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Abstract

A newly designed capacitive pressure sensor which incorporates a CMOS IC on the same silicon chip
has been developed. The sensor chip is 3.3 mmX3.7 mmXx0.5 mm in size, and both the sensing
capacitive element and the electronic circuit are hermetically sealed between the silicon substrate and
the glass cover using a unique electrical feedthrough structure. The incorporated electronic circuit is
the C-F converter whose oscillation frequency changes as a function of the sensing capacitance. By
optimizing the circuit supply voltage, the thermally induced baseline (oscillation frequency at atmospheric
pressure) drift can be reduced to within 3.1% F.S. between 20 °C and 50 °C. Since the oscillation
frequency can be counted by the consumed current pulses, the pressure waveform can be monitored

with only two external .leads.

1. Introduction

High-performance miniature pressure sen-
sors are in great demand for many fields,
such as medical instrumentation, automobile
engine control as well as industrial purposes.
These sensors must have sufficient sensitivity,
good stability, high signal-to-noise ratio, etc.
Among the many pressure-sensing instru-
ments in use, piezoresistive sensors are widely
used owing to their simple structure and ease
of manufacture. Continuing investigations
[1-4] have enabled well-developed products
to become commercially available. However,
piezoresistive sensors have the following dis-
advantages:

(1) limited pressure sensitivity, which
comes from the piezoresistive coefficient of
silicon;

(2) weakness to the stress which is induced
in the packaging process;

(3) thermally induced baseline drift caused
by the relatively large temperature coefficient
of the piezoresistive element.

Consequently, individual sensor chips need
adjustments to obtain good accuracy.
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Capacitive sensors, on the other hand, em-
ploy a parallel-plate capacitor formed between
a fixed electrode and a silicon diaphragm as
the pressure-sensing element. Since the silicon
diaphragm is thin enough to be bent by the
applied pressure, the displacement of the
diaphragm leads to a capacitance increase.
In contrast to the piezoresistive sensors which
utilize a small change (less than a few percent)
of resistance caused by the applied pressure,
capacitive sensors have high sensitivity due
to the relatively large capacitance change (a
few tens percent [5, 6]). Therefore capacitive
sensors are scarcely affected by packaging
stress, etc., and have better stability than the
conventional piezoresistive sensors.

Capacitive sensors, however, need elec-
tronic circuits to convert the capacitance to
electrical signals with low output impedance.
For the ‘miniature’ capacitive sensor, the
electronic circuit should be placed close to
the sensing capacitor to reduce the stray
capacitance which may obscure the actual
pressure signals. Such sensors have been in-
vestigated in the last two decades by com-
bining silicon micromachining and integrated
circuit technology.

In accordance with the fabrication process,
capacitive sensors with an electronic circuit
are divided into two types as follows. One
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type is the hybrid sensor [6-11], whose sensing
chip and electronic circuit chip are fabricated
separately and assembled. Optimized pro-
cesses can be used for both sensor and circuit
chips. The other type is the monolithic or
integrated sensor, which has a sensing element
and an electronic circuit on the same silicon
chip [5, 12, 13]. This method has some ad-
vantages in reduction of stray capacitance and
in miniaturization of the sensor.

In spite of these investigations, miniature
capacitive sensors have not yet been prac-
tically used because of some difficulties, for
example, encapsulation. This paper describes
the outline, the fabrication process and the
performance of an integrated miniature ca-
pacitive pressure sensor with a novel electrical
feedthrough structure.

2. The outline of the sensor

2.1. Structure

The structure of the fabricated pressure
sensor is illustrated in Fig. 1. The sensor chip
is 3.7 mmx33 mmXx0.5 mm in size and
consists of anodically bonded glass and silicon
chips. A hermetically sealed reference cavity
is formed between them. Two integrated cir-
cuits and a pressure-sensing diaphragm which
acts as the movable electrode of the pressure-
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Fig. 1. Plan and cross-sectional view of fabricated pressure
SEnsor.

sensing capacitor are fabricated on the same
silicon substrate. On the other hand, the glass
surface has the evaporated aluminium elec-
trode of the capacitor. The portion over the
electronic circuits is also covered with alu-
minium, which acts as a light shield to prevent
the photovoltaic effect. One of the two in-
tegrated circuits enclosed in the reference
cavity is selected for use in the metallizing
process. An interconnection between the cir-
cuit and the fixed electrode is obtained by
bringing a metallized boss on the silicon sub-
strate into contact with an aluminium lead
of the fixed electrode. Three external leads
are attached with conductive epoxy to me-
tallized contact-pads inside small glass holes.
Although this sensor requires only one pair
of power-supplying leads for pressure detec-
tion, the other lead can be used just for
monitoring the output voltage waveform. Elec-
trical feedthrough from the circuit is taken
to the outside without breaking the hermetic
seal by means of the novel feedthrough struc-
ture described later.

