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Abstract

The design, construction, and preliminary testing of an experimental capacitive silicon pressure sensor are described. The prototype sensor
is designed as a robust, precision barometer suitable for measurements on the planet Mars where the mean atmospheric pressure is ~ 6 mbar
(600 Pa). Most commercially available silicon pressure sensors tend to operate over pressure ranges = | bar, or measure gauge pressure, but
this sensor is specifically constructed to measure absolute pressure of 0~10 mbar with a very high sensitivity ~ 1 pF mbar ~". The transductional
mechanism is the deflection of a silicon diaphragm under applied pressure across a sealed vacuum cavity. Under storage conditions of | bar,
the diaphragm displacement is mechanically constrained by an underlying stopping surface. Finite-element analysis shows that typical
structures are extremely resistant to overpressure: fracture occurs at many tens of bar. The device is fabricated using a silicon fusion-bonded
vacuum cavity which provides for relative insensitivity to temperature changes. © 1998 Elsevier Science S.A.
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1. Introduction

This paper presents a preliminary investigation into the
feasibility of using fusion-bonded capacitive micro pressure
sensors for precise vacuum measurement. The effort was
motivated by a planetary exploration objective to measure
the global meteorology on Mars, where the average atmo-
spheric pressure at the surface is ~ 600 Pa (compared to the
Earth’s ~ 10 Pa). On Mars, a global network of about
20 pressure sensors on the planet’s surface combined with
orbiter measurements can provide the data necessary to solve
the fluid equations which describe the atmospheric circulation
(i.e., the three-dimensional wind field around the planet and
its variation in time). Surface anemometers would be unsuit-
able because these would only measure very local winds,
strongly affected by factors such as nearby surface topogra-
phy, whereas pressure gradients indicate large-scale winds.
Haberle and Catling [1] have discussed the rationale and
required performance of pressure sensors on Mars. The spec-
ifications are demanding: an absolute pressure range of 0-12
mbar, a resolution of 0.01 mbar, an accuracy of =+ 0.03 mbar,
and a long-term zero drift of <0.1 mbar per year (where 1
mbar= 100 Pa is the unit conventionally used in meteorol-
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0gy). Because pressure sensors can be miniaturized and do
not require specific orientation, the resulting probes (com-
prising landing systems, telemetry, electrical subsystems, and
housing) are small enough that 15-25 of them could be sent
to Mars with just one, low-cost launch vehicle {2]. Battery
power would allow operation over a Martian year ( 1.9 Earth
years) for the detection of seasonal weather changes, or a
small radioisotope power source could facilitate climate stud-
ies over many years. In either case, thermal control of —40
to +60°C inside the space probes (where pressure sensors
would be housed, connected to the external atmosphere via
tubing) would be necessary to ensure subsystem longevity.

Vacuum pressures from 107 to 1000 mbar are tradition-
ally measured using either a Pirani gauge or detection of the
deflection of a metallic diaphragm according to reluctance,
capacitance or strain. Conventional instruments do not com-
bine the size and performance requirements for small Mars
probes. However, micromachined sensors {3-5] offer the
possibility of satisfying the various demands and also have
the advantage of batch fabrication. A miniature, accurate,
high-resolution sensor operating over 0-10 mbar may also be
useful for other applications, e.g., measurements in the
Earth’s upper atmosphere, and research vacuum applications
where conventional gauges are currently used but smaller
sensors would be more appropriate.
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Of the three main types of micro pressure sensor, piezo-
resistive, capacitive and resonant, the latter two hold most
promise for a high-accuracy vacuum sensor. This paper deals
with a preliminary investigation into using a capacitive sen-
sor; other sensor types are also under current investigation.
Most commercial micro pressure sensors use the piezoresis-
tive technique, but capacitive sensors are intrinsically supe-
rior with lower temperature sensitivity, noise, zero drift, and
power consumption [6-10]. The fractional change in capac-
itance for a particular pressure step is also one or two mag-
nitudes greater than the fractional resistance change in a
piezoresistive device of comparable size [ 11]. Foraccurately
measuring low absolute pressure, a capacitive sensor is there-
fore inherently more suitable than a piezoresistive one.
Despite the advantages, the use of capacitive micro pressure
sensors has been very limited because of the desire for linear
response in mass-produced devices (e.g., for automobiles).
Silicon capacitive pressure sensors have a nonlinear output.
However, the approach for research sensors is very different
from the mass market because each sensor can be individually
characterized and calibrated. Consequently, relatively high
( ~10-20%) nonlinearity can be tolerated because it can
easily be overcome by remote digital processing. Repeat-
ability is the important characteristic. Fortunately, single-
crystal silicon diaphragms have negligible creep and excel-
lent repeatability (even after pressure cycling 107 times
[12]). Nevertheless, measuring low absolute pressures with
high precision still presents design difficulties: a thin, large-
area diaphragm must be used for high sensitivity but this has
much deflection under normal storage conditions of 1 bar.
One simple way to overcome this problem is to use a dia-
phragm stop, i.e., the diaphragm contacts an underlying sur-
face at a pressure less than 1 bar but greater than the desired
range. This leads to a sensor with high sensitivity at low
pressure that is also subject to much lower stresses than oth-
erwise in the normal handling environment of 1 bar.

