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Abstract

This paper reports the development of a high-performance readout scheme based on a switched-capacitor circuit and
mtended for use with an ultrasensitive microflowmeter The mucroflow transducer improves significantly on the
resotution of current flow devices and uses a differential capacitive pressure sensor to measure the flow The readout
electronics feature a clocking speed of 100 kHz and can drive loads as high as 35 pF The high d ¢ gan of the circuit
topology (75 dB) 1s relatively msensitive to stray mput capacitance and 1s ideally suited for a multichip sensor
realization The uncompensated linearity of the overall readout circuit 1s 10 bits and the pressure/flow resolution 1s
12 bits Since ultrasensitive membranes respond to electrostatic forces, the output 1s characterized as a function of
the duty cycle and pulse width of the readout clocking waveforms The membrane does not respond to these
waveforms for lugh frequencies (> 50 kHz), but for lower frequencies the diaphragm deflects i response to the
time-average voltage applied across the device A self-test mode can therefore be implemented simply by changing
the duty cycle of this pulse By modifying the amplitude of the waveform, the device can be autocalibrated over a
hmited pressure range The transducer and circmtry have been integrated nto a flow package, and the multichip

device has been tested versus a cahibrated gas flow

Introduction

Lack of resolution for very low flow rates 1s a
major limitation for present flow devices For low-
pressure semiconductor process applications, such
as molecular beam epitaxy (MBE), low-pressure
chemical vapor deposition (LPCVD), and reactive
1on etching (RIE), there 1s a need to extend the
sensitivity of flow measurements further into the
sub-standard cubic centimeter per minute (SCCM)
range We recently reported an ultrasensitive pres-
sure-based mucroflowmeter [1,2] which resolves
1073 SCCM (nearly five orders of magnitude
lower than commercial flowmeters), has a dynamic
range extending over five orders of magnitude, and
has a resolution exceeding 16 bits Although the
transducer performance has been characterized,
the 1ssues related to the electronic readout of this
ultrasensitive device have yet to be addressed This
paper reports a custom CMOS readout circuit for
this sensor as well as the overall performance for
the flowmeter operating 1n an application environ-
ment The circuitry 1s challenging due to the high
resolution of the transducer itself and-the prob-
lems caused by the electrostatic forces generated
duning readout of its capacitive pressure sensor
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The circuitry has an accuracy of more than 10 bits
and mmplements bwlt-in self-testing It interfaces
directly with a standardized digital bus mnterface for
communication with the host process controller

Transducer and circuit operation

The transducer was fabricated using a previ-
ously reported single-sided dissolved wafer process
[2], which uses silicon mcromachimng and
diffused boron etch-stops to define the transducer
structure Figure 1 shows a cross section of the
microflowmeter and Fig 2 shows a three-dimen-
sional view of the device Gas flows nto the
transducer through an mlet port at pressure Pl
The gas then enters a flow channel and leaves the
structure through an outlet port at pressure P2 If
the channel 1s small enough to create a resistance
to the flow, a pressure drop (P1 — P2) takes place
across the channel The flow rate 1s the channel
conductance multiphed by this pressure difference
The pressure difference 1s measured by a capacitive
pressure sensor, which 1s composed of a thin
stress-compensated p** boron-doped sihicon mem-
brane suspended above a metal plate [2] The
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Fig 1 Cross section of the microflowmeter

THIN DIAPHRAGM
(Capacitive Pressure Sensor)

Fig 2 A three-dimensional view of an ultrasensiive microflowmeter
The flowmeter 1s reahized by extendmg the cavity of a capacitive
pressure sensor to form an on-chip flow channel

pressure above the diaphragm and the pressure at
the mlet (P1) are kept equal by the package used
for the sensor, which also solates the outlet port
from the mlet By reading the capacitance, the
pressure difference and subsequently the flow can
be determined A fabricated transducer 1s shown
m Fig 3

