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Abstract

Capacitive sensors for the detection of mechanical quantities all rely on a displacement measurement The movement
of a suspended electrode with respect to a fixed electrode estabhshes a changing capacitor value between the electrodes
Thus effect can be measured and 1f the mechanical quantity controls the movable electrode, a sensor 1s realized Since
the value of the capacitor 1s directly related to 1ts size, and a small capacitor means high noise susceptibility, capacitive
sensors should be as large as possible Capacitive pressure sensors have been developed wath success for industrial
applhications, where large membrane sizes are not a critical 1ssue However, most centres of expertise n silicon sensors
show an interest 1n exploiting silicon technology to produce capacitive pressure sensors as well From the above, this
muniaturization trend appears to be an unsound i1dea On the other hand, the principle of capacitive sensors allows
the realization of measuring systems with so far unknown performance Indeed, the capacitive sensor reveals distinct
advantages when compared to its piezoresistive counterpart high sensitivity, low power consumption, better
temperature performance, less sensitive to dnft, etc Nevertheless, only a minor fraction of the market for pressure
sensors 15 taken up by capacitive-type sensors When observing the charactenistics of capacitive sensors, 1t may seem
surprising to encounter so few devices 1n real-world applications The reasons for the lack in breakthrough can be
found 1n the design complexity and the requirements for a matched sensing circuit This paper will extensively discuss
the justification of the choice for this research effort, and will elaborate on the techniques to fabricate the devices
based on electronic manufacturing procedures Basically, silicon capacitive sensors differ from piezosensors n that
they measure the displacement of the membrane, and not 1ts stress' This has important imphications on the final
assembled device less package-induced problems can thus be expected However, a far more important 1ssue 1s their
extremely high sensitivity, together with a low power consumption These 1ssues make them especially attractive in
biomedical implant devices, or 1n other telemetry applications, where power 1s not randomly available So far,
this 1s the only field of success for these sensors However, due to the interesting detection principle, new fields
of application emerge, offering unique and superior performance when compared to available sensors Umaxial

accelerometers are a good example, where extremely high cross-sensitivity reduction can be obtained

Introduction

Capacitive-type sensors will generate an electrical
signal as a result of the elastic deformation of a mem-
brane, as 1s the case for other sensors, such as the
piezoresistive types However, 1t 1s not the built-up
stress In the membrane that causes the signal, but rather
its displacement This phenomenon 1s the essential
difference from other sensors and results in unique
properties, which will be 1illustrated later on The basic
structure of a capacitive sensor always consists in a set
of plates of surface A4 separated by a distance 4 (Fig 1)
One obtains for the capacitance value at rest

Co=s(§) )

where ¢ 15 the dielectric constant (permuttivity) of the
medium between the plates (usually air) One can see
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Fig 1 Schematic representation of a capacitor, consisting of two
plates and a dielectric with thickness d To the night, the non-par-
allel movement of the plates 1s represented

that to change the capacitance value, one can either
change the surface of or the distance between the plates
Most capacitive sensors rely upon the change of the
distance d rather than the change 1n surface A4, although
the latter phenomenon 1s intrimsically inear The reason
has to be sought in a more elaborate structure and
hence a more difficult assembly [1] If one 1s able to
deform the dielectric layer over its entire surface with
the distance Ad, such that the plates remain parallel,
one has

4
¢= 8(:1 n Ad> @
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From eqns (1) and (2), and for Ad «d, one obtains

C Ad
—=xl-— 3
o p 3)
which reveals a linear relationship

From eqn (1) one can also obtain the expression for
the sensitivity of this sensor

AC_ 4
Ad- &

which illustrates that the sensitivity will increase with
the square of the distance d between the electrodes For
a small gap a high sensitivity can thus be expected
However, most sensors cannot be constructed such
that expression (2) 1s vahd, that is, the plates often do
not move m parallel In most cases the capacitance
change will be caused by a deformation of one of the
electrodes itself (see Fig 1, nght) Expressions (2) and
(3) no longer hold Equation (2) should be written as