A vacuum cavity between capacitance plates is required to
make an absolute pressure sensor and eliminate zero drift
from thermal expansion of trapped gas. Most research with
capacitive sensors has focused on sensors comprising silicon
bonded to a metallized glass substrate (see Ref. [8] and
references therein). These sensors can have a large thermal
coefficient of offset caused by the different thermal expansion
coefficients of silicon and glass. Also inbuilt stress produced
when the structure cools after bonding may subsequently
cause zero drift by gradual stress relaxation. Other problems
with glass are outgassing into the sealed vacuum cavity either
during bonding [13,14] or afterwards. An alternative is to
make vacuum cavities by silicon fusion bonding (SFB) [ 15~
17] effected under vacuum. SFB will reduce the thermal
dependence of offset of the sensor die by making an almost
all-silicon structure. It can also provide an excellent sealed
vacuum. Since SFB offers these potential benefits, it was
adopted for the sensor investigation in this paper.

pressure-sensitive silicon

diaphragm o

aluminivm annulus
wire bonding pad
sealed vacuum cavity

aluminium electrical contact
Fig. 1. A schematic picture of the capacitive pressure sensor chip. (Not to
scale.)

2. Transducer description

The simple, experimental prototype { shown schematically
in Fig. 1) uses a silicon diaphragm and a silicon substrate as
two plates of a pressure-sensitive capacitor. The sensing part
of the device is a thin, circular silicon diaphragm. This is
joined to a silicon substrate by a fusion bond which forms an
hermetically sealed vacuum cavity. A semi-recessed oxide
(SEMIROX) layer (i.e., an oxide layer half-sunk into the
silicon) supports the diaphragm and has a thickness which
exceeds the cavity depth. This approximately halves the par-
allel capacitance at the edge of the device relative to the
capacitance of the sensing region. Parallel capacitance is
undesirable (from the standpoint of signal-to-noise ratio) but
can be tolerated because the pressure-induced capacitance
change is designed to be very high, ~1 pF mbar™!' (see
Section 3). One can conceive of more complex designs
where the parallel capacitance is much reduced by selective
etching or doping in the Si-Si0,-Si structure. However, for
the prototype design, the device structure was kept as simple
as possible so that the fabrication procedure was compara-
tively straightforward.

3. Design considerations
3.1. Pressure sensitivity dependence on structure

Many pressure sensors in the literature (e.g., [6,18,7,19])
and many commercial ones have square diaphragms because
this shape is easily made with standard KOH etchant and
gives rise to a high stress distribution suitable for piezores-
istors. However, for capacitive sensors, a circular diaphragm
is better: it is about twice as strong as a square diaphragm,
and provided the structure is optimized over a particular
pressure range, sensitivity is similar.