The pressure transducer can resolve pressures as
low as 1 mTorr for 1 fF change n capacitance and
has a pressure sensitivity of about 200 ppm/
mTorr, the capacitance versus pressure response
for small deflections 1s shown i Fig 4(a) The
full-scale (FS) range of capacitive pressure sensors
1s typically defined to be the pressure required for
a capacitance change equal to the zero-pressure

Fig 3 A fabricated ultrasensitive microflow sensor The chip mea-
sures 9 7 mm x 3 mm
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Fig 4 Capacitance vs pressure response of an ultrasenstiive capac-
tive pressurg sensor {a) Small-deflection membrane response The
hinear pressure sensitivity 1s about 1fF/mTorr (b) Full-range re-
sponse The full-scale range has been extended by over an order of
magnitude



capacitance (AC = (), for this device 1t 1s about
4 Torr However, overpressure tests (creep, fa-
tigue) conducted at approximately 20 times the
full-scale range of these devices mdicate that it
should be possible to extend the range of opera-
tion by over an order of magnmtude beyond full
scale [3] During these tests, the change n zero-
pressure offset was <0 2% FS and the change n
pressure sensitivity was <0 030 fF/mTorr Fur-
thermore, the change 1n hysteresis was <0 2% FS
Since most of the hysteresis 1s observed at higher
pressures and since the change i sensitivity 1s
nearly two orders of magnitude below the mim-
mum pressure sensitivity, these effects do not nec-
essarlly hmit the resolution (the mimmum
increment that can be resolved with respect to the
full dynamic range) of the device However, at
high pressures m the linear range, the sensitivity
change can limit the accuracy (the precision of the
absolute measurement) to about 02% Therefore,
the accuracy of the transducer 1s limited to 9-10
bits and the resolution 1s hmited to 1415 bits

A typical capacitance versus pressure response 18
shown m Fig 4(b) At approximately twice the
full-scale pressure, the membrane touches the bot-
tom metal plate, and for still higher pressures, 1t
spreads out against this plate The glass acts as an
overpressure stop to prevent the membrane from
rupturing, and the membrane 1s coated with a
dielectric to prevent the plates from shorting to-
gether Dunng operation above this touching
pont, no tendency for the plates to adhere to one
another when the pressure 1s reduced has been
observed, however, 1t should be noted that the
large overpressures were created by generating a
vacuum 1n the cavity of the capacitive pressure
sensor It 1s possible that under a more viscous
ambient, plate adhesion could be an 1ssue mn device
accuracy and/or rehiability

Smce the transducer is capacitive, the capaci-
tance varnation with pressure must be converted
mto a usable electrical signal m order to relay the
signal off-chip The two most common readout
circuits for capacitive transducers are relaxation
oscillators [4-6] and switched-capacitor integrators
[7, 8] Relaxation oscillators work on the principle
that capacitors are energy-storage elements with
charging time constants that are a function of their
capacitive value Very high resolution (> 10 bits),
low pin count, and low power dissipation are major
advantages to this technique However, relaxation
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Fig 5 A switched-capacitor integrator for the measurement of capac-
itance
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oscillators also have high temperature sensitivity
and typically slow measurement time (>0 I ms)
Switched-capacitor circuits are based on converting
a charge difference into a voltage using an ntegra-
tor A switched-capacitor circutt, shown n Fig 5,
was chosen for this application due to its low
sensitivity to parasitics and temperature and its
high speed During the pre-charge pulse, the trans-
ducer capacitor (C,) 1s charged up and the output
1s set to ground As the RESET switch goes low
(the ntegration cycle), the charge difference be-
tween a reference capacitor (C,;) and the trans-
ducer (Cy) 1s converted to a voltage The output 18
given by

Cx - Cre
Vout = p(—G—f) (l)
where ¥, 1s the amplitude of the mput clock
waveforms and C; 1s the mtegration capacitor If
the open-loop gamm of the operational amplfier
(op amp) 1s hugh, the circuit 1s msensitive to mput
parasitic capacitance (C,s) and temperature effects
and 1s well suited for a multichip hybnd imple-
mentation on glass