&
o- ] Jatges

x=0y=0
where w, a function of x and y, represents the local
deflection as a consequence of the pressure One can
define v as the mean value of the displacement of the
entire electrode

v=%j fwdxdy (6)

x=0y=0

4

so eqn (5) becomes

AC = Co(dL_v) - c(,(g) (7

The sensitivity to pressure can be obtained from this
expression There 1s a non-linear relationship If, how-
ever, the displacement 1s small compared with the mem-
brane thickness, » equals about one quarter of the
maxmal deflection at the centre of the membrane [2],
allowing an estimation of the performance of the sensor
to be made

Justification of capacitive sensors

In order to understand the underlying reasons for the
growing research 1n this field, one has to consider the
limitations of the so-called well-established techmques,
such as the piezoresistive devices One of the fields that
has always been looking ahead for more and tighter
specifications for sensor systems 1s without doubt medi-
cal engineering Many pressures can and must be mon-
itored in the human body m order to allow proper
diagnosis and therapy Since some of these measure-

ments must be done nside the patient, they require
extremely stable, temperature insensitive and accurate
devices Solid-state strain-gauge devices have already
been on the market for a long time [3] and have been
widely used for arterial pressure measurement for more
than 20 years [4] Whereas these systems are very useful
and accurate for measuring dynamic pressure changes,
they show deficiencies when 1t comes to long-term
measurements of low-pressure signals This 1s because
these sensors drift about 100 Pa per day If the pressure
signal 1s n this range, they become unswtable A possi-
ble solution 1s the use of fluid-filled catheters, which are
coupled to precise manometer systems outside the pa-
tient However, this approach s generally accepted to
be cumbersome, may cause naccuracies in dynamic
signals and restrains the patient It 1s unsuitable for
application 1n telemetry devices Moreover, for such
apphcations, the power consumption of the sensor and
1ts signal-processing network become important, since
telemetry system have to rely on a battery The limited
amount of power makes the use of piezoresistive
devices difficult, especially for long-term contmuous
monitoring This 1s especially the case for implantable
systems, where the size of the battery must be kept to
an absolute mimmum, or where even no battery can be
tolerated [S5] These considerations gave nse to the
development of capacitive-type pressure transducers to
achieve an mmproved static accuracy [6,7] and to
provide low-power operation of the entire system

Construction methods

In contrast to piezoresistive or amy piezosensitive
transducers, for the capacitive type of sensor the stress
in the membranes 1s of no direct relevance to the
transduction phenomenon From a construction view-
point, this offers distinct advantages, for example, a
much larger tolerance can be accepted with respect to
the deposited structures on the membrane In fact, the
membrane 1itself acts as a transduction medium, and not
the deposited structures (e g, resistors have to be
placed very accurately to obtain maximal sensitivity,
and are very susceptible to nusalignment)

Complete discrete construction

Given 1ts intrinsic simpheity, the capacitive sensor
construction 1s not that obvious First there are the
specific requirements with respect to the tolerances in
the construction, especially concermng the electrode
separation Moreover, the choice and homogeneity of
the dielectric layer are not evident Discretely bult
sensors have been realized in commercial apphcations,
for applications requiring a high sensitivity or for small-
signal differential pressure measurements (e g, in flow-
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Fig 2 Example of a commercial differential capacitive pressure-
measuring device The diameter of the membranes 1s about 10 cm,
and the output 1s dehivered under the 4-20 mA standard

measuring devices) Figure 2 illustrates a cross section
of such a device [8] Since parasitic effects should be
reduced, these sensors are generally large constructions,
because the capacitive value (at rest) 1s directly propor-
tional to the surface, and the parasitic capacitance
remains approximately constant For industrial control
systems the large size 1s usually acceptable