Pressure sensitivity as a function of capacitance has been
discussed elsewhere as somewhat complicated analytical
functions or numerical formulations (e.g., [20]). Here a
simple, generalized trigonometric analytical relationship is
derived for a circular diaphragm capacitance pressure sensor.
Small deflections, W{r), at radius , on a circular piate of
constant thickness under axisymmetric pressure loading are
given by [21]
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where D=ER®/12(1— v?) is the flexural rigidity (for which
E is Young’s modulus, 4 is the plate thickness, and » is
Poisson’sratio). For a uniform pressure loading P, the deflec-
tion W(r), on a circular diaphragm of radius R, is derived
from repeatedly integrating Eq. (1) to give

(2)

The pressure-sensitive capacitance of the area underneath the
diaphragm is given by

rdr

R
C=2W€0£m - (3)

where d, is the distance between the diaphragm and fixed
plate at zero pressure difference and €, is the permittivity of
free space. By combining Egs. (2) and (3), we get

R
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where C,= (7R%¢, )/d, is the zero-pressure parallel-plate
capacitance and

P = (64Dd,) /R* (6)

is the pressure at which the diaphragm touches the underlying
substrate. By putting y = P/ P, and evaluating the integral,
the capacitance as a function of fractional pressure, y, can be
simply expressed as

1
C(y)=C()(W)tanh_l(y”2)—l—Cp-i-CS (0=y<l)y (7)

where the additional terms, which have been hitherto ignored,
are C,, the parallel capacitance of the square chip surrounding
the circular, pressure-variable sensor capacitance, and Ci, the
parallel capacitance between the leads. C, and C, act as static
offsets. The fractional distance moved by the centre of the
diaphragm is also equivalent to y, i.e., y=W./d,, where W,
is the centre deflection. For mathematical completeness, in a
real sensor, the sealed internal reference pressure, Py, will
never be exactly zero so that if P,,, represents the external
applied pressure, we make the correction that

Pext_Pint

y=te T e e (8)

Pmax

If P... <P, y'/? becomes imaginary, but if we substitute the

identity —itan™ ' =tanh ™'z (wherei=(—1)"*) inEq. (7)

then we can evaluate the capacitance in this regime according
to

Cly)= Co((—_%m)tan_l(( N FGHC (y<0)

9

One further complication with the devices that were actually
fabricated is that some had thin layers residing in the base of
the cavity (e.g., S0, resulting from fusion bonding in oxy-

..gen). In the general case where there are thin layers of mate-

rialsa, b, c, ..., with thicknesses d,, d,, d., ..., and with relative
permittivities, €, €, €. ..., the capacitance will be

172 1/2
C(}T)':”cco(f) tanh“(i_;) +C,+C, (0= (y/Ky)<1)

(10)
K 1/2 , 1/2
c<,v>=cco(—;9) tan"‘(—;{’—a) +Cp+C ((y/Ky) <0)
()
Here, Kd, a ‘series dielectric correction’, is given by
1{d, 4
Kd=1+—(—“+—b+...)=1+A (12)
0 \€a Ep

where generally A <0.1, and the parallel-plate capacitance
(at P, =P,,) isnow C.o=Co/ Ky= (€,mR*)/ (Kudy).

Egs. (7)-(12) are useful mathematical summaries of the
response of a capacitive pressure sensor in the regime where
the diaphragm is not touching the substrate (plotted in
Fig. 2). However, according to the basic capacitance
response to pressure (Eq. (7)), the capacitance increases
without bound when y — 1. In reality, the capacitance reaches
some finite value before the diaphragm touches the substrate
because of electrostatic effects combined with surface rough-
ness: complex phenomena which have been omitted. There-
fore this analytical model only applies for that region of the
sensor response at pressures before the diaphragm becomes
appreciably close to the underlying substrate. Also, this anal-
ysis assumes that the diaphragm is not pre-stressed.

