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A Capacitive Pressure Sensor with Low Impedance Output and 
Active Suppression of Parasitic Effects 
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Abstract 

Thu paper describes the design, operating prm- 
clples and performance of a capacltlve pressure 
sensor m silicon, combmed with a dedicated 
CMOS interface cncmt The readout circmt is 
designed to suppress parasltlcs and to yield 
an output signal proportional to pressure The 
sensor-specGc part 1s fabncated usmg standard 
photohthography, s&on nucromachmmg m 
KOH, and anodlc s&on/glass bonding at wafer 
level The devices measure 2 2 x 3 5 x 0 8 mm and 
show a typical zero-pressure capacttance of 10 pF, 
wth pressure-induced changes up to 250% 

The interface chip ‘CAPRICE’ (CApacltive 
Pressure sensor Readout IC) 1s processed m a 
3 pm n-well CMOS process and was designed to 
antiapate the mtrmwc drawbacks of the capac- 
itlve transducmg prmciple, i e sensitivity to en- 
vlronment noise, nonlinear output response and 
effects of parasitic capacitances These drawbacks 
have always prevented the breakthrough of mte- 
grated capaclhve mechanIca sensors CAPRICE, 
however, converts small capacitance vanatlons 
mto a noise-insensitive output voltage and a first- 
order hneansatlon 1s achieved by inversion of the 
hyperbohc capacitance versus pressure relatlon- 
ship A second-order hneansatlon 1s obtained by 
the adoptlon of a novel suppression scheme for 
parasltlc capacitances to the substrate Parasitic 
capacitance rejection ratios up to 80 dB can be 
achieved m this way, enabling the practical feasi- 
bility of capacitive pressure sensors with less than 
0 5% of full-scale nonhneanty 

exhlbltmg all of these quahties would particularly 
be sated for the most demandmg apphcatlons, 
such as those m the blom&cal world Sensor 
stablhty and power consumption are crucial fac- 
tors m the case of a long-term medical Implant 
Capacltlve deuces can outrun the plezorenstive 
devices by orders of magmtude for both spectfica- 
tions Yet, no breakthrough of a capaclhve sensor 
has been seen m this field so far, despite years of 
effort Moreover, research on capaclttve pressure 
sensors and accelerometers has been conducted 
for Just as long as on piezoreslstive devices [2] 
Yet, hardly any commercial pressure sensor of the 
capacitive type 1s avalable, wlule the ceslstlve ones 
are wdespread 

An explanation for these contradmtions 1s that 
the exploitation of the large potential quahties of 
highly numatunsed capacitive sensors 1s often m- 
hlblted by the presence of parasttlc effects, such as 
environment noise, parasitic capacitances and 
leakage resistors They severely decrease the sen- 
sor performance, whereas the effect on the resls- 
tlve devices 1s much less pronounced Noise 
pick-up and nonhneanty are paficularly problem- 
atic for capacitive nucrosensors 

1. Introduction 

The mentioned paras& effects are of a funda- 
mental nature and are inherently related to rmma- 
tunsatlon m the case of a capacitive device 
Downscahng of the sensor dlmenslons implies 
downscahng of the achve capacitance values 
Thus, full integration lmphes ative sensing capac- 
itances that are only m the pF range Hence, high 
output impedances and noise sensltlnty cannot be 
avoided and the effects of stray capacitances be- 
come dramatic The only way to cope Hrlth these 
difficulties 1s to incorporate a dedicated readout 
circuit inside the sensor package 

Most of the comparative studies that have been 
published [ 1 - 31 agree on the issue that integrated 
capacitive mechamcal sensors offer much higher 
potentials than their plezoreslstive counterparts as 
far as sensltlvlty, temperature behavlour, stablhty 
and power consumption are concerned Devices 

