108

Sensors and Actuators, A21-A23 (1990) 108-114

A Capacitive Pressure Sensor with Low Impedance Output and

Active Suppression of Parasitic Effects
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Abstract

This paper describes the design, operating prin-
ciples and performance of a capacitive pressure
sensor in silicon, combmed with a dedicated
CMOS mterface circmit The readout circwat 1s
designed to suppress parasitics and to yeld
an output signal proportional to pressure The
sensor-specific part 1s fabnicated using standard
photolithography, siicon mcromachining 1n
KOH, and anodic siicon/glass bonding at wafer
level The devices measure 22 x 3 S x 0 8 mm and
show a typical zero-pressure capacitance of 10 pF,
with pressure-induced changes up to 250%

The interface chip ‘CAPRICE’ (CApacitive
Pressure sensor Readout IC) 1s processed mn a
3 um n-well CMOS process and was designed to
anticipate the intrinsic drawbacks of the capac-
itive transducing principle, 1e sensitivity to en-
vironment noise, nonlinear output response and
effects of parasitic capacitances These drawbacks
have always prevented the breakthrough of inte-
grated capacitive mechanical sensors CAPRICE,
however, converts small capacitance vanations
1nto a noise-insensitive output voltage and a first-
order linearisation is achieved by inversion of the
hyperbolic capacitance versus pressure relation-
ship A second-order lineansation 1s obtained by
the adoption of a novel suppression scheme for
parasitic capacitances to the substrate Parasitic
capacitance rejection ratios up to 80dB can be
achieved 1n this way, enabling the practical feasi-
bility of capacitive pressure sensors with less than
0 5% of full-scale nonhnearty

1. Introduction

Most of the comparative studies that have been
published [1-3] agree on the 1ssue that integrated
capacitive mechanical sensors offer much hugher
potentials than their piezoresistive counterparts as
far as sensitivity, temperature behaviour, stability
and power consumption are concerned Devices
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exhibiting all of these quahities would particularly
be sumted for the most demanding applications,
such as those mn the biomedical world Sensor
stabihty and power consumption are crucial fac-
tors in the case of a long-term medical implant
Capacitive devices can outrun the piezoresistive
devices by orders of magmtude for both specifica-
tions Yet, no breakthrough of a capacitive sensor
has been seen 1n thus field so far, despite years of
effort Moreover, research on capacitive pressure
sensors and accelerometers has been conducted
for just as long as on piezoresistive devices [2]
Yet, hardly any commercial pressure sensor of the
capacitive type 1s available, while the resistive ones
are widespread

An explanation for these contradictions s that
the exploitation of the large potential qualities of
highly mimatunised capacitive sensors is often in-
hibited by the presence of parasitic effects, such as
environment noise, parasitic capacitances and
leakage resistors They severely decrease the sen-
sor performance, whereas the effect on the resis-
tive devices 1s much less pronounced Noise
pick-up and nonhneanty are particularly problem-
atic for capacitive microsensors

The mentioned parasitic effects are of a funda-
mental nature and are inherently related to mima-
tunsation 1n the case of a capacitive device
Downscaling of the sensor dimensions imphes
downscaling of the active capacitance values
Thus, full integration imphes active sensing capac-
itances that are only 1n the pF range Hence, igh
output impedances and noise sensitivity cannot be
avoided and the effects of stray capacitances be-
come dramatic The only way to cope with these
difficulties 1s to incorporate a dedicated readout
circutt inside the sensor package

This paper reports on the realisation of a
capaciuve-type sihicon pressure sensor designed
for biomedical application [4] The typical sensor-
related problems are pointed out and the interface
circuit to handle them, CAPRICE (CApacitive
Pressure sensor Readout Integrated Circuit), 1s
described CAPRICE performs an adequate sup-
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pression of the parasitics and the realisation of a
capacitive transducer with less than 0 5% of FS
(full-scale) nonlinearity 1s made practically
feasible for the first time

2. Structure and Fabrication of the
Pressure Sensor

As shown schematically in Fig 1, the sensors
basically consist of a glass/sihicon sandwich with
overall dimensions of 22x35x08mm The
starting matenal for the fabrication 1s a 3 1n type
double-side polished siicon wafer with a p-type
epitaxial layer

First, the reference cavity that determunes the
capacitor plate separation 1s etched on the ep1 side
of the wafer A wet 1sotropic etch n HNQ,/BHF/
H,O and photoresist as the masking matenal 1s
sufficient for this purpose An ultrasomic etch bath
1s used to improve the etch rate umformity A
typical cavity depth or zero-pressure plate separa-
tion lies between | and 2 yum Hence, the zero-
pressure capacitance C, hes 1n the order of 10 pF
Secondly, the membrane capacitor plate 1s defined
1n the reference cavity by an arsenic 1on implanta-
tion