At low pressures (i.e., 0<y<<1) the first-order linear
response to pressure can be found using the expansion
tanh~'(z) =z+2°/3+7°/5+...inEq. (7) to give

(C - Cr - C-)/Cco
N

-0.5 0.0 0.5
Y =P/P:n|x= W,/d,

Fig. 2. A dimensionless pressure-capacitance curve, Here the dashed line
indicates the capacitance when the diaphragm is parallel to the substrate at
zero differential pressure. The curve below this line js applicable only if the
diaphragm is bowing outwards due to mounting stress or internal pressure.
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Moreover, an exact expression for the sensitivity to pressure
(in terms of pF mbar ™', say) at the zero pressure point, P =0,
is given by

dC I{ Gy
— = P=0.K;=1 14
dP 3(Pma~) ( ¢ ) ( )

Since the practical resolution of a pressure sensor depends
on the capability of the readout circuitry to discriminate
changes in capacitance, it is desirable to make dC/dP as large
as possible. Because this is inversely proportional to the
touching pressure, Pp,,, it is advantageous to make P,
smaller than 1 bar for a sensor designed for the vacuum range
to ensure high sensitivity, For the sensors investigated in this
paper, P, was made small by using a large-diameter dia-
phragm (2-3.4 mm) combined with a sub-micron capaci-
tance gap, d,. For example, if dimensions are selected so that
Co~ 150 pF and Py, ~ 100 mbar, then we calculate an output
of 0.5 pF mbar ™" near zero pressure; consequently, to obtain
aresolution of 0.01 mbar we would need to measure changes
of 0.005 pF, which is readily achievable. Of course, due to
the nonlinear nature of capacitive pressure sensors, the sen-
sitivity will increase with pressure. By differentiating Eq. (7)
with respect to applied pressure, we can determine this
increase. For the aforementioned sensor, the sensitivity at 10
mbar is calculated to be 0.57 pF mbar ™' compared to 0.5 pF
mbar ™" at zero pressure. As noted in Section 1, for sensors
- that are individually calibrated, nonlinearity is not a problem

* provided that it is repeatable.
7 3.2. Mechanical strength of the transducer

An important design consideration for a large-area thin-
diaphragm sensor is the pressure that causes diaphragm
breakage. Silicon undergoes no plastic flow (except at tem-
peratures >600°C) and for {100) silicon wafers the fracture
stress in the [110] direction is the elastic {imit, typically
several GPa [22,23]. The maximum stress is exerted along
the edge of the circular diaphragm and in the regime where
the diaphragm is freely deflecting it can be calculated ana-
lytically [24]. However, the construction of the capacitance
sensor in this paper incorporated a diaphragm stop. Calcula-
tions for such a nonlinear contact problem were done using
a finite-element analysis (FEA) software package, ANSYS.
In the FEA model, the diaphragm was loaded to greater than
1 bar pressure so that its centre squashed flat against the
contact surface. The maximum stress in the diaphragm struc-
ture at high overpressures was compared with the fracture
stress of silicon. Due to symmetry about a central axis, a
simplification was to model the diaphragm by using a 2-D
axisymmetric isoparametric solid element. The contact sur-
face was modelled using rigid 2-D contact surface elements
that resist penetration. The model also incorporated the sim-
plifying assumption that the edge of the circular diaphragm
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Fig. 3. Maximum diaphragm (radial) stress in sensor structures as the pres-
sure is increased from 0 to 1500 mbar. The diaphragm diameter was 3.4 mm
and its thickness was 20 pm. The cavity gap, d;, was varied as shown.

remained rigidly fixed. This assumption causes an overesti-
mate for the stress at the edge of the deflected diaphragm (by
~10%) because in actuality there is some ‘give’ in the sup-
port structure. However, since the purpose of the FEA was
to overdesign the pressure sensor structure to withstand high
overpressure, these simplifications posed no concern.

Various device structures with diaphragm diameter, a,
from 1.0 to 4.0 mm, diaphragm thickness, £, from 10 to 30
pm, and sensor cavity depth, dp, from 0.5 to 3 um, were
evaluated. For each specific sensor structure (i.e., each com-
bination of a, # and d,), the diaphragm was loaded from
0-1500 mbar in steps of 100 mbar and the maximum stress
endured at each 100 mbar pressure step was output. Fig. 3 is
an example plot showing the effect of varying the cavity gap,
dy, on the maximum stress in a sensor structure with a silicon
diaphragm of 3.4 mm diameter and 20 um thickness. The
maximum stress increases linearly with pressure up the point
where the silicon diaphragm touches the opposing substrate
and beyond this point the diaphragm stress increases nonli-
nearly with pressure at a much lower rate because the dia-
phragm stop provides a reaction force. For the weakest
structure in Fig. 3, a maximum diaphragm stress of 1 GPa
(assumed close to fracture) is not reached until a pressure of
77 bar is applied. Similar results were obtained within the
realm of parameter space investigated. Consequently, thin
large-area diaphragm structures (necessary for high sensitiv-
ity) with a diaphragm stop are very strong. Thus structural
strength posed no concern; indeed, fabricated sensors have
proved extremely robust in handling.