Figure 3 1llustrates two capacitive sensors, built for
medical implant devices The one on the left 1s a sensor
bwlt to cope with the dnft problems of strain-gauge
sensors It was intended to momitor intracramial pres-
sure [9], and 1s a good example of what the state of the
art was some 15 years ago The size of the sensor is
7 mm by 2 mm, with a spacing of 25-75 pm between
the diaphragm and 1ts base The conductive metal
surface, which forms the fixed electrode, 1s fired on a
glass layer The zero-pressure capacitance was 8 pF,
and varied up to 16 pF for a 100 kPa signal On the
right-hand side of the Figure 1s a more recent version of
the same construction, introduced for use 1n cardiology
Here, the prime concern was high sensitivity coupled to
small size and low power consumption, since the device
1s intended for long-term implantation [10] A titanium
barrel of 2 5mm diameter 1s filled with a glass slug,
fused to 1ts mner wall A layer of gold 1s sputtered on
the concave surface of the glass, and the movable
counter electrode 1s welded consecutively One obtains
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a capacitance value of a mere 1 5 pF A signal-modulat-
mg circutt 1s added to boost the output of the sensor so
that 1t can be transmitted over the long catheter wires
The entire system 1s encapsulated into a hermetically
sealed titanium package for biocompatibihity purposes
It 1s developed by a commercial pacemaker company
(for automatic defibnllator triggering)

Though the fabrication sequence 1s extremely
difficult, these kinds of sensor constructions still seem
to be very attractive to designers, with simplicity as the
key 1ssue to justify their use As another example, the
capacitive principle has also recently been proposed for
the detection of angular position [11] Here, printed
circuit board technology 1s used to form overlapping
patterns on two different boards, which change their
common surface with changing angular position
Hence, the total capacttor surface A4 1s changed, and
thus C varies The conductive surface (electrodes of the
capacitor) 1s shaped in order to improve the lLinear
relationship with the angle

Thick-film technology

Since most mechanical sensors are 1n a rather high
cost-price category, the relatively low fabrication cost of
thick-film circuits seems an attractive alternative for the
realization of sensors This has been extensively the case
for piezoresistive sensors, where for large-market apph-
cations, such as the automotive sector, successful designs
have been elaborated [12] Capacitive devices can be
realized 1 thick-film technology as well, although virtu-
ally no research has been performed n this direction
Standard thick-film technology allows capacitors to be
reahized using a multilayered structure Special pastes
with a high dielectric constant are available to obtan a
reasonable capacitor value with a small geometry
However, the compliance of this dielectric, mostly con-
sisting of a glass matrix, 1s virtually zero, rendering the
structures mmpractical for sensor use Other matenals
should be adopted Silicone rubber 1s one of them This
has been exploited 1n a device [13] by using flexible
polymmide film carriers Figure 4 shows a thick-film
vanant of this sensor, a force transducer It will give a
better linear performance when fabricated in thick-film

titanium membrane

metal diaphragm metal case

conductive

metal surface pressure port

Fig 3 Examples of discretely built capacitive pressure sensors left, an early intracramal pressure sensor (7 mm diameter, membrane
thickness = 12 um), nght, a more recent version (2 5 mm diameter) for apphcations 1n cardiology
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Fig 4 Capacitive thick-film force transducer based on a compli-
ant dielectric

technology, since the ceramic substrates give more
rigidity to the individual electrodes Another possibility
1s to make use of the mechanical properties of the
ceramic substrate itself, and measure the deflection of a
suspended membrane by the capacitive principle This
comes close to the device of Fig 2, but there the
ceramic electrode itself does not flex The only apparent
drawback, 1 e, the low 1mitial capacitive value, typically
between 1 and 20 pF for this structure, can well be
overcome by mcorporating some mnpedance converting
network on the same thick-film substrate The field 1s
still open for some good (and mexpensive) research'