Applying pressure P (mmHg) to a rectan-
gular silicon diaphragm with a centre boss,
the displacement of the centre of the dia-
phragm w(P) (um) is given by [14, 15]

w(P)=1.56x10** %l‘ (1-a)?P 1)

—KP

where 22 (um) is a dimension of the dia-
phragm, i (um) the thickness of the dia-
phragm and « is b/a (2b is the dimension of
the mesa). The proportionality coefficient K
is the constant value determined by these
parameters. Equation (1) shows that w(P)
increases in proportion to P. It should be
noted that w(P) is also proportional to h~3,
so thickness control of the diaphragm is very
critical for achieving the designed perform-
ance. Since the circuit is designed so that
the oscillation frequency f(P) is proportional
to 1/Cy, f(P) is given by a linear function of
P as

Co d '_KP
®)=f & =

11 1‘3”) @



where f; is the zero-pressure frequency, C,
is the zero-pressure capacitance of Cy and
d is the capacitor’s gap. Equation (2) shows
that the frequency decreases linearly by a
factor —K/d as the pressure increases. In
order to obtain a high sensitivity and to reduce
the influence of stray capacitance, the ca-
pacitor’s gap has to be as narrow as possible.
Consequently the gap was designed to be 1
wm considering the fabrication feasibility. The
maximum displacement of the diaphragm,
Wmaxs 18 limited to within 0.5 wm because the
passivation film (PSG/SiO,) of thickness 0.5
pm is on the movable electrode. Substituting
the pressure P (300 mmHg), w,,,, (0.5 pm),
« (0.6) and the dimension of the diaphragm
2a (2000 pm) into eqn. (1) yields a diaphragm
thickness of 30 pm.

2.2. Capacitance to frequency converter

This sensor includes two CMOS integrated
circuits as illustrated in Fig. 2 for capacitance
to frequency (C-F) conversion. Figure 2(a)
shows the one using a Schmitt-trigger circuit.
The oscillation frequency depends on the
capacitance Cy, its charging current I and
on the discharging current I'n. Another C-F
converter using an astable multivibrator is
shown in Fig. 2(b). The charging and dis-
charging currents flow through MOS tran-
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Fig. 2. Capacitance to oscillation frequency converter cir-
cuits using (a) Schmitt trigger and (b) astable multivibrator,
respectively.
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sistors P1 and N1 respectively. The oscillation
frequency can be detected by monitoring the
currents that flow just at the moment of
inversion.

For practical use of the sensor, thermal
drift of the oscillation frequency becomes a
problem. The drift in the circuit is caused
mainly by the thermally induced variation of
the charging and discharging currents. There-
fore the oscillation circuits were designed so
as to have a current-regulation mechanism
to the temperature change explained as fol-
lows. The drain current /; of a MOS transistor
at the temperature 7T is given by

e 5 WT)CoxWos—Va(T)? @)

where W is the channel width, L the channel
length, Cox the gate capacitance for unit
area, Vgs the voltage between the gate and
source, u(7) the carrier mobility and V(1)
the threshold voltage. By differentiating eqn.
(3) with respect to 7, the thermally induced
variation of the drain current, d/,/d7, is found
as

ds  WCox
a7 ~ 2L

d

X [ﬁw (Vos =Vl —20(Vas — V) dar

)
Both du/dT and dV;,/dT are negative in MOS
transistors, therefore, the first term of eqn.
(4) is negative and the second is positive.
The temperature compensation for drain cur-
rent can thus be realized at an appropriate
voltage Vs by counter balancing the two
terms. Since Vs is controllable by varying
the supply voltage Vpp in these circuits, the
thermally induced baseline drift can be com-
pensated by providing an appropriate Vpp.

dV..,]

3. Fabrication process

The fabrication process of the sensor is
shown in Fig. 3. A silicon substrate (Fig. 3(a),
(b)) and a glass cover (Fig. 3(c), (d)) were
processed separately and were then bonded
anodically (Fig. 3(e)). After the bonding pro-
cess, the sensing diaphragm was formed (Fig.
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Fig. 3. Schematic diagram of sensor fabrication process.

