zv")
(6)
V=----(1 +Bu")

Fig 7 shows the time constant in constant current mode of our anemome
ters for varying wire lengths. The solid line is the fitted curve of E�. (2)
for type I probes. Nu = 0.78 and KP ly = 0.26W(cmf'C (0.34W/cm. C in
[11]) are the fitting parameters. The guctuattons m the fitted curve are due
to the scattering of w from fabrication. The effective width w 1s calculated
from the measured wire resistances with the known sheet resistance of
30f.!/o . There is no curve fit for type II probes, but the measured 't does
not change that much for probes with different lengths. _From the data we
estimated / ff and they range from 15 µm to 38 µm. Thi� large le ff 1s the
result of th� low resistivity of the lightly doped part, which was not con
trolled well in this batch. Note that the 30 µm long probe of this type with
a heating 't of only 2 µs and a cooling 't of 8 µs in constant current mode
(Fig 7) is currently the fastest anemometer probe.

where

Heavily doped (measured)
Center lightly doped (measured)
Heavily doped (fitted)

50

� 40

Or

"E

(I+Bu")
where V0 is the voltage at U = 0, and
small, then

1

* 30

8
a,

K aPRa2
A = __l___ _ . If B is
2
(Ko-aPR a)
(8)

E 20
i=

4.2.2 Wind tunnel test
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Fig. 8 shows the response of a 70 µm long, heavily doped anemometer
(SEM picture in Fig 5(c)) and of a conventional hot-wire anemometer in a
wind tunnel at different over heat ratios without any electronic gain. The
lines in Fig 8 are the fitted curves of Eq. (7). The sensitivity of our ane
mometer biased by 2-3 mW is higher than that of the conventional ane
mometer operating at 4-8 mW. This is due to the smaller size and the
higher resistivity of polysilicon over platinum and tungsten. The power n
of the velocity U for our anemometer and for the conventional anemome
ter are around I.I and 0.6 respectively. Thus, in comparison with the con
ventional anemometer, our anemometer has a more linear response and
less degradation in sensitivity in the high velocity regime than the conven
tional anemometer. We believe that this is the result of conduction to the
supports which in tum causes nonuniform temperature distribution, a situ
ation which is usually avoided in conventional hot-wire anemometers
with large lid. The directional dependence of the sensitivity has also been
tested and the results are shown in Fig 9. The three sets of measured data
points at three different angles almost completely overlap. Thus, it is
nearly isotropic as long as the angle is not close to 90 degree. This is
rather surprising because the theory[!] predicts that the directional depen
dence of sensitivity follows the cosine law, which is the case of conven
tional hot-wire anemometers. One possible reason for this might be that
the supports have interfered with the flow in our devices.
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Fig 6. Time constant in constant current mode. T�e mset is_ the mea
surement setup, in which Re is used to cancel the mherent time delay
of the input signal and the circuit.
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Fig 10 shows the responses of a 20 µm long type II anemometer at two
different angles. It is almost isotropic, but not as much as the heavily
doped probe. The near isotropic characteristic can be explained by its
short length. Note that it has higher sensitivities than type I even at lower
power. Since the 1-V curve of type II anemometer is highly nonlinear, it is
difficult to estimate the over heat ratio without doing more complicated
calibration.
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Fig 7. The time constant is determined by observing the rise or fall of
the voltage waveform in oscilloscope when a step current is applied.
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4.2 Steady state response
4.2.1 King's law

In steady state, power generation and heat dissipation is balanced, i.e.,
(3)
IV=Ker/U)(T-Ta)
where T is the wire temperature, Ta is the ambient temperature, U is the
flow velocity, and Kerrl U) is the effective heat transfer coefficient. In a
laminar flow, King's law applies,
Ker/U)=Ko + K 1 Un
(4)
where Ko is the heat transfer coefficient which takes into account of con
duction, radiation and free convection and is not a function of U. KI un
represents forced convection by the flow boundary layer. The power n
depends on the structure and is around 0.5 for conventional hot-wire ane-

0
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Fig 8. Responses of a 70 µm long heavily doped micromachined
(data points represented by circles, squares and triangles) and a con
ventional (data points represented by diamonds, upside-down trian
gles and bold dots) hot-wire anemometer in a wind tunnel operating
at three different over heat ratios in constant current mode (I= 1.05,
1.22, 1.29 mA for the micromachined, and 10, 13, 14 mA for the con
ventional, respectively).
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fusivity, the temperature nonuniformity and the electric lield across the
wire at the operating temperature of a few hundred degrees may cause the
slow diffusion of dopants. Amemiya et al[l 2] found that the resistivity of
heavily doped polysilicon decreases under high current density. This con
tradicts our observation. Further study need to be done on the mechanism
of this drift.
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Fig 9. Directional testing of the same 70 µm heavily doped anemom

eter in constant current mode at I = 1.22 mA with over heat ratio of
0.25. The angle is between the flow and the normal to the wire in the
anemometer plane.
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Fig 12. The temporal drift of a 70 µm long heavily doped anemome
ter at V = 2.5V and a= 0.35.
6. CONCLUSION

-·
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Two types of micromachined polysilicon anemometers have been
developed. Both have demonstrated superior performance over conven
tional hot-wire anemometers. Reliability tests and design iterations still
need to be done for practical wind tunnel use.
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5. DISCUSSION
As previously mentioned in the design section, we found that the stress
distribution alon!l, the depth of the polysilicon deposited at 620°C and
annealed at 1100 C is not uniform. Sometimes, the tips of all the ane
mometer probes in a wafer made from this type of poly bend up about 50
µm, as shown in Fig 11.However, this phenomenon is never observed in
anemometers made from the polysilicon deposited at 560°C and annealed
at 1100°C. The reason might be that the structure of as-deposited and as
implanted amorphous silicon films are uniform along the depth. During
annealing, the grain growth is uniform, so the stress distribution is uni
form too.
Fig 12 shows the temporal drift of a 70 µm long heavily doped probe.
The resistance increases slowly. Several factors contribute to the drift.
First, the polysilicon is not protected and could be oxidized during high
temperature operation. This can be avoided by a conformal anti-oxidation

Fig 11. SEM picture of the intrinsically bent anemometer probe
layer coating over the free standing polysilicon structures which only
increases the time constant a little. Second, since polysilicon has high dif-
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