Stlicon technology

The use of silicon as a construction materal has long
been demonstrated and has been exploited by many
centres [14] Some 20 years ago, the first major efforts
were undertaken to fabricate mimaturized sensors
based on existing processing sequences used in elec-
tronic circuit fabrication, and expanding these to suit
the specific requirements for the reahzation of novel
devices These new techniques or processing sequences
are often referred to as micromachining This mvolves
all kinds of three-dimensional structuring of silicon to
fabricate mechanical sensors The first efforts were pri-
marily aimed at the feasibility of the reahzation of
sensor devices as such, focusing primanly on the perfor-
mance of the transducing mechamsm of these sensors,
and looking into possibilities to realize specific mechan-
1cal structures [15-19]

However, sensors always have to be considered as
part of an overall system, where they act primanly at
the mput stage of a usually complex process Therefore,

;rz

Xy

and also because the (electrical) signal out of the trans-
ducer 1s usually extremely weak, the sensors must be
essentially coupled to some electronic networks to en-
hance and process their signals Since the sensor devices
are fabricated n silicon, the idea of integrating elec-
tronic networks on the same die 1s quite natural How-
ever, from the fabrication technology viewpoint, this
approach 1s far from natural Sensor fabrication re-
quures dedicated processing sequences that conflict with
circutt  processing, impeding the merging of both
devices 1n the first attempt However, by careful pro-
cessing sequence design, one can achieve positive re-
sults Often, the circuit processing will have to be
performed at the beginning, then the wafers are post-
processed in the micromachining foundry

With respect to the more usual piezoresistive devices,
the specific mernits of capacitive devices have to be
found 1n their ssmphicity, 1 e, they require less extensive
processing (only an electrode 1s needed) on the mem-
brane, and are less susceptible to misalignment errors
[20] Once a process has been set up, a high degree of
reproducibility can be expected This apparent ‘simplic-
1ty’, however, should be considered carefully The 1n-
terelectrode distance 1s a very important parameter in
the design and fabrication, and any lack of control will
be reflected in a loss of reproducibility Figure 5 shows
a common layout of such a capacitive sensor Misalign-
ment 1n the x or y direction will have minor influence
on the performance of the device However, tight con-
trol of the distance z 1s mandatory for a reproducible
device z 1n fact reflects the distance between the two
electrodes This can be affected both by the cavity depth
and by all the intermediate layers between the glass
and the silicon wafer Special care must be taken with
the feedthrough of the electrode connections to the
bonding pads (or the processing network) It 1s best to
make use of a diffused layer in order to mummize
step coverage fallure On the other hand, an aluminium
path 100 nm thick can still be bonded hermetically
The Figure also reveals two possible mterconnection
schemes The one at the right 1s best with respect to a
parasitic capacitance, since the two bonding pads are
on the highly 1solating glass layer The nterconnection

contacts 6 » *

glass fixed
electrode

doped membrane

N\

contacts

Fig 5 Usual construction for a bulk micromachined sihicon capacitive pressure sensor Contacts can be made on the glass substrate or
on the silicon The arrows define possible misalignments 1n the assembly



on the left 1s preferable when electronic processing
circuitry 15 added

No matter what method 1s selected, care must be
taken 1n dicing the bonded wafers one of the wafers,
usually the glass one, must be cut precisely i order not
to touch the underlymng structure Also, this under-
lying structure should, evidently, not be bonded to the
glass, which requires special precautions 1n the design
stage

This means that, although intrinsically much simpler
then the piezoresistive device, the biggest challenge of
the capacitive device lies 1n 1ts packaging This also
forms the ongmn of most of its problems

One of the specifications directly influenced by the
packaging techmique 1s the temperature sensitivity of
the sensor depending on the sealing technique one can
realize absolute, relative or trapped-gas pressure sen-
sors The first 1s sealed under vacuum, the second 1s
sealed such that the reference chamber has a connection
with the outside world or any other medum (to realize
a differential measuring set-up) In the case of en-
trapped gas, extra non-lineanty 1s added for two rea-
sons first, the gas itself will be compressed for any
movement of the membrane Ths effect can be dimin-
ished by providing extra volume in the sensor reference
cavity, e g, at the edge of the sensing membrane The
effect of thermal gas expansion, on the other hand, 1s
much larger, and cannot be reduced by any means It
can reach values of up to 1% of full scale per °C The
only solution 1s to use vacuum-sealed pressure sensors