3.3. Design rules

There are three parameters to vary in the sensor construc-
tion: diaphragm thickness, capacitance cavity depth, and dia-
phragm(/cavity) diameter. The dimensions for the sensors
that were made, although partly arbitrary, were chosen
according to the following criteria based on performance
expectations and practical limits imposed by process tech-
nology. As a rough guide, the sensor had:

® a ‘sizeable’ diaphragm diameter (¢=2.5-3.5 mm) for
high sensitivity, since the sensitivity is proportional to a*.

® arelatively thick diaphragm (4> 15 um) forrobustness
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® a3 small capacitance gap (d, < 1.5 wm). The upper limit
was constrained by the process technology because d; was
defined by the depth of the SiO, SEMIROX dielectric Jayer
and this could only be grown reliably in a reasonable time
for thicknesses <2 um. A very small gap gives much strength
and enlarges the size of the capacitance change one must
detect for a given resolution. However, if the gap is too small
( <0.3 wm) dust contamination in the cavity becomes very
likely.

For the purpose of validating both the technology and
design, sensors were made with a variety of dimensions
selected subject to the criteria above. The pressure, P, at
which the diaphragm touches the substrate beneath it, ranged
from about 40 mbar to greater than 1 bar in the various
structures. For low-pressure sensors, the increase in capaci-
tance (using Eq. (10)) above the offset capacitance was

typically around 10 or 20 pF over the range of interest,

0-12 mbar.

4. Sensor fabrication

The micromachining steps in making the transducer started
with the local oxidation of silicon (LOCOS) process [25]
necessary to produce circular cavities in SEMIROX across a
wafer, First, nitride growth (0.16 pum) followed by photoli-
thography and plasma etching produced circular sections of
nitride across a wafer surface. A SEMIROX layer was grown
around the nitride sections at 1100°C. Plasma etching was
then used to remove the nitride film. This left circular holes
in the SEMIROX layer. The thickness of this SEMIROX
layer was varied in two batches tobe 1.2 and 2.1 pum, leading
to cavities of depth 0.44 and 0.80 jum, respectively, measured
with SEM. Next these patterned wafers were fusion bonded
to blank wafers. : LT

The SFB process required a class 10 environment because
the cavities were of large area and small depth, so that any
dust particles sealed within them would prevent free move-
ment of the silicon diaphragm with pressure. The fusion bond
was checked with acoustic microscopy and it was found with
trial wafers that SFB under high-vacuum conditions often led
to poor bonding. Wafers tended to be bonded at the centre
only, and would separate if the upper wafer was later sub-
jected to KOH etching. However, a dry oxygen environment
was found to give good bonding: 80-100% of the area across
a wafer pair was bonded. Bonding in 1 atm oxygen leads to
vacuum cavities because the oxygen gets consumed in the
bonding process to form SiO, on the interior surfaces of
cavities. A low-pressure oxygen environment (0.1-1 mbar)
for SFB was also found to be successful. Low-pressure oxy-
gen may be preferred to using 1 atm to reduce the level of
gaseous impurities (e.g., N,) sealed within the cavity. The
SFB process consisted of megasonically cleaning wafers,
rinsing them in deionized water, spin drying, and then mating
the wafers in a jig under low-pressure oxygen. Subsequent
heating to 1150°C for 3 h was necessary to form the bond.