After a double-sided alignment, the pressure-
sensing membranes are formed 1n the silicon wafer
by an amsotropic etch from the backside The
thickness of the diaphragm s accurately con-
trolled by the applcation of a two-electrode p—n
Junction etch-stop techmque 1n a KOH/H,O solu-
tton [5] The membrane thickness ranges from 5 to
20 um, yielding a typical pressure range from 100
to 1500 hPa [6]

A sputter-deposited layer of Ti/Pt (100 nm) on
the 3 1n borosilicate glass wafer serves as the top
capacitor plate Later on, the siicon 1s anodically
bonded [7] to the glass at wafer level Dicing 1n
individual devices 1s the last step in the fabrication
sequence
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Fig 1| A schematic presentation of the fabricated capacttive
pressure sensor

Fig 2 Microphotograph of a completed sensor device

Figure 2 1s a photograph of a fimshed sensor
device The large bondpads enable direct lead
soldenng

3. Measurements

Figure 3 presents measured pressure character-
1stics of the described microsensor Note the very
high pressure sensitivity the capacitance change
induced by the full-scale pressure 1s higher than
100% of the zero-pressure capacitance This ca-
pacitance swing 15 to be compared with a 5%
swing or less for a piezoresistive device

Excellent temperature behaviour 1s known to
be another specific ment of a capacitive transduc-
ing prnciple [1-3] However, the reference cavity
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Fig 3 Measured capacitance vs pressure charactenstics
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of the sensor in Fig 2 was sealed under ambient
pressure Thermal expansion of the trapped gas 1s
responsible for the high temperature coefficients
that were measured It can be shown [8] that the
TCO (temperature coefficient of offset) and the
TCS (temperature coefficient of sensitivity) due to
thermal gas expansion, are given by

(TCO)y = —(Pucar/ Tiat) (D
(TC8)y = =0 5(Pyeat/Prmsx) (1/Teat) 03]

where T, = seal temperature, P, =seal pres-
sure, P_,, = full-scale pressure

e, (TCO), = —175Pa/°C and (TCS),= —870
ppm/°C for the given sealing conditions

However, the measured values for the total
TCO and TCS are of the same order of magmtude
as (TCO), and (TCS), respectively Therefore, the
pressure sensor n Fig 2 would exhubit tempera-
ture coefficients that he an order of magmitude
below what was measured, 1f 1t were sealed under
vacuum 3]

The frequency response was measured to be
better than 1 kHz

4. Sensor-related Problems

The measured output impedance 1s typically as
large as 300 MQ at 50 Hz Therefore, the capac-
1tive sensors are very susceptible to environmental
noise and their application 18 restricted to very
well shiclded environments, unless an impedance
conversion 1s performed nside the sensor package
itself Nonhineanty 1s also a common drawback
for pressure sensors of the capacitive type It 1s
obvious that the sensing capacitance C, can be
expressed as

_ ([ _=dxdy
G- ” do— WGz, ) ©
A

where A = area of the capacitor plates, d, = zero-
pressure plate separation, w(x, y) =local mem-
brane deflection

Thus expression and the curve m Fig 3 suggest
a hyperbolic relationship between the output ca-
pacitance and the apphed pressure But even after
mversion of this relationship, the remaimng non-
hineanty 1s larger than 10% of FS for the case m
Fig 3 This can be noted in Fig 4, where V,,, 1s
proportional to the mverse of the sensor capaci-
tance V., 1n this Figure 1s the measured output
voltage of a breadboarded capacitance to voltage
convertor that performs the mversion The non-
lineanty of ¥V, versus P, 15 12% of FS Ths
nonlinear behaviour 1s a common feature for all
capaciive sensors of this kind and 1s mainly
caused by two reasons
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Fig 4 Measured voltage vs pressure relationship afier a
first-order linearisation Note the typical ‘S’ shape

The first reason 1s mechanical in nature Defor-
mation of the membrane capacitor plate as the
membrane flexes causes a deviation from a perfect
hyperbolic relationship The phenomenon mam-
fests 1tself m Fig 4 as a saturation effect in the
higher part of the pressure range However, this
component of nonhneanty can be avoided by the
adoption of a membrane type with a stiffened
central area to keep both capacitor plates parallel
for the entire pressure range [6]

The second reason 1s electrical in nature The
presence of parasitic or stray capacitances causes
the total capacitance (Cy, = C; + C,) to be only
partly sensitive to pressure These parasitic ca-
pacitances become relatively more important
for smaller values of the sensing capacitance
C,, 1¢ for smaller apphed pressures Hence, the
sensor characteristics will be distorted 1 the
lower part of the pressure range, as can be seen 1n
Fig 4

Leakage resistors over the sensor capacitor and
electrostatic pressure [9] also contnbute to nonhn-
canty, but the effects can be kept of much less
importance by fast samplhng and reduction of
voltage over the sensing capacitor