Readout performance

Measured performance

The switched-capacitor circuit comprises three
elements the clocks, the reset switch, and the op
amp Since the operating frequency range of the
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circuit was not known mtially, the clocks were
generated off chip An mmportant concern 1n
switched-capacitor circuits 1s ‘feedthrough error
voltage’ or ‘reset noise voltage’ [9] When the gate
signal across the switch goes from high to low (1 e,
from pre-change to integration), the charge built up
across the gate during the pre-charge can be n-
jected mto the negative mput of the op amp and
create offset errors Although there are elaborate
techmques to cancel out this effect [9], a simple
digital switch (an n- and p-channel transistor tied
together i parallel) 1s sufficient to reduce this offset
significantly Instead of bwilding charge across the
gate, the p-type transistor effectively acts as a
dummy capacitor to provide an equal and opposite
charge to cancel out the offset charge

The most important element in the readout
scheme 1s the operational amphfier In general,
most high-performance op amps are sufficient for
this application A schematic of the op amp 1s
shown in Fig 6 There are basically four parts to
the op amp a bias string (transistors M8—-M10),
the mput stage (transistors M1-MS5), the output
stage (M6, M7) and the compensation stage
(M11, M12 and capacitor C.) The bias string sets
the gate of transistor M8 to a constant voltage,
this effectively sets transistors MS, M11, and M7
as current sources The mput stage 15 a CMOS
differential amplifier which performs the differen-
tial to single-ended conversion The output stage 1s
a source-follower configuration which defines the
output voltage swing and the supphies charging
currents for the load capacitance (C.) The com-
pensation stage provides internal phase compensa-

tion to minimize the oscillation on the output, the
configuration for this stage uses a source-follower
feedback to the mnput stage If the compensation
capacitor (C.) 1s directly connected to the integra-
tion capacitor (Cp), then an error charge can be
mjected mnto C, in the same manner that clock
feedthrough occurs with the reset switch The
source-follower scheme 1solates the compensation
capacitor from the integrating capacitor m order
to eliminate this feedthrough The op amp features
a setthing time of 2 6 us for a 35 pF load and an
open-loop gan of 75 dB, the output range 1s from
—48 to 48V for +5V supphes The circutry
was designed and fabricated using a standard
single-metal double-poly p-well CMOS process
with a mimimum feature size of 3 um The readout
chip 1s shown n Fig 7 and the die dimensions are
0 68 mm x 0 9 mm

In evaluating the performance of the circuit,
there are three areas to consider (1) the mimimum
resolution, (u) the frequency range of the trans-
ducer for a read operation, and (u1) the implemen-
tation of the self-test/autocalibration mode In
order to determune the resolution and accuracy of
the readout circuit, the output voltage versus a
known mput capacitance must be characterized
Ceramic capacitors accurate to 10 bits were used
as mput capacitors The amphtude of all wave-
forms was 5V and the output voltage responsc
was measured using a HP54110D Digitizing Oscil-
loscope with an accuracy of 1-20 mV, depending
on the voltage scale An output waveform 1s
shown in Fig 8, and the output voltage 1s shown
as a function of the variable capacitance (C,) n

Fig 6 Topology for a high-performance CMOS operational amplifier This op amp features an open-loop gain of 75 dB, a setthing time of 5 ps

and an output voltage range of —48 to 48V



Fig 7 A fully integrated switched-capacitor readout circuit The chip
dimensions are 0 68 mm x 0 9 mm
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Fig 8 Output waveform for switched-capacitor operation The max-
mum clocking frequency 1s 100 kHz The reset waveform has a
magnitude of 5V and the magnitude of the output voltage 1s 19V
The x-axis has 5 us per major division

Fig 9 The mmmimum integrating pulse width 1s
limited by the setthng time of the output wave-
form (3-5ps), giving an equivalent maximum
sampling (readout) rate of about 100kHz Al-
though 1 mV changes 1n thie output are resolvable,
the uncompensated hnearity of the overall circuit
1s 10 bits (4 mV) However, since the mput capaci-
tors and the oscilloscope are also accurate only to
about 10 bats, 1t 1s expected that the actual crcut
performance 1s higher This measured performance
1s summarnized in Table 1