Overview of developed devices

An attempt 1s made here to give an overview of
capacitive devices currently under development or of
devices which have been demonstrated so far Table 1
gives the most important details of about 40 different or
related capacitive-type sensors, all fabncated in siicon
technology Although 1t would be intngung to com-
ment on all of these papers, ime and space do not
allow us to do so It 1s therefore left to the reader to
pick out relevant devices to assess his own state of the
art In this text, only a fraction of the Table will be
discussed This will be done to justify the arguments
given here and to 1llustrate general research policies

Pressure-sensing devices

First, 1t 1s apparent that the pressure sensor is the
most successful device (60%), at least at the early stages
of research 1n this field This has to match the field of
application most of the devices are developed with low
power consumption in mind Indeed, a capacitive
device consumes just as much power as its measuring
circiit The immediate application lies 1n the biomedical
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field, where (especially for telemetry purposes) reduc-
tion of power consumption 1s the major design crite-
rion The first device was developed for use n
cardiology [21], and aimed at low power consumption
In a second version, an oscillator circuit was added n
bipolar technology to yield an overall current dramn of
20 pA at a supply from 2 5 to 10 V Figure 6 1llustrates
a cross section of this pioneering structure

It has been steadily improved to incorporate more
advanced electronics (for temperature compensation)
and finally to include a dummy reference capacitor
[22, 23] Ko and his co-workers introduced the 1dea of
mcorporating a dummy capacitor in the same cavity to
reduce the effects of parasitic capacitance They also
compared square with circular shaped electrodes and
llustrated that the highest sensitivity can be obtained
for a arcular electrode (of about 36% of the central
area of the diaphragm [24,25] Pressure sensors for
biomedical applications were the very first technology
drivers to simulate research n this direction [26-28]
Numerous devices followed the first ones, with ever-de-
creasing sensor sizes Rest capacitive values of a mere
0 S pF [29, 30] and, 1n a later development stage, even
going down to 0 3 pF [31], have been reported by the
Michigan group of Wise Ewvidently, such low mtrinsic
capacitive values cannot be handled without the match-
g circuitry close to them In the last two papers, the
capacitor and the processing network were separate
chips, avoiding compatibility problems when trying to
merge the two devices on one dic An interesting ap-
proach to further mimatunizing the size was proposed
m ref 30, where first anodic bonding 1s performed, after
which almost the full frame of the membrane die 1s
etched away (see Fig 7) This is an excellent example of
how standard techniques can still lead to novel and
successful designs The circut chip can be processed by
any foundry The only drawback of this approach 1s the
protection of the circwit chip when applied m vive

The group of Esashi 1n Japan has proposed a series
of mnteresting combinations of sensors with a matched
measuring circuit 1n one package [32-34] All of these
devices are based on the approach of first bonding the
wafers and then doing a consecutive backside etch to
yield a high degree of mimatunization Furthermore, a
special technmique 1s adopted to connect the device all
electronics are encapsulated, and only the backside of
the capacitive membrane 1s exposed to the outside
world To contact the electronics, a glass feedthrough 1s
realized by ultrasonic driling, sputtering coating of the
hole and finally connecting the lead wire by conductive
epoxy (sece Fig 8) Although the sealing 1s more ad-
vanced m this device, more caution 1s required for the
realization of the CMOS/micromachined device chip