5. Reguirements and Functional Description of the
Signal Conditioning Circuit CAPRICE

As pomted out m the previous paragraph, the
objective of an nterface arcwit for mmature
capacitive pressure sensors should be three-fold
The following 1ssues are mmportant n order to
enable the fabrication of a lmear and noise-
msensitive transducer First, a conversion to a low
mpedance output 1s imperative Secondly, a first-
order lineansation should be achieved by imversion
of the capacitance versus pressure relationship, m
combination with sensors of the stiffened mem-
brane type Thirdly, parasitic capacitances, leakage
resistors electrostatic pressure must be thoroughly
suppressed The CMOS arcuit ‘CAPRICE’ that



FI

1w o4
| [T
CIm-

gl

Yo |—"
Fil
Voj—0on-
FI2,

(I

2 P

0sC Divider] Clock FIl I | "
—f— [ stages gener

Fig 5 Functional overview of CAPRICE (CApacitive Pres-
sure sensor Readout IC)

was designed and processed for this purpose, can
accomplish all three objectives

Figure 5 shows a functional overview of the
interface system CAPRICE 1s basically a
switched capacitor [10] capacitance-to-voltage
convertor 1n a differential measuring set-up The
functioming 1s as follows

Durning clock phase FI1, the on-chip capacitors
C, are charged to a reference voltage V,, while
the sensor capaaitor C, and the reference capaci-
tor C¢ are discharged C_; 1s a micromachined
capacitor of the same type as C,, but insensi-
tive to pressure changes During phase FI2, the
charge on C, 1s transferred to the sensor C, and
to the reference capacitor C.; to yield the
voltages V, and V. after low-pass filtening The
clock phases were chosen to be asymmetrical
1n order to enable their removal from the output
by a simple filtering techmque Consequently, a
dc voltage level 1s present at the output of the
filters

V,=VoCi(1/C) 4
Viee= VOCI( 1/Crer) &)

Finally, the output voltage 1s obtained from a
differential amplifier (amphfication Ap,)

Vou = Ap Vo Ci[(1/Cres) — (1/C)] (6)

The output voltage 1s proportional to the differ-
ence of the mverses of capacitors C . and C,
This 1s essential when an output signal propor-
tional to pressure s required, as will be shown 1n
the next Section

CAPRICE was processed mm a 3 um n-well
CMOS process and 1t measures 16 x25mm
Figure 6 1s a microphotograph of the circuit The
numerous bondpads are to provide testability
No external components are required
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Fig 6 Microphotograph of the CAPRICE nterface chip

6. First-order Linearisation

In general, the output capacitance of a sensor
as in Fig 1, 1s given by expression (3) However,
1n a configuration with a stiffened membrane as in
Fig 7, eqn (3) reduces to [11]

A
C=7 )

with k£ a constant, depending on membrane ge-
ometry and dimensions

If the membrane thickness 1s chosen 1n such a
way that both capacitor plates make mechamcal
contact at the maximum of the pressure range, the
following relation holds

kPoax = dy 8)

Furthermore, the value of the reference capacitor
Cer1n F1g 5 1s chosen to equal the zero-pressure

Fig 7 Cross sectton of a capacitive pressure scmsor with a
centrally stiffened membrane
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capacitance of the sensor

Cor=Co =6 A/dy &)
The combmation of eqns (7), (8) and (9) yields
Cref

=t 1
CX 1- (Px/Pmux) ( 0)

Finally, the output voltage of CAPRICE as a
function of apphed pressure, 18 obtained from
eqns (10) and (6)

Vout=AD VO(CI/Cref)(Px/me) (11)

Consequently, mn the absence of parasitic effects,
CAPRICE in combination with a stiffened mem-
brane-type sensor, will yield at low impedance
output voltage that 1s proportional to pressure

7. Second-order Linearisation

In a practical situation, however, the presence
of parasitic capacitances cannot be avoided Fig-
ure 8 shows a typical situation

Ca=Ci+C, (12)
Cp = Cp3 + Cpl Cp2/(Cp1 + Cp2) (13)

C, and C,, are parasitic capacitances to the
stlicon substrate, while C,,; 1s a direct shunt capac-
itance However, C,, and C,, are connected n
senies through the resistance of the substrate and
are thus added to the shunt C,; (see expression
(13)

The stray capacitance C,; can be kept small
compared to C, by careful sensor layout, provided
that the interface chip 1s placed very close to the
sensor device (capacitance between leads or bond-
wires adds up in C;) C,; and C,,, however, can
be even larger than the sensing capacitance itself
C,: could be the capacitance between an intercon-
nect hine, through the i1solating oxide layer, to the

Fig 8 Schematic presentation of the sensing capacitor with
the two kinds of parasitic capacitances