This paper reports on the reahsauon of a 
capacitive-type slhcon pressure sensor designed 
for blome&cal apphcatlon [4] The typlcal sensor- 
related problems are pointed out and the interface 
circuit to handle them, CAPRICE (CApaative 
Pressure sensor Readout Integrated Clrcmt), 1s 
described CAPRICE performs an adequate sup- 
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presslon of the parasltlcs and the reahsahon of a 
capacltlve transducer Hrlth less than 0 5% of FS 
(full-scale) nonhneanty IS made practically 
feasible for the fist hme 

2. Structure and Fabrication of the 
Pressme Sensor 

As shown schematically m Rg 1, the sensors 
basically consist of a glass/slhcon sandwch wth 
overall dlmenslons of 2 2 x 3 5 x 0 8 mm The 
starting matenal for the fabncatlon IS a 3 m type 
double-side polished &con wafer wtth a p-type 
epitaxial layer 

First, the reference cavity that determmes the 
capacitor plate separation 1s etched on the epi side 
of the wafer A wet Isotropic etch m HNO,/BHF/ 
HZ0 and photoresist as the masking matenal IS 
sufficient for this purpose An ultrasomc etch bath 
IS used to improve the etch rate umforrmty A 
typical catty depth or zero-pressure plate separa- 
tion hes between 1 and 2 pm Hence, the zero- 
pressure capacitance C, hes m the order of 10 pF 
Secondly, the membrane capacitor plate IS defined 
m the reference cavity by an arsemc ion nnplanta- 
tion 

After a double-sided ahgnment, the pressure- 
sensing membranes are formed m the slhcon wafer 
by an anisotropic etch from the backside The 
thickness of the diaphragm 1s accurately con- 
trolled by the application of a two-electrode p-n 
Junction etch-stop techmque m a KOH/H20 solu- 
tion [s] The membrane thickness ranges from 5 to 
20 pm, yleldmg a typical pressure range from 100 
to 1500 hPa [6] 

A sputter-deposited layer of T@t (100 nm) on 
the 3 m boroslhcate glass wafer serves as the top 
capacitor plate Later on, the slhcon IS anodlcally 
bonded [7l to the glass at wafer level Dlcmg m 
mdlvldual devices IS the last step m the fabncatlon 
sequence 

Rg 2 Muxophotograph of a completed sensor dewce 

Figure 2 IS a photograph of a fimshed sensor 
device The large bondpads enable direct lead 
soldermg 

3. Measaremenls 

Figure 3 presents measured pressure character- 
istics of the described rmcrosensor Note the very 
high pressure sensitivity the capacitance change 
induced by the full-scale pressure 1s higher than 
100% of the zero-pressure capacitance Thus ca- 
pacltance swmg IS to be compared with a 5% 
swmg or less for a plezoreslstlve device 

Excellent temperature behavlour IS known to 
be another specific ment of a capacitive transduc- 
mg pnnclple [l-3] However, the reference cavity 
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Rg I A schematic presemtahon of the fabncated capa&ve 
pnxwlre sensor 
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Fig 3 Measured aipaatance vs pnwiure charac~tics 
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of the sensor m Fig 2 was sealed under amblent 
pressure Thermal expansion of the trapped gas IS 
responsible for the high temperature coeffi~ents 
that were measured It can be shown [8] that the 
TCO (temperature coeffiaent of offset) and the 
TCS (temperature coeffiaent of sensltlvlty) due to 
thermal gas expansion, are e;lven by 

VW, = -V,,IL,) (1) 

VW, = -0 5U’,,/p,,) (l/T,,,) (2) 
where Td = seal temperature, P,,, = seal pres- 
sure, P,,, = full-scale pressure 

1 e , (TCO), = - 175 Pa/YZ and (TCS), = - 870 
ppm/“C for the Bven seahng condltlons 

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 m Fig 2 would exhlblt tempera- 
ture coeffiaents that he an order of magmtude 
below what was measured, if it were sealed under 
vacuum [3] 