Afterwards, the upper silicon wafer in the bonded pair was
thinned using a KOH timed etch. In different batches, thick-
nesses of 30 and 52 pm were produced. Subsequently, alu-
minium contacts were deposited, followed by dicing. Prior to
dicing, some wafers were cleaved at their edges to facilitate
SEM measurement of cavity depth, SEMIROX thickness, and
diaphragm thickness. These measurements were later used to
interpret device behaviour. Some chips taken from the centre
of the wafer were also individually cleaved and measured
with SEM. Finally, for convenience, the silicon chips were
mounted on TOS transistor heads.

5. Preliminary results

Sensors were tested in a vessel with pressure control from
<1073 mbar up to 1050 mbar and temperature control to
+0.5 K over 150-300 K using a liquid-nitrogen cryostat. A
commercial digital meter was used for measuring the capac-
itance of each transducer at 10 kHz with four coaxial wires
per sensor to eliminate lead impedances. Two MKS Baratrons
were used for reference pressure measurement over 0-14
mbar (with 0.001 mbar resolution) and 0-1050 mbar (with
0.1 mbar resolution), respectively. Bad sensors were first
screened out by checking for basic functionality. Some
devices were found to suffer from very small sensitivity to
pressure loading and/or high hysteresis. Although sensors
were formed from wafers bonded in class 10 conditions, the
most likely explanation is internal contamination by dust
particles comparable in size to the sub-micron cavities which
impeded the diaphragms from deflecting.

5.1. Pressure—capacitance measurements

To check for hysteresis, capacitance was measured at static
pressure points from <107 mbar to 1000 mbar and then
back down in pressure at room temperature, ~20°C, with
measured ambient temperature variations <0.5°C. Fig. 4(a)
shows a typical response over 1 bar for a sensor with dia-
phragm diameter ¢ =3.2 mm, diaphragm thickness &~ 30
pm, and cavity depth dp = 0.44 um. The sensor has the char-
acteristic pressure—capacitance curve up to a point of inflec-
tion at which the diaphragm touches the opposing substrate.
At higher pressures, because of the thin SiO, film at the
bottom of the cavity from SFB, the capacitance increases
linearly at first as contact area increases. Subsequent capaci-
tance increase is highly nonlinear because the diaphragm
becomes stressed at its edges and resists further bending.
When the pressure is lowered, the diaphragm can ‘stick’ a
little to the bottom of the cavity, which results in hysteresis
in this contact regime (i.e., the capacitance is slightly higher
on the decreasing pressure curve). However, eventually the
diaphragm springs back up into its freely deflecting position.
In this low-pressure regime (Fig. 4(b)) where the transducer
is designed to be used, readings were repeatable with high
sensitivity ~0.75 pF mbar ™" at 0 mbar. Fig. 5(a) shows the
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Fig. 4. (a) The capacitance-pressure response for a sensor where the pres-
sure was varied from high vacuum to | bar and back. (b) A more detailed

plot showing the low-pressure region. The chip is designed to operate over
0-12 mbar.
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Fig. 5. (a) Measurements illustrating the change in sensitivity with temper-
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same sensor tested under different temperatures of 293, 240,
and 190 K over the design range of pressure. The sensitivity
changes negligibly with temperature but the offset changes
nonlinearly, as plotted in Fig. 5(b), by ~0.04 mbar K~ to
first order.

5.2. Application of analytical theory to experiment

A notable aspect of Fig. 4(b) is that the measured touching
pressure, ~ 40 mbar, is higher than that calculated from Eq.
(6), ~ 20 mbar, from the dimensions of the sensor diaphragm
and cavity measured with SEM. However, this sensor was
mounted on a transistor header with fast-set epoxy for con-
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Fig. 6. A nonlinear least-squares fit of Eq. ( 10) to sensor data (see text).