In the search to improve sensor specifications many
more solutions have been proposed Special concern
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Fig 6 The Stanford capacitive pressure sensor, measuring 3 mm x
1980

si1licon

membrane

epi-layer

3 mm and incorporating a bipolar converting circuit, as proposed n

original size transducei chap

circuit chip

glass carrier

Fig 7 In order to obtain mimmal size, the sensor chup 15 firstly anodically bonded to the glass carrier, and then etched down using EDP,
which stops on the boron-doped diffused structure, forming the mimature frame and membrane (dotted line shows the original chip size)
The processing chip itself 1s embedded 1n a cavity 1n the glass carner

wire
glass counter part

epoxy glue

sengor ‘
electronic circult

Fig 8 Fully sealed device incorporating an electromic circuit for
detection of the capacitive changes A glass feedthrough provides
the connection to the outside

has been given by the Norwegian group [35-37] to
lower stress effects in the membrane (which cause tem-
perature effects in the sensitivity curve) This can be
achieved by retaining the idea of bonding the silicon
chip to a glass carmer, but using thin sputtered glass
layers on siicon substrates instead In conjunction,
many efforts have been spent in better understanding
capacitive transducing phenomena, and more precisely
many proposals have been made mn order to reduce
parasitic effects, either by special circmtry or by specific
electrode configurations, and-to look for a better hnear
response of the device [38-43]

Also, more recently, more and more efforts are being
made to merge CMOS processes with capacitive pressure
sensors [44—48] The main drive behind this approach 1s
to minimuze parasitic effects, and to look for acceptable
process flows for the silicon foundries This has partially

Al contact

P+
poly silicon

n type silicon

Fig 9 Principle of a surface micromachined pressure sensor by
etching the oxide from underneath the polysilicon, a cavity can be
created The doped p* region 1s used as the movable electrode for
the sensor

become possible by the use of sacrificial layer technology,
first introduced by Guckel and Burns [49] The method
consists 1n etching away the silicon dioxide from between
the upper LPCVD polysilicon and the n-type sihcon, as
shown m Fig 9 A cawvity 1s realized, which 1s equal to
the onginal oxide thickness, eg, 1 um The formation
of stress-free polysilicon 1s a possible difficulty, but the
advantage 1s a higher yield per wafer (since no space-con-
suming backside etching 1s required), and an automatic
over-pressure stop for pressure sensors [50] Also, the
double-sided alignment that 1s required 1n bulk microma-
chining can be avoided Moreover, this process 1s fully
compatible with the standard CMOS process

Other approaches were to use an alternative to alka-
line-based etchants, such as TMAH, to perform the
bulk etch of the silicon, thus avoiding possible contam-
mation of the CMOS process by KOH [51, 52]
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Accelerometers

Accelerometers form the second type of devices for
which the capacitive measuring principle has proved
successful Although the first devices, developed only
ten years ago, were rather primitive |53, 54), the first
one showed a degree of mimaturization never obtaited
n any of the later devices Tt consisted of a cantilevered
beam, made out of silicon oxide, the end of which was
provided with a deposited dot of gold, which acts as a
seismic mass The capacitance value was a mere 4 fF,
such that a buffer stage had to be implemented on the
same die, m immediate proximuty of the cantilever The
second device was nothing more than a suspended plate
that served as the seismic mass The device was soon
developed 1nto a more sensitive accelerometer, using a
mesa structure to detect the acceleration [55, 56] The
capacitive principle also allowed 1t to be used recipro-
cally, 1e, by applying an electrostatic voltage, the
electrode can be repositioned with respect to the ongr-
nal dniving force By doing so, the voltage required to
restore the equilibnum position becomes a measure of

the acceleration This principle 1s better known under
the term ‘force balancing’ and became popular in ac-
celerometer development because 1t allows the range
of the device to be expanded by several orders of
magnitude [57-59)

Other designs do not focus on force-balanced sys-
tems, but concentrate on the geometry of the structure
as a means to unprove the dynamic behaviour One
possibility 1s to look for highly symmetncal structures
The mmediate ment of this approach is to obtam
extremely high cross-sensitivity reduction [60, 61] Both
the symmetry of the structure and the capacitive detec-
tion principle guarantee a specification of this parame-
ter which 15 some orders of magnitude better than that
of the best commercial devices m other technologies
Figure 10 gives a three-dimensional impression of this
accelerometer