3(f)) and external leads were then attached
(Fig. 3(g))-

3.1. Silicon substrate

The starting material is a low-doped (re-
sistivity 4-8 €} cm) n-type single-crystalline
(100) silicon substrate 20 mm X 20 mm in size
with a thickness of 0.2 mm. Twenty sensor
chips were batch fabricated on it. The fab-
rication was started by forming the capacitor’s
gap. The silicon surface facing the reference
cavity was partly etched by 2 pum using 35.
wt.% KOH solution at 80 °C with an SiO,
mask. At the same time, a sensing diaphragm
was patterned on the back side using a double-
sided alignment technique. Boron was then
diffused for the p* capacitor diffusion elec-
trode and for the contact-pads as well as for
the guard-ring of the CMOS p-well. The
CMOS IC was fabricated with the polysilicon
gate 10 um rule technology [16]. It should
be noticed that a sensing capacitor and CMOS
IC could be fabricated all on one chip through
successive processes. Microphotographs of the
C-F converter circuits using a Schmitt trigger
and astable multivibrator are shown in Fig.
4(a) and (b) respectively.

)
Fig. 4. Microphotographs of the integrated C-F converter

circuits using (a) Schmitt trigger and (b) astable multi-
vibrator respectively.

3.2. Glass cover and construction

The glass cover is Pyrex glass 20 mm X 20
mm in size with a thickness of 0.3 mm. Sixty
small through-holes for external-lead bonding
were bored using electrochemical discharge
drilling [17]. A high aspect ratio of 300 um
in thickness and 120 pym in bottom diameter
was obtained. The glass cover over the elec-
tronic circuits was then partly etched out with
concentrated hydrofluoric acid using a gold/
chromium mask. Following the gold/chro-
mium mask removal, aluminium is evaporated
and patterned as the fixed electrode, the
metallized leads and the light shield of the
electronic circuits.

The silicon and the glass were bonded
anodically. Since this sensor includes a C~F



converter circuit in the reference cavity, elec-
trical feedthrough without any leakage is
needed. Figure 5 shows the novel hermetically
sealed electrical feedthrough structure. As is
shown in Fig. 5, p* diffused silicon acts as
the electrical conductor and the hermetic seal
is achieved by anodic bonding around the
through-holes of the glass cover. The validity
of anodic bonding for the hermetic seal has
been proved in the packaging scheme of
conventional piezoresistive sensors [17]. Since
no steps appear in the silicon surface with
this structure, an air-leakage channel is not
formed. Furthermore, current-leakage prob-
lems due to unpassivated p—n junctions do
not occur because all the p—n junctions are
oxide passivated and are not bonded to the
glass cover.

In the anodic bonding process, both silicon
and the glass cover were heated up to 400
°C and a high voltage (600-1000 V) was
applied between them. In spite of not being
shielded from the high voltage, the integrated
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Fig. 5. Newly designed hermetically sealed electrical feedth-
rough structure.

(a) (b)

Fig. 6. Photographs of the completed sensor chip. (a)
Silicon diaphragm side view. (b) Glass cover side view with
three external leads.
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circuits were not damaged at all. We believe
this is because the high voltage was not applied
to the gate oxide, since the polysilicon gate
and the silicon substrate were at the same
potential due to the interconnection between
the gate and the substrate (i.e., source and
drain of the MOS transistor). The pressure
in the reference cavity was 1 atm at the
bonding temperature, therefore the inner
pressure becomes about 0.4 atm at room
temperature. The anodic bonding can also
be performed in compressed air (e.g., 2.5
atm) or in vacuum. The former will give a
reference cavity at 1 atm and the latter an
evacuated one.

Following the anodic bonding process, a
conducting layer of Au/Cu/Cr was evaporated
on the inside of the small glass holes through
the molybdenum metal mask for lead at-
tachment (see Fig. 5). The sensing diaphragm
was then formed by etching with KOH solution
at 75 °C until the designed thickness was
obtained. The glass cover side needs to be
protected with wax throughout the etching
process. It should be noted that small pack-
aged sensors have been fabricated through
a successive batch process. The etched sub-
strate is diced into each chip. Three external
leads (polyurethane-coated Cu wire of 100
pm diameter) are connected to the chip with
conductive epoxy. Tin solder is also available
for the lead connection. Mechanically sturdy
attachment of a lead wire is achieved by
putting it into a glass hole. Figure 6 shows
photographs of a completed sensor chip. A
silicon diaphragm side view and a glass cover
side view with three external leads are seen
in Fig. 6(a) and (b) respectively.