venience. Most likely the stress of mounting caused the centre
of the diaphragm to bow outward by a distance comparable
to the cavity depth. A multivariate nonlinear least-squares fit
(using the Marquardt method [26]) allowed the simple arc-
tanh curve of Eq.(10) to be fitted to the experimental curve
of Fig. 4(b) with P_,, = 19.7 mbar, provided an initial dia-
phragm outward central deflection of 0.58 wm (compared to
the diaphragm diameter of 3400 wm) was included. Fig. 6
shows the capacitance—pressure response for a sensor
mounted using softer room-temperature-setting glue and a
nonlinear least-squares fit to the measurements. This sensor
had a diaphragm diameter 2.6 mm, diaphragm thickness
5243 um, cavity depth of 0.8240.02 wm, and a measured
touching pressure at ~ 168 mbar. The arctanh curve was fitted
with parameters Coo=60.6+0.7 pF, C,=151+1 pF, and
Prax=170.18 £0.02 mbar; x*>=0.06. These compare with
calculated values of Coo=57.3 1 1.4 pF, C,= 159 + 8 pF, and
Proax ~ 402 mbar, from sensor dimensions. Clearly, this sen-
sor demonstrates behaviour which is dissimilar to that of the
sensor of Fig. 4(b) because the diaphragm touches the oppos-
ing substrate at a lower pressure than calculated. Thus the
response of these high-sensitivity low-pressure sensors is
strongly influenced by the method used to mount them. Nev-
ertheless, behaviour can be characterized by a simple analyt-
ical function.

6. Conclusions

The motivation for this investigation was to examine sen-
sors that may be suitable for highly sensitive measurements
of the barometric pressure on Mars (a few millibars). The
sensor is also required to be robust. A simple capacitive
prototype, consisting of a circular silicon diaphragm that
deflects with applied pressure towards a fixed silicon sub-
strate, was investigated. The capacitance gap is a sealed vac-
uum cavity so that the device senses absolute pressure.
Dimensions were selected so that the diaphragm touched the
opposing substrate at vacuum pressures down to 40 mbar,
leading to high sensitivity at pressures of 010 mbar.

The theoretical pressure resolution, capacitance versus
pressure response, and mechanical strength were discussed.
Finite-element structural analysis shows such sensors to be
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particularly resistant to overpressure because diaphragm
movement is constrained to sub-micron distances by a dia-
phragm stop. Typically, sensors are calculated to fracture at
a pressure of many tens of bar. The fabrication of the silicon
device included silicon fusion bonding effected under oxy-
gen. The oxygen assists in the bonding process and gets
consumed to leave vacuum cavities. Bonding under high vac-
uum was consistently found to be poor, apparently at odds
with successful bonding of this nature reported elsewhere
[27]. Fusion bonding reduces thermal mismatch in the sensor
die and provides for long-term stability of the sealed cavity.

Sensors broadly showed the expected behaviour under test:
the capacitance increases with pressure according to aderived
arctanh relationship up to a point of inflection where the
diaphragm contacts the underlying surface. Large-diaphragm
sensors ( >3 mm diameter) have a measured sensitivity of
typically 0.7-1 pF mbar~' in the range of interest (0-12
mbar) where the diaphragm freely deflects. In the regime of
diaphragm-substrate contact (above the range of interest)
considerable hysteresis was found because the diaphragm
‘sticks’ to the surface and draws off more slowly with
decreasing pressure. This implies that capacitive sensors that
actually use this mechanism, as suggested in Refs. [28-30]
for enhanced linearity, are likely to have poor repeatability.

Generally, sensors exhibited behaviour consistent with
effects caused by mounting stress, which is particularly influ-
ential for such highly sensitive devices. In the preliminary
results discussed here, no special attention was given to sen-
sor chip mounting but low-stress mounting is crucial in fur-
ther development of these devices (or other low-pressure
sensors) to reduce temperature dependence and long-term
zero drift from gradual stress relaxation. Further work will
assess a variety of soft mounting techniques (e.g., with RTV
silicone rubber or dielectric gel) and their effects on pressure-
sensor response. It is anticipated that offset sensitivity to
temperature ( ~0.04 mbar K™ ! for a device simply mounted
with epoxy) could be greatly reduced with careful mounting.
Additional work includes monitoring the long-term zero drift
of the devices, which is also likely to depend on the mounting
technique. Possible interface microelectronics were not dis-
cussed in this paper but appropriate capacitance-to-voltage
ICs are now available commercially (e.g., CSEM2003D
available from Centre Suisse d’Electronique et de Microtech-
nique or TI28882D from Texas Instruments Japan).
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