Fig 9 Cross section of the sensor membrane with substrate
biasing

substrate and could easily be 1n the order of a few
pFs Fnnging fields contribute to C, 1f the sub-
strate 1s biased, as in Fig 9 In that case, however,
C,, mainly consists of the space charge capact-
tance of the inversely polansed p—n junction that
1solates the i1on-umplanted membrane electrode
from the substrate Depending on the sensor di-
mensions, this capacitance can range up to 100 pF
and 1t 15 voltage dependent

Anyhow, 1t 1s extremely difficult to reduce the
value of the total parasitic capacitance below the
order of a few pFs by means of sensor topology
or construction only It 1s impossibie altogether
when a double silicon sandwich structure 1s used
instead of the Si/glass sandwich, as in Fig 1 The
double silicon approach offers interesting poten-
tials though, as far as sensor stability, temperature
sensitivity and CMOS compatibility are concerned
[11] Figure 10 demonstrates that even a few pFs
of stray capacitance have a large impact on the
linearity and sensitivity of the transducer and
hence cannot be tolerated

Therefore, CAPRICE features a suppression
mechamsm for parasitics Such a suppression can
readily be achieved in the scheme of Fig 5 by
connecting the sensor substrate to ground The
situation that occurs n that case 1s depicted n
Fig 11

C,, merely acts as an extra load capacitance for

the (;peratlonal amplifiers and theoretically does
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Fig 10 The effect of parasitic capacitance on the sensor
charactenstics in a floating configuration
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Fig 11 Location of the parasitic capacitances when the sub-
strate 1s tied to ground

not influence the voltages V, or V. (Fig 11),
provided that the opamps were designed for the
extra load (possibly up to 100 pF) C,,, on the
other hand, 1s connected between actual ground
and virtual ground and will not contnbute to any
net charge transfer Therefore, 1t will not influence
V, or ¥, However, C,; remains unsuppressed in
the individual opamp stages, but it 1s small com-
pared to C, and 1t 1s therefore still adequately
cancelled out 1n the differential measurement
set-up

The suppression performance of CAPRICE 1n
a practical situation 1s demonstrated in Fig 12
This Figure presents measured data, with the par-
asitic capacitance C,, simulated by means of ce-
ramic capacitors ranging from 1 to 300 pF The
results are to be compared to Fig 10 The non-
lineanity anising from the 300 pF ‘parasitic’ capac-
itance with the substrate tied to ground, 1s merely
003% of FS (Fig 12) The same nonlineanty 1s
caused by only 30fF 1n a floating substrate
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Fig 12 The effect of parasitic capacitance C,, m a non-float-
ing configuration
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TABLE 1 Suppression specifications of CAPRICE

Parasitic Suppression Cp(typ) Full-
scale C,(equwv)

capacitance  factor (dB)  (pF) nonhneanty (%) (fF)

Cui —80 200 002 2

Cpz ~50 10 003 30

Cos 02 010

Total 015

TABLE 2 Overview of all CAPRICE specifications

Circuit speaifications Min Typ Max
Dimensions (mm) 16x25

Supply voltage (V) +15 +6

Supply current (2A) 50 1250
Sensitivity (V/V pF 1) 263 268 297
FS nonln (%) 015
Temp sensiivity (ppm/°C) -275

PCRR C, (dB) —380

PCRR C, (dB) -50

configuration (Fig 10) A PCRR (parasitic capac-
1itance rejection ratio) can then be defined as the
ratio of the suppressed C, over the unsuppressed
C, causing the same nonhneanty The PCRR for
C,1 15 —80 dB 1n the given example The suppres-
sion specifications for all three kinds of parasitic
capacitances are summansed 1n Table 1

A concluding overview of all CAPRICE spe-
ctfications 1s presented in Table 2 The low supply
current, high sensitivity and low temperature sen-
sitivity are to be noted, apart from the hgh
hineanty due to suppression of parasitics From
this Table 1t can be concluded that the CAPRICE
interface circuit has the ability to overcome the
intrinsic drawbacks that have always prevented
the breakthrough of mimature capacitive sensors,
without sacrificing any of the specific merts of the
capacitive transducing principle

8. Conclusions

Despite their obvious advantages and years of
effort, hardly any integrated capacitive mechanical
pressure sensors are commercially available at the
time, while the piezoresistive counterpart 1s wide-
spread It has been shown in this paper how the
parasitic effects that have always obstructed the
breakthrough of capacitive devices can be ade-
quately suppressed by the introduction of a dedi-
cated readout circuit inside the sensor package In
a first stage, the realisation of a sensitive capac-
itive pressure sensor has been elaborated and the
typical sensor related problems pointed out

Later, the interface chup ‘CAPRICE’ has been
discussed CAPRICE suppresses parasitic capaci-
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tances by up to 80dB and enables the practical
feasibiity of linear, high-sensitivity capacitive
pressure sensors for the first time
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