4. Performance

4.1. Experimental

Figure 7 shows a block diagram of the
measuring system. The sensor was placed in
a pressure chamber with a thermocontroller.
Pressure was fed into the chamber from a
pressure controller. A regulated voltage was
supplied to the sensor. A current mirror IC
(TL014C) was connected between the voltage
supply and the sensor so that the consumed
current could be detected as a voltage drop
across the load resistance R;. The resulting
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Fig. 7. Block diagram of the measuring system.

voltage waveform was fed into a signal-con-
ditioning circuit and the oscillation frequency
was detected by a counter. The resultant value
was accumulated by a personal computer for
data processing. A pressure-corresponding
analog voltage was also available from the
computer through a D/A converter for an
oscilloscope. A commercial piezoresistive sen-
sor was used just for the pressure waveform
monitoring. Both output voltages of the piezo-
resistive sensor and of the D/A converter
were observed and recorded simultaneously
using an oscilloscope.

4.2. Results

In order to clarify and to simplify the
description, the experimental results from the
sensor with the Schmitt-trigger circuit are
shown here, though the other circuit also
worked.

Figure 8 shows the consumed current pulses
(b) in conjunction with the output voltage
waveforms (a) at a pressure of 760 mmHg.
The current pulses appear at the moment
when the output voltage decreases. Figure 8
is an example recorded at Vpp=3.5 V, which
shows that the consumed electric power is
about 40 uW. This value is almost two orders
of magnitude less than that of conventional
piezoresistive sensors.

Figure 9 shows the thermally induced base-
line (oscillation frequency at atmospheric
pressure) drifts for each supply voltage be-
tween 3.0 V and 5.5 V. Each baseline drift
is represented in comparison with the value
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Fig. 8. Dissipated current pulses (b) in conjunction with
the output voltage waveforms (a).
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at 30 °C. It should be noticed that the baseline
drift is compensated at an appropriate supply
voltage (3.5 V), as discussed in Section 2.2.
At Vpp=23.5V, the drift is reduced to within
3.1% of full scale (%F.S.) in the temperature
range between 20 °C and 50 °C.

The oscillation frequency response as a
function of applied pressure (i.e., P-F char-
acteristic with temperature as a parameter)
is shown in Fig. 10 (Vpp=3.5 V). A straight
line in Fig. 10 represents the slope of the
linear P-F characteristic. As expected from
eqn. (2), an almost linear P-F characteristic
was obtained. The slope of the line is the
averaged value deduced from the data points
between 758 mmHg and 1028 mmHg at 20
°C. The pressure sensitivity found by the slope
was 0.35 mmHg/Hz at 760 mmHg. Although
the baseline drift was compensated for the
temperature change at 760 mmHg, an un-
compensated sensitivity change with temper-
ature resulted. The non-linearity of the P-F
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Fig. 11. Oscillograms of monitored pressure waveforms
using (a) piezoresistive sensor and (b) capacitive sensor
respectively. x-axis: time (0.5 s/div). y-axis: pressure (50
mmHg/div).

characteristic shows that the sensitivity
changes with the applied pressure. Further-
more, it may also suggest the existence of a
stray capacitance connected paraliel to the
real sensing capacitor. When the pressure
exceeds about 1000 mmHg, the slope of the
P-F characteristic decreases. This change of
slope infers that the diaphragm is being
touched by the fixed electrode. Owing to this
limited displacement, the diaphragm was not
broken even when excess pressure was ap-
plied. The gradual frequency drop with in-
creased excess pressure is supposed to be a
result of the increase in touching area.
Figure 11 shows the monitored pressure
waveforms using (a) a piezoresistive sensor
and (b) a capacitive sensor, respectively. The
waveform in Fig. 11(b) agrees well with that
in Fig. 11(a). These values were recorded
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within the pressure range where the capacitive
sensor had nearly linear P-F characteristics.
The voltage supplied to the capacitive sensor
was 5.0 V so as to obtain higher sensitivity
and the ambient temperature was kept at 20
°C throughout the measurement. Since a de-
tectable pressure difference is deduced from
the product of the sampling frequency and
the pressure change corresponds to unit fre-
quency, the pressure resolution (i.e., the ratio
of detectable pressure difference to full-scale
pressure), Res, is expressed as

Res =100SF/H (% of full scale) )

where S is the pressure change per unit
frequency (0.12 mmHg/Hz), F is the sampling
frequency (50 Hz) and H is the full-scale
pressure (200 mmHg). The substitution of
the values in parentheses, which are those
applied in this experiment, yields a resolution
of 3% F.S.

