AIR LOADING EFFECTS ON A CAPACITIVELY SENSED MEMBRANE SUPPORTED SILICON ACCELEROMETER
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Abstract

A capacitively coupled silicon accelerometer with
the proof mass supported by a thin silicon membrane is
described. The device offers convenient A/D conver-
sion via conversion of acceleration to an oscillator
frequency change. Air mass loading is shown to
decrease the device sensitivity. The reduced sensi-
tivity is attributed to the effect of air compress-
ibility on the apparent membrane stiffness and air
damping.

The prototype accelerometer described here is a
variable capacitor silicon device (Fig. 1).l1 The
primary transducer consists of a thin silicon membrane
supporting a central silicon proof mass element placed
over an Al electrode plane recessed into a glass sub-
strate to create an air dielectric capacitor. The
silicon membrane functions as_a support spring which
is displaced by acceleration. The displaced proof
mass modulates the capacitance between the proof mass
lower (conducting) surface and the Al plate. Acceler-
ation is first transformed into a proof mass displace-
ment, which in turn is transformed into a capacitance
change. The capacitance is converted to a frequency
using an RC oscillator circuit. In this manner the
analog capacitance is easily converted to a digital
signal if a frequency counter is employed. The shift
from the frequency oscillator's center frequency is
proportional to the acceleration. For the present
system, the frequency shift was converted to an output
voltage proportional to the frequency shift in order
to exploit the various functions and signal processing
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Fig. 1 Exploded View of Inertial Gauge

Ip more extensive treatment will be submitted for

publication. Also see Scot McArthur, M.S. Thesis,
"Silicon Diaphragm Accelerometers,” University of
Hawaii, 1984.
Capacitively coupled membrane pressure sensors
have been described by others and are commercially
available. Likewise, a variety of different
silicon micromechanical accelerometers have been
reported in the literature: see, for example,
Peterson, et al. [1], Chen and Muller, et al. [2],

Rudolf [3] and Raylance and Angell [4].

hh1986/$20©1986TRF
DOI 10.31438/trf.hh1986.28

James W. Holm-Kennedy
Physical Electronics Laboratory

Department of Electrical Engineering
University of Hawaii at Manoa

HI 96822

73

capability of an HP spectrum analyzer. The sensor
circuitry output voltage vo(t) was also proportional
to the acceleration.

By testing the device at different pressures and
acceleration frequencies, it was found that the air
loading can dramatically affect (reduce) device sensi-
tivity. Air compressibility effectively increases the
proof mass' spring constant thereby decreasing the
displacement amplitude and related device sensi-
tivity. The device resonant frequency is also shifted
to higher frequencies. Air damping also affected
device response.

Experimental test results and their analysis,
including the effects of air loading are presented
below.

The Low Frequency Primary Transfer Function

The mass loaded silicon diaphragm (Fig. 1) was
modeled as a mechanical oscillator. The low frequency
(f << f,, fy=resonant frequency) primary transfer
function Tya(f) is the measure of the proof mass
displacement Y, per unit of acceleration A, and at
frequencies can be expressed as

low

(£) ~ M/K, (€8]

T
YA
f<ty

Here M is the proof mass and Ky is the spring
constant (stiffness) arising from the supporting
silicon membrane bending and stretching stiffness.

To compute TYA(f) £ < . The proof mass was

<f
0
separated from the membrane, weighed, and found to be

M= 5.4 x 100 kg +0.18x1076 kg (2)
A theoretical calculation of the plate stiffness yield

= 3
KT\TH 510 Nt/M 3)

and a theoretical primary transfer function of

~ 1.06 x 10”8 M/M/sec?
0 (4)
> 106. A/M/sec2

Tval,

The related resonant frequency (without air loading)
was calculated to be
f0 ~ 1550 Hz (5)

NL
where "NL" stands for "no airloading"”.

The Secondary Transfer Function

The secondary transducer is comprised of two
parts: the variable capacitor oscillator which con-
verts acceleration into a change in oscillator fre-
quency, and a demoulator circuit which converts the
frequency shift to a proportional voltage vg. The
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acceleration thus results in a voltage output directly
proportional to the magnitude of the acceleration Ay
normal to the proof mass. The magnitude of the
secondary transfer function is dependent upon the
device geometry and the sensing circuitry used.

The total capacitance Ct determining the oscil-
lator frequency is comprised of parasitic capacitance
Cp, an acceleration dependent capacitance Cy
arising from the membrane, and the capacitance between
the conductive lower portion of the proof mass and the
recessed Al place, Cp, which is the principal accel-
eration dependent capacitance. It is easily shown for
small proof mass displacements that the full accelera-
tion capacitance Cr can be written in terms of the
proof mass displacement Yp

Cy
CT(YA) =y 1- C—O- (Y, /d)

where Cy is the total capacitance under conditions

of zero acceleration. The effects of parasitic capac-
itance are included in Eq. (5) and act to diminish the
device sensitivity, i.e., to reduce C;/Cy, and the
device sensitivity. For the prototype device under
discussion here

(6)

Co = 32.6 pf

and )]
C1 =~ 13.3 pf
resulting In an acceleration dependent capacitance of

Cp = 32.6[1-5.48x107°v,] pf (8
(The acceleration induced proof mass displacement Yp
is inAngstroms .)