The frequency response was measured to be 
better than 1 kHz 

4. Semor-related Probkms 

The measured output impedance IS typically as 
large as 300 Mfl at 50 Hz Therefore, the capac- 
itive sensors are very susceptible to environmental 
noise and their application 1s restncted to very 
well shielded environments, unless an Impedance 
conversion IS performed mslde the sensor package 
itself Nonlmeanty 1s also a common drawback 
for pressure sensors of the capacltlve type It IS 
obvious that the sensing capacitance C, can be 
expressed as 

(3) 

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

This expression and the curve m Fig 3 suggest 
a hyperbolic relationstip between the output ca- 
pacltance and the applied pressure But even after 
mverslon of this relatlonshlp, the remammg non- 
hneanty 1s larger than 10% of FS for the case m 
Fig 3 This can be noted m Fig 4, where V.,,, 1s 
proportional to the inverse of the sensor capm- 
tance V,,, m this Figure IS the measured output 
voltage of a breadboarded capacitance to voltage 
convertor that performs the mverslon The non- 
lmeanty of VO”* versus I’. 1s 12% of FS Thus 
nonlinear behavlour 1s a common feature for all 
capacitive sensors of this kmd and IS mamly 
caused by two reasons 
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FIB 4 Measured voltage vs pressure rclat~o~~sh~p after a 
first-order lmeansatlon Note the typical ‘s’ shape 

The first reason is mechamcal m nature Defor- 
mation of the membrane capacitor plate as the 
membrane flexes causes a devlatlon from a perfect 
hyperbolic relation&p The phenomenon mam- 
fests itself m Fig 4 as a saturation effect m the 
higher part of the pressure range However, thus 
component of nonhneanty can be avolded by the 
adoption of a membrane type with a sttiened 
central area to keep both capacitor plates parallel 
for the entire pressure range [6] 

The second reason IS electrical m nature The 
presence of parasitic or stray capacitances causes 
the total capacitance (C,, = C, + C,,) to be only 
partly sensitive to pressure These parasitic ca- 
pacltances become relatively more important 
for smaller values of the sensmg capacitance 
C,, I e for smaller apphed pressures Hence, the 
sensor charactenstia wdl be distorted m the 
lower part of the pressure range, as can be seen m 
Fig 4 

Leakage resistors over the sensor capacitor and 
electrostatic pressure [ 91 also contnbute to nonhn- 
eanty, but the effects can be kept of much less 
importance by fast samphng and reduction of 
voltage over the sensmg capacitor 

5. Rep-aad-DeBuiptionoftbe 
Signal Conditioning Chit CAPRICE 

As pointed out m the previous paragraph, the 
objective of an interface clrcmt for numature 
capacitive pressure sensors should be three-fold 
The following issues are important m order to 
enable the fabncation of a hnear and nolse- 
msensltive transducer First, a conversion to a low 
impedance output IS Imperative Secondly, a first- 
order hneansatlon should be achieved by inversion 
of the capacitance versus pressure relationstip, m 
combmatlon Hnth sensors of the st~Re.ned mem- 
brane type Thndly, parasltlc capacitances, leakage 
resistors electrostauc pressure must be thoroughly 
suppressed The CMOS nrcmt ‘CAPRICE’ that 
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Rg 5 FunctIonal oversew of CAPRICE (CApantlve Pres- 
sure sensor Readout IC) 

was destgned and processed for this purpose, can 
accomphsh all three objectives 

Figure 5 shows a functional ovefvIew of the 
interface system CAPRICE is basically a 
s\lrltched capacitor [lo] capacitance-to-voltage 
convertor m a differential measurmg set-up The 
functlomng is as follows 

Durmg clock phase FIl , the on-chip capacitors 
C, are charged to a reference voltage V,, whle 
the sensor capacitor C, and the reference capaa- 
tor C, are discharged CXr is a rmcromachmed 
capacitor of the same type as C,, but msensl- 
tlve to pressure changes Durmg phase F12, the 
charge on C, 1s transferred to the sensor C, and 
to the reference capacitor Crrf, to yield the 
voltages V, and V,, after low-pass filtermg The 
clock phases were chosen to be asymmetrical 
m order to enable their removal from the output 
by a simple filtermg techmque Consequently, a 
d c voltage level is present at the output of the 
filters 