A unique feature of the transducer structure 1s
the membrane sensitivity to electrostatic force
During the read operation, the voltages apphed
across the transducer capacitor can perturb the
output response In order to evaluate these effects,
the transducer was connected to the readout cir-
cuitry by alummum wire bonds and was tested
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Fig 9 Output voltage vs varymng capacitance The output 1s linear
to within 10 bits and the lineanty is independent of the value of the
mtegration capacitor

TABLE 1 Performance of the switched-capacitor circuit

Open-loop gain 75dB

0 1% setthing time 26us

QOutput range —48t048V
Mimimum detectable signal 1 mV (1 mTorr)
Lineanty > 10 bits

Power 156 mW
Supply voltage +5V

under zero-differential-pressure conditions Using
a 50% duty cycle and an integration capacitor of
20 pF, the output was measured as a function of
the mnput clock pulse width, the response 1s shown
i Fig 10 For pulse widths greater than 10 ps,
there 1s evidence of a shght membrane deflection
(2mV or an 8fF change) due to the equivalent
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Fig 10 Output voltage vs mtegration pulse width The duty cycle of
the measurement 1s 50% The voltage increases shghtly (2 mV) with
increasing pulse width, but the voltage decays with longer pulse
widths due to leakage
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force generated by the time-average voltage of
the waveform In effect, this time-average voltage
acts as a d ¢ force across the plates However, an
electrostatic force of 25V should generate an
equivalent pressure of 13 mTorr (or 13 fF) Ths
corresponds to an error i the output voltage of
12mV, which 1s within the error lmits of the
measurements (2mV) If the pulse width 1s n-
creased above 100 pus, the output voltage de-
creases This indicates that the junction leakage
current of the reset switches 1s perturbing the
output The measured voltage dropped 12mV 1n
approximately 2 ms, which gives a leakage current
of 120 pA and a corresponding bulk hfetime of
about 100 ns Therefore, to ensure a voltage drop
of no more than 1 mV, the maximum integration
time should be no more than 167 ps (correspond-
ing to a mimmum clock frequency of 3 kHz)

If the clock pulse width 15 <10 ps (still at 50%
duty cycle), there 1s no evidence that any deflection
due to electrostatic force takes place, even though
the time-average applied transducer voltage 1s
25V This 1s analogous to the RC circuit when
the time constant 1s much larger than the pulse
width of the apphed voltage the change i the
output 18 not significant In the same way that
system functions are invisible to signals at certan
frequencies, the membrane becomes transparent to
the read waveform 1f the frequency 1s high enough
The fundamental natural oscillation frequency of a
square, homogeneous diaphragm 1s given by [11]

_ Kn gE 12
fo= 8na2[12(1 —vz)p] @

where K 15 the mode factor from the Rayleigh-
Ritz energy method, g 1s the acceleration due to
gravity, and p 1s the density of the material Set-
ting K =3599 [11] and mserting the other con-
stants, the calculated resonance frequency 1s
approximately 11 kHz, which 1s an order of mag-
nitude less than the typical clocking speed

Since calibrated pressure signals can be gener-
ated electrostatically, this signal can be used to
self-test the pressure sensitivity of the device The
basic 1dea behind self-testing 1s that by measuring
the response of the membrane to a constant cal-
brated pressure, the device sensitivity and drift can
be monitored over time The pressure generated by
the electrostatic voltage (AP) 1s given by

AP = C?*V,2[2eA? (3)
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Fig 11 Output voltage vs self-test pulse width The output voltage
saturates for a self-test pulse width of 0 7 ms

where C 1s the capacitance in response to the
self-test pulse, V, 1s the apphed voltage, and A4 1s
the area of the capacitor plate, AP 1s the change in
pressure with respect to zero pressure Since the
capacitance 1s measured externally and if the 5V
self-test signal does not cause the membrane to
pull in or collapse, AP can be precisely deter-
mined, mdependent of the operating pressure
Since both AC (=C — C,) and AP are known, the
pressure sensttivity about the self-test pressure can
be measured

