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Abstract.

The finite element program analysis of
Swanson Analysis System, Inc. was used to
model the stress distribution of two
monocrystalline silicon diaphragm pressure
sensors. Configuration I consists of an
anisotropically backside etched diaphragm
into a 250pum thick, (100) oriented, silicon
wafer. The diaphragm dimensions are
2=1000um, h=10pm, (2/h=100). The total chip
dimension is 2500um x 2500um. The device is
rigidly clamped on the back to a support
substrate. Configuration II consists of a
monocrystalline, (100), microdiaphragm which
is formed on top of the wafer and whose area

is reduced by a factor of 25 over
Configuration I. The diaphragm dimensions
are 2=200um, h=2um, (2/h=100). The
diaphragm is rigidly clamped to the silicon
wafer. The stresses o,(x,y) and o,(x,y)

were calculated at a gauge pressure of 300mm
Hg and used to estimate the piezoresistive

responses of resistor elements which were
placed parallel and perpendicular near the
diaphragm edges.
Introduction

Modeling of IC processing and device
performance is becoming more and more
popular as the complexity of processing
increases and as device dimensions shrink
into the near-micron and sub-micron
regimes. This allows low cost evaluation of
new processing and device 1ideas prior to
mask design and commitment to wafer

fabrication.

Some of the programs readily available
are SUPREM (Stanford University) for process
modeling, PISCES (Stanford University) and
MINIMOS (Vienna University, Austria) for two
dimensional devices modeling and SPICE (U.C.
Berkeley) for circuit performance modeling.

As the complexity of sensor development

increases and as the business 1impact of
sensors and micromachined devices and
systems continues to grow, it will become
profitable to adopt some of the existing
modeling tools and to develop new ones to
help guide development efforts.

In this paper, results of three-
dimensional stress modeling of ¢two silicon
diaphragm sensor configurations will be
presented. The results are then used to

predict the piezoresistive response of given
resistor configurations and comparisons with
experimental results will be made.

Current affiliations

*Statham Division of Solatron Transducers,
2230 Statham Blvd, Oxnard, CA 93033
¥**¥Amoco Research Center, P.0. Box 400,
Code F-4, Naperville, IL 60566

Mail

hh1986/$20©1986TRF
DOI 10.31438/trf.hh1986.14

Tack ¥
Oxnard, CA 93033
H. Busta¥*¥
Rolling Meadows, IL 60008

34

Stress Calculations

Configuration I

Configuration I
sensor fabricated from (100),

is a silicon diaphragm
n-type silicon

with a resistivity of 1.0 to 10.0 ohm=-cm.
The diaphragm dimensions are £=1000um,
h=10um. The overall chip dimension 1is
2500um. The wafer thickness is 250um.
Figure 1 shows the <cross-section of this
device. The stresses o,(x,y) and o,(x,y) of
a quarter diaphragm were calculated using
the finite element program of Swanson
Analysis System, Inc., Version 4.2 [1]. The

surface of the quarter diaphragm was divided
into 12x12 divisions; the depth was divided
into 4 elements. The values of the elastic
constants E and and of Poisson's ratio
were taken from Rey [2]. One of the edges
of the diaphragm is aligned with the <110>
direction.

| ~ (100) Si

i
/ h 57.4°\

!
Rigidly clamped

Figure 1 Cross-section of the silicon

diaphragm sensor, Configuration I.

Figure 2 shows o,(x,y) and o,(x,y) for
one quarter of the diaphragm ag a gauge
pressure of 300mm Hg. The coordinate system
was chosen to be in the center of the
diaphragm and x and y extend 500um towards
the edges. As can be seen, Oy reaches a
maximum in the center of the diaphragm near
the edge (x=500um, y=0), goes through zero
at x=330uym and reaches a minimum at x=0,
y=0. The profile of o,(x,y) is identical to

the one of ox(x,y) except that it is mirror-
imaged along the diagonal of the diaphragm.

Configuration II is a silicon sensor
with the diaphragm fabricated on top of the
wafer. It has the same %/h ratio of 100 as
compared to Configuration I but its overall
size 1is much smaller. Here ¢=200um and
h=2um. The cross-section of the device 1is
shown in Figure 3. Realization of such a
diaphragm sensor in polycrystalline silicon
is described in Ref. [3] and the attempt to
form monocrystalline diaphragms by laser-
recrystallization is described in Ref [U4].
Advantages of this structure over
Configuration I, in addition to the smaller
size are: elimination of the hard-to-
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control backside diaphragm etch process,
elimination of the IR alignment step to
align the resistor patterns in front of the

wafer, provision of an overpressure stop and
better control of the diaphragm thickness
uniformity due to the LPCVD deposition
process.

-_
o

Stress (dynes/cm?) x 108
§ N & O ©

| |
SN

for
gauge

Figure 2
the sensor shown in
pressure of 300mm Hg.