VX = ~J,(l/G) (4) 

Vref= VI&,( l/G,) (9 

Anally, the output voltage IS obtained from a 
differential amphfier (amphficatlon A,) 

Vout = AD vOc, [( l/&f) - ( 1/cx)l (6) 

The output voltage 1s proportional to the &ffer- 
ence of the inverses of capacitors C, and C, 
Thus 1s essential when an output sIgna propor- 
tional to pressure 1s required, as ~11 be shown m 
the next Se&on 

CAPRICE was processed m a 3 pm n-well 
CMOS process and it measures 1 6 x 2 5 mm 
Figure 6 is a rmcrophotograph of the arcmt The 
numerous bondpads are to provide testability 
No external components are reqmred 

Fig 6 Microphotograph of the CAPRICE mterface ctup 

6. First-order Linearisation 

In general, the output capacitance of a sensor 
as m Fig 1, 1s gven by expresston (3) However, 
m a configuratlon with a stiffened membrane as m 
Fig 7, eqn (3) reduces to [ 1 l] 

G - ,:;p, -- 

Hrlth k a constant, dependmg on membrane ge- 
ometry and dtmenslons 

If the membrane thickness is chosen m such a 
way that both capacitor plates make mechamcal 
contact at the maxunum of the pressure range, the 
followmg relation holds 

kP,.x = d, (f-9 
Furthermore, the value of the reference capacitor 
C,, m Fig 5 IS chosen to equal the zero-pressure 

do 

Wg 7 Cross sectton of a capa&ve pressure sensor anth a 
centrally st&ted membrane 
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capacitance of the sensor 

C rsf= G =~oAld, (9) 
The combmatton of eqns (7), (8) and (9) yields 

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

v,,t = 4, J’,(G /C,)(J’,I~,,) (11) 
Consequently, m the absence of parasitic effects, 
CAPRICE m combmation Hrlth a stlffened mem- 
brane-type sensor, will yield at low impedance 
output voltage that 1s proportional to pressure 

7. !%eond-order Lineariaation 

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

c,,, = G + C, (12) 

C, z ($3 + C,, WC,, + C,,) (13) 
C,, and C,, are parasltlc capacitances to the 
s&on substrate, whde C,, IS a drrect shunt capac- 
itance However, C,, and C,,, are connected m 
series 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 m C.,,) C,, and Cpz, however, can 
be even larger than the sensing capacitance Itself 
C,, could be the capacitance between an mtercon- 
nect line, through the lsolatmg oxide layer, to the 

Fig 8 Schematic presentation of the sensmg capacitor wth 
the two kmds of parasltlc capacitances 

I EPI P I 

Fig 9 Cross section of the sensor membrane wth substrate 
biasing 

substrate and could easdy be m the order of a few 
pFs Fnngmg fields contnbute to C,, d the sub- 
strate is biased, as m Rg 9 In that case, however, 
C,, mamly consists of the space charge capacl- 
tance of the inversely polansed p-n Junction that 
tsolates the Ion-implanted membrane electrode 
from the substrate Depending on the sensor dl- 
menslons, this capacitance can range up to 100 pF 
and it 1s voltage dependent 

Anyhow, It 1s extremely d&cult to reduce the 
value of the total parantic capacitance below the 
order of a few pFs by means of sensor topology 
or construction only It is lmposslble altogether 
when a double slhcon sandunch structure 1s used 
instead of the %/glass sandwrch, as m Fig 1 The 
double &con approach offers mterestmg poten- 
teals though, as far as sensor stablhty, temperature 
senwtlvlty and CMOS compatlhhty are concerned 
[ 1 l] Figure 10 demonstrates that even a few pFs 
of stray capacitance have a large impact on the 
hneanty and sensltlvlty of the transducer and 
hence cannot be tolerated 

Therefore, CAPRICE features a suppresslon 
mechamsm for parasttlcs Such a suppresslon can 
readdy be achieved m the scheme of Fig 5 by 
connectmg the sensor substrate to ground The 
situation that occurs m that case 1s depicted m 
Fig 11 