The specific transfer function of interest
depends on the electrical output parameter of
interest, whether it be capacitance, frequency or
voltage. For output voltage vo(t), voltage is of
interest, then

Ty, (£) = va(CT)ch(Y) xTCY(Y) xT (AN) 9)

VA YA
where Ay 1s the normal component of acceleration,
Tyf represents the conversion of frequency to vol-
tage, Tfo represents conversion of capacitance to
shift to frequency shift, Tcy represents conversion
of proof mass displacement to capacitance and Typ
represents conversion of acceleration to proof mass
displacement. These transfer functions in general are
frequency dependent. For the present prototype device
operating at low frequencies (well below resomance),
and for the sensing electronics used, the transfer
function from acceleration to voltage Ty was

T = 2.07x10°2 volts/M/sec? .

VA (10)

If frequency 1s the electrical output parameters
of interest, the frequency transfer function for the
present prototype device and electronics was

Tpp = 12.38 Hz /M/sec? (11)

High Frequency Behavior and the
Effects of Air Loading

To gauge the effects of air loading on device's
frequency dependence, a series of tests using oscil-
lating and transient accelerations over a wide range
of frequencies were performed at pressures ranging
from 1.01 x107 Nt/M (1 atm pressure) down to
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2 x103 Nt/M2 (about 0.02 atm pressure). The AC
accelerometer tests as a function of alr loading were
performed using a shaker table, a reference plezoelec-
tric accelerometer, a pressure controlled chamber, a
spectrum analyzer and various oscillator and pulsed
driving sources. Oscillatory accelerations up to

3 G's were used. Pulsed acceleration has frequency
components of magnitudes up to approximately 0.1 G.

AC device performance was evaluated using three
different types of measurements: static acceleration
(gravity); AC acceleration and transient accelera-
tion. These measurements were used to experimentally
evaluate the mechanical model constants Kt and R
(R, models air loading losses and will be reported
elsewhere) of the primary transducer. Air loading was
investigated by measuring the accelerator transfer
functions as a function of ambient air pressure from
0.02 atm to 1.0 atm.

Using the results of static measurements, the
proof mass displacement at 1 G was determined to be

o o

Y =229A %18 A
g

which yields an experimental value for the stiffness

constant

(12)

Kr = 2310 N/M. (13)
This 1s approximately a factor of five greater than
calculated from theory. The discrepancy 1is attributed
to the stiffening effects of Boron doping of the
support membrane.

The second class of experiments measured the
oscillator transfer function Tya(f) over a 10 Kiz
frequency range. These experiments were run at pres-—
sures ranging from one atmosphere (101x 103 N/M2) down
to 0.02 atmospheres (2x 103 Nt/M2). Ty¢(£) was used
to calculate silicon accelerometer's primary transfer
function Tya(f) and the mechanical constants of the
mass loaded spring with air loading. Air loading on
the device was characterized in terms of the effect on
the stiffness Ky and the mechanical resistance Ry.

The results of the extensive wave form and static
analysis yielded
Tya = (2.33 £ 0.18) x 109 M/M/sec? (14)
A separate value of Ky without air loading was
inferred from the low frequency AC experiments to be
Kr = 2318 + 180 Nt/M (15)
which is in good agreement with Eq. (13). The related
low frequency transfer function (without air loading)
is

T D] # 2.3x107° M/M/sec?
NL

23 A/M/sec? (16)

n

In the presence of air at 0.02 atm, we found the air
loaded transfer function to be

Tya(fr) = 12 A/M/sec? an
and at 1 atm,

Tya(fL) ~ 0.62 A/M/sec? (18)



(Here fy, indicate low frequencies, i.e., frequencies
well below resonance). Clearly air loading seriously
affects device sensitivity.
The secondary transfer function was found to be
-]
T,y(fL) = 0.2 mV/A (19)

The transfer functions for converting acceleration to
voltage was

TVA(fL)lNL = 4.6 wV/M/sec? , (20)
2
T, (£.) = 9.4 mV/M/sec” . (21)
VATL Io.oz atm
and 2
TVA(fL)l1 atm ° 0-1 nV/M/sec” . (22)

The silicon accelerometer's undamped resonant
frequency i1s also strongly dependent upon air loading
due to the effects of air compressibility. The deBen—
dence of the stiffness Ky on air pressure Pp (Nt/M<)
was established to be

K = 2310 + 2.11 Py Nt/M (23)
resulting in mechanical resonant frequencies of
fol = 3.29 KHz (24)
NL
and
fOI = 31.8 KHz (25)
1 atm

Figure 2 illustrates the effects of air loading
on device sensitivity up to about 0.3 atm. Above 0.3
atm, the spectrum analyzer signal was too weak to
yield reliable data due to suppressed device sensi-
tivity. It should be noted that this study in no way
attempted to maximize the device sensitivity, i.e., to
maximize the values of transfer functions, but instead
concerned itself in characterizing the frequency
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Fig. 2 Theoretical Transfer Function and Measured
Primary Transfer Function

dependence of device performance as affegted by air
loading. Performance sensitivity could easily
increase by four orders of magnitude or more by appro-
priate design of oscillator and voltage converter, and
by modifying the well depth and device area which was
7.5 UM in the present case.
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