If the pre-charge pulse width 1s much greater
than the integration pulse, than a direct voltage 1s
set up across the diaphragm, which can be used as
a sclf-test signal The mntegration pulse was set to
10 us and the pre-charge pulse width was varied
The output response versus pulse width 1s shown
mn Fig 11 At approximately 0 7 ms, the output
voltage saturates, indicating that this 1s the maxi-
mum deflection for the membrane The total
voltage change 1s 22 mV, which gives an equiva-
lent pressure of 87 mTorr, this output waveform 1s
shown in Fig 12 A direct voltage of 5V generates
a theoretical pressure of 85 mTorr, thus, there 1s
good agreement between the response of the self-
test signal and the equivalent force that 1s gener-
ated If the amplitude (¥,) of the waveform 1s
varied, then the capacitance versus a range of
pressures can be measured In effect, the circuitry
can perform an electrostatic self-calibration

Performance limitations

Full-scale range

In order to understand which mechamsms ulti-
mately determine the full-scale range, accuracy,
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Fig 12 Output waveform for a self-test operation The self-test
signal 1s 22 mV greater than the zero-pressure output voltage

resolution, and temperature sensitivity of the sen-
sor, the performance limitations of both the trans-
ducer and readout circuit have been characterized
The full-scale range of the sensor 1s imited by the
carcuitry The extended range of the capacitive
transducer 1tself covers over five orders of magm-
tude (16 bats), with a maximum capacitance change
of approximately 100 pF Assuming that the circuit
output voltage resolution 1s approximately 1 mV,
the output range of the readout electronics 1s about
12 bits (greater than three orders of magnitude),
which 1s more than an order of magnmitude less than
that of the transducer Although the integration
capacitor can be increased to accommodate larger
capacitances, the resolution of very small capaci-
tance changes would then be lost However, using
multiple integration capacitors that are autorang-
g, the range of the circuitry can be extended
to approach that of the transducer, a schematic
of this circmit 18 shown in Fig 13 The circuit
operation 1s fairly straightforward Three different
mtegration capacitors (Cy = 5 0 pF, Cp, = 50 0 pF,
Ciz = 150 pF) can be implemented by the circuit,
depending on the state chosen by the digital logic
This digital logic 1s basically a finite state machine
(FSM), which switches states according to the
mnput from two comparators This FSM can be
designed with simple digital gates or with flip flops
When the state logic selects an integration capaci-
tor, the switch m series with the capacitor
(SL,82,0or S3) goes hmigh while the other two
switches stay low The transition diagram for the
state machine 1s also shown m Fig 13 When the
voltage level 1s too large for a particular integrating
capacitor (>4 5 V), logic 1 goes high and the state
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Fig 13 A arcuit for increasing the dynamic range over five orders of
magnitude for a switched-capacitor operation

machine switches to the next highest valued capac-
itor If the voltage level falls too low (<05V),
logic 0 goes high, and the state machine switches
to the next lowest integrating capacitor For
C;=50pF, 1fF or 1 mTorr 1s resolvable, for
Ciz = 150 pF, 100 pF can be measured Therefore,
this circuit can measure capacitance changes over
five orders of magnitude

Accuracy and resolution

Since the accuracy of the circuitry 1s approxi-
mately 10-—12 bits, the accuracy of the overall
sensor 1s hmited by that of the transducer (9-
10 buts) [12] In terms of resolution, the transducer
can resolve 1 part in 100 000 ( > 16 bits), while the
circuitry can resolve about 12 bits The limits on
the resolution are defined by (1) the minmmum
detectable signal charge, (1) interconnect noise,
and (m) the parasitic capacitance The minimum
detectable signal charge 1s essentially determined
by the noise n the circmtry The principal noise
mechamisms that affect the circuit performance
are Johmson (or thermal) noise in the switches,
reset charge injection at the input (or feedthrough
error voltage), and leakage charge The total noise
charge due to these mechanisms 1s approximately
25% 107" C here [7,13] The noise signal mn
volts 1s given by the error