C,, merely acts as an extra load capacitance for 
the operational amplifiers and theoretically does 
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Fig 10 The efTect of paras!@ capacitance on the sensor 
charactentics m a floating configuration 
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TABLE I Sup~remms spcatkatmns of CAPRICE 

” 

Rg 11 LocatIon of the parask capacttances when the sub 
&rate IS tied to ground 

not influence the voltages V, or Vmr (Ftg 1 1), 
provided that the opamps were designed for the 
extra load (possibly up to 100 pF) Cp2, on the 
other hand, 1s connected between actual ground 
and virtual ground and w111 not contnbute to any 
net charge transfer Therefore, it wdl not influence 
V, or V,, However, C,, remams unsuppressed m 
the mdlvldual opamp stages, but it IS small com- 
pared to C, and it IS therefore still adequately 
cancelled out m the differential measurement 
set-up 

The suppression performance of CAPRICE m 
a practical situation 1s demonstrated m Fig 12 
This Figure presents measured data, Hrlth 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- 
hneanty ansmg from the 300 pF ‘parasltlc’ capac- 
itance with the substrate tied to ground, 1s merely 
0 03% of FS (Fig 12) The same nonhneanty is 
caused by only 30 fF m a Boatmg substrate 
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Rg 12 The effect of parasltlc capacitance C,, IU a non-float- 
mg configuration 

Para.sluc SupPmwm C,(@) Full- 
scale C,(esmv) 
cappcltana factor (dB) (pF) nonl1ncanty (X) (flq 

C PI -80 200 002 20 
C PZ -50 10 003 30 
T%l C 02 0 10 

015 

TABLE 2 Ove- of all CAPRICE speollicatons 

clrclut sptieabons Mm TYP Max 

rnmcnsl0ns (mm) 16x25 
SUPPlY voltage (v) fl5 i6 
SUPPLY cwme W) 50 1250 
Scmt~nty (V/V pF-‘) 2 63 2 68 297 
FS oonlm (X) 0 15 
Temp sensltivlty (ppm/“C) -27s 
PCRR Cp, (dB) -80 
PCRR C,, (dB) -50 

configuration (Fig 10) A PCRR (parasitic capac- 
itance rejection ratlo) can then be defined as the 
ratlo of the suppressed C, over the unsuppressed 
C, causmg the same nonhneanty The PCRR for 
C,, IS -80 dB m the Dven example The suppres- 
sion speclficatlons for all three kmds of parasltlc 
capacitances are summansed m Table 1 

A concluding overylew of all CAPRICE spe- 
clficahons IS presented m Table 2 The low supply 
current, high sensltlvlty and low temperature sen- 
srtlvlty are to be noted, apart from the high 
lmeanty due to suppression of parasltics From 
this Table it can be concluded that the CAPRICE 
interface clrcmt has the ablhty to overcome the 
mtnnsic drawbacks that have always prevented 
the breakthrough of miniature capaclhve sensors, 
without sacnficmg any of the specific ments of the 
capacltlve transducing pnnaple 

8. Conclusions 

Despite their obvious advantages and years of 
effort, hardly any integrated capacltlve mechamcal 
pressure sensors are commercmlly avadable at the 
tie, while the piezoreslstive counterpart 1s wde- 
spread It has been shown m this paper how the 
parasitic effects that have always obstructed the 
breakthrough of capacltlve devices can be ade- 
quately suppressed by the introduction of a dti- 
cated readout arcmt inside the sensor package In 
a first stage, the reahsation of a sensitive capac- 
We pressure sensor has been elaborated and the 
typical sensor related problems pomted out 

Later, the Interface chip ‘CAPRICE’ has been 
dmcussed CAPRICE suppresses parasltlc capacl- 



tances by up to 80 dB and enables the practical 
feaslblh~ of lmear, h~gh-~~sIti~ty capacltwe 
pressure sensors for the first time 
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