Stress distributions o, and o

Figure 1 at a

|
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(100) Si

Figure 3 Cross-section of the silicon

Hiaphragm'sensor, Configuration II.

In this calculation it is assumed that
the diaphragm 1is rigidly clamped to the
silicon support wafer and that it is made of
(100), monocrystalline silicon with one of

its edges aligned with the <110> direction.

The results of the stress calculations
at a gauge pressure of 300 mm Hg are shown
in Figure 4 and are very similar in shape
and magnitude to the results shown in Figure
2. Thus, in principle, by proper placement
and geometry scaling of the resistor
elements, Configuration II should yield the
same sensitivity as Configuration I.
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Stress (dynes/cm?) x 108

Figure 4 Stress distributions ¢, and ¢, for
the sensor shown 1in Figure 3 at a gauge

pressure of 300mm Hg.

Piezoresistance

The stress results shown in Figures 2

and 4 were used to estimate the
piezoresistance of p+-diffused or ion
implanted resistor elements into

Configurations I and II. Figure 5 shows two
resistor elements, one located parallel and
the

one perpendicular to two edges of

diaphragm. Due to the magnitude of the
stresses at these 1locations and the signs
and magnitude of the piezoresistive
coefficients of (100) p-type silicon, fully
active bride behavior can be obtained. This

is the customary placement of the resistor
elements for most of the sensors processed
using Configuration 1I. The piezoresistive
coefficients | and wu| are defined in Ref.
[2]. Here, "I" means parallel to the
current direction and mie means
perpendicular to the current direction,
whereas in o¢| and cl, the subscript "|"
means parallel to the edge of the diaphragm
and "|" means perpendicular to it.

From Ref. [2] and Figure 5, the change
in resistance parallel to the diaphragm edge
due to the piezoresistive effect is given by

nlol + 1r_|_0J_ =

‘nloy(X=0,y)

(AR/R)| = mlog(x=0,y) +

(1)
and correspondingly

(AR/R)| = wfa] + o] = mlog(x,y=0) +

mloy(x,y=0) (2)

This assumes that the 1length of the
resistor elements is much smaller compared
to the length of the diaphragm, i.e.,

stresses do not vary along the dimensions of
the resistor.
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Figure 5 Location of R| and R| with respect
to the diaphragm edges and the corresponding
0 and 7™ notations.

Figure 4 shows the outline of two
resistor elements in Configuration II with
dimensions of 5um x 25 um. The elements are
placed 5um away from the edges.

equations (1) and (2), the
of the parallel resistor
-2.27%/300 mm Hg and
resistor is

By wusing
resistance change
is calculated to be
that of the perpendicular
+1.32%mm Hg. Here, the average stress
values across the resistor dimensions were
taken. The values of =] and nl_%ere taken
from Ref. [29 and are +40.5x10 cm©/dyne
and -38.5x10" 2cmz/dyne, respectively.

By combining two parallel elements and
two perpendicular ones into a Wheatstone
bridge configuration, the output voltage 1is
calculated as Vo/V = 59.8 pV/V/mmHg.

A similar calculation was performed for
Configuration I. Here the resistor element

consists of two legs of 18um x 105um which
are parallel to each other, separated by
25um, and connected by a 50um  x 61um
diffused region. Using the stress values
from Figure 2, the expected piezoresistive

changes are =-2.63%/300mm Hg for the parallel
resistor and +2.36%/300mm Hg for the
perpendicular resistor. This corresponds to
a pressure sensitivity of a Wheatstone
bridge of V /V = 83.2uV/V/mm Hg.

Experimental Verification of
Piezoresistance

A pressure sensor according to
Configuration I was processed with 2=1000um
and h=16um and resistor elements as
descrivbed above. Since sensitivity scales
with (2/h)¢ [2], the expected sensitivity is

reduced by a factor of (10/716)°, the
thickness ratio of the diaphragms. Thusé
the expected sensitivity is 83.2 x (10/16)

= 32.5uV/V/mm Hg.
a three inch wafer
30uV/V/mm Hg which is
the calculation.

Experimental results over
ranged from 25 to
in good agreement with

36

A pressure sensor according to
Configuration II was processed with 2=200um
using polycrystalline silicon which was
subsequently laser=-recrystallized. The same
resistor dimensions as in the <calculation
were used. The sensitivity was 10uV/V/mm Hg
(4] which is by a factor of 6 lower than the
theoretical result. Non-optimum
crystallization to yield (100) silicon is
the main cause for this discrepancy.

It has been shown that stress
calculations of diverse silicon diaphragm
pressure sensors can be wused to obtain
estimates of the expected piezoresistive
response. The calculations can be used to
help place resistor elements to obtain
maximum or minimum piezo response and to
help the sensor designer with the proper
choice of resistor dimensions compatible
with the required bridge resistance and
acceptable power density.

Thanks go to R. Kreeger, Solatron
transducers for his encouragement of this

work and for providing the funds to perform
the stress calculations.
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