5. Discussion

In order to obtain a large base capacitance,
the capacitor’s gap should be designed to be
as narrow as possible. After determining the
gap, the diaphragm thickness /4, which relates
to K in eqn. (2), is calculated so as to obtain
the required full-scale pressure.

In this fabrication process, the signal-pro-
cessing circuits were fabricated on the etched
surface. These circuits, however, could be
fabricated on a bare silicon surface by etching
only the capacitor diffusion area.

The pressure-dependent sensitivity (i.e.,
non-linearity) may be caused in part by the
stray capacitance and the non-ideal parallel-
plate capacitor of the pressure-sensing ecle-
ment. Assuming that the diaphragm moves
perpendicular to the fixed electrode and fur-
ther that there was no stray capacitance, the
sensor sensitivity can be expressed as eqn.
(2). The diaphragm, however, is not kept
parallel to the fixed electrode by diaphragm
bending. In order to keep the two electrodes
as parallel as possible, the diaphragm area
should be covered with a boss, i.e., a central
hard plate.

On the other hand, the thermally-induced
variation of the sensor output is assumed to
come from: (1) the expansion of the air in
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the reference cavity; (2) the variations of
charging and discharging currents in the cir-
cuit; and (3) thermally induced stress, which
comes from the different thermal expansion
coefficients of silicon and Pyrex glass.

In the case of anisotropic etching of (100)
silicon, oblique (111) planes appear at the
surrounding rims of the diaphragm during
the etching progress. The oblique planes oc-
cupy a relatively large area. If the edge of
the diaphragm could be etched perpendic-
ularly, the completed sensor would be smaller.
Ion-etching is expected to achieve such per-
pendicular etching. Another method to realize
the small sensor is to use the rim-less structure
diaphragm [10, 13].

Controlling the diaphragm thickness is very
important for obtaining the designed sensi-
tivity. Since the sensitivity is proportional to
h~3, as described in eqns. (1) and (2), precise
diaphragm thickness control is needed. Etch-
ing control methods such as electrochemical
etch-stop [18] or doping-selective etching [19]
are expected to give uniform performance of
the sensors.

As mentioned in Section 3.2, this sensor
has a low-pressure (about 0.4 atm) reference
cavity. In the case of an evacuated reference
cavity, the atmospheric pressure causes an
offset diaphragm displacement which causes
difficulty in precise low-pressure measure-
ment. On the other hand, the sensor with
atmospheric cavity pressure is expected to
have a high pressure resolution, but thermal
air expansion in the reference cavity will cause
thermal drift. This intrinsic property of an
absolute pressure sensor requires proper de-
sign according to the purpose required.

This sensor can compensate the thermally
induced baseline drift by supplying an ap-
propriate voltage; however, the temperature
range compensated within 3% F.S. is limited
between 20 °C and 50 °C. Moreover the
sensitivity is not compensated properly. In
order to extend the compensated temperature
range and to compensate the sensitivity, ap-
propriate compensation circuits are needed.

The pressure-detection system in this ex-
periment shown in Fig. 7 is based on frequency
counting. Although this method can utilize
the linear relation between applied pressure
and oscillation frequency, a long detection
period is needed in principle to obtain a high

resolution. As a result, sampling cut-off fre-
quency is traded for pressure resolution. On
the other hand, a precise (high-speed clock)
period counter which detects the pressure
during one or several time periods will dras-
tically improve both the pressure resolution
and the sampling cut-off frequency [13]. If
a period counter is used, a numerical data
processor which converts the resulting period
to the equivalent frequency is needed to utilize
the linear pressure—frequency characteristic.

6. Conclusions

An integrated miniature capacitive pressure
sensor has been fabricated by a newly designed
process. A CMOS IC, electrical feedthrough
and a pressure-sensing diaphragm have been
fabricated. A batch-process encapsulation was
developed with the newly designed sealed
structure.

The fundamental performance of the sensor
has been evaluated and the sensor has dem-
onstrated the monitoring of a pressure wav-
eform with only two external leads.

Some suggestions toward the design and
the fabrication of improved sensors have been
presented. Although small packaged inte-
grated sensors have not been manufactured
yet, it is expected that the fabrication process
developed here will be applied for many kinds
of small-size integrated semsors with high
performance and low cost.
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