In some designs, the spring elements of the accelerom-
eter are no longer sihcon and other layers can be used
Thas 1s especially the case for designs where mimatur-
1zation becomes important the size of the seismic
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Fig 10 Three-dimensional view of a fully symmetric accelerometer, realized as a four-layer structure, including both silicon fusion and

anodic bonding [61]



mass becomes too small to be susceptible to the desired
acceleration Thinner suspension systems can be a solu-
tion In two cases, silicon nitride membrane 15 used
[62,63] The first uses a set of 64 silicon mtrnide beams
to suspend the seismic mass, whereas the second device
uses a composite membrane of nitride and oximtride 1n
order to cancel stress effects This device can therefore
be made as small as 1 mm x | mm x 1 mm

It 15 intniguing to encounter fully commercial capac-
1tive acceleration sensors, a fact which does not appear
with pressure sensors The reason has to be sought 1in
the fact that the capacitive principle allows for a much
better performance than any other detection principle
Ths 1s particularly the case 1n space and military appl-
cations, where there 1s a strong need for precise ac-
celerometers The Endevco device 1s a good example
[64] of such a commercial product It contains a well-
calculated damping system, and 1t 1s shown that the
device 1s much more sensitive, stable and has a higher
resonance frequency than 1ts piezoresistive counterpart

Another commercial product 1s the Analog Device
acceleration sensor, developed for the automotive sec-
tor (airbag system) [65,66] It 1s a very interesting
device, built around an interdigitized structure, reahzed
by reactive 1on etching of a free-standing polysilicon
layer (surface micromachined) The axis of sensitivity 1s
thus 1n the plane of the sensor itself What 1s surprising
15 to see this company, with so far no known experience
in micromachining, capable of putting a high state of
the art device into the market (surface micromachined,
chip surface = 10% sensor, 90% signal processing, n-
cludes force balancing, sensitive m the chip surface),
obviously dwarfing all the research efforts of so many
other centres

Example of biomedical device development

A good example for the justified application of ca-
pacitive sensing principles 1s the biomedical field, espe-
cially when information has to be transmitted from the
mside of the (human) body to the outside world For
such telemetry systems, low power consumption, high
sensitivity, low temperature drift and a good stability of
the sensors are a prerequsite Capacitive sensors can
cope with these demands As an example, the project of
eye monitoring is given In ophthalmology, the eye
pressure 1s an mmportant parameter However, 1t 1s a
very slowly varying signal and 1s moreover very small
comparison with the atmospheric pressure which on
average hies 2000 Pa above 1t, with a daily cychc vana-
tion 1 the range of S00Pa In order to be able to
monitor this signal on a continuous basis, implantable
eye-pressure monitoring devices have been proposed
They all rely on capacitive sensors [5, 67, 68] Whereas
the first two rely on a purely passive system (one C, one
L which act as a resonant circuit), the last approach 1s
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Fig 11 Schematic drawing of the posterior chamber lens,
equipped with the telemetric tonometer

a fully active device, which picks up 1ts power from a
tuned coil system It was developed 1n our laboratory
by Van Schuylenbergh and Peeters, and is llustrated m
Fig 11 [5] A commercially availlable PMMA lens 1s
machined down to leave only the central optic part A
cylndncal space of 35mm ID and 8 mm OD by
0 5 mm 1s available Total power delivery by the tuned
coil system 1s limited to 100 pW The Figure illustrates
the circular carmer 1n glass, which contains the recerving
coll on 1ts bottom part, and the interconnection dia-
gram for the electromc circuits and the (fixed) sensor
electrode at the top side A dedicated switch capacitor
circutt 15 used to make a differential measurement be-
tween the reference capacitor and the pressure sensor
The interface chip, shown m Fig 12, 1s an adapted
version of a former development [40], and runs at a
mere 35 pA
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Fig 12 Microphotograph of the custom-designed CMOS
switched capacitor circuit It measures 1 9 mm x 2 4 mm and ac-
cepts unregulated supply voltages between 4 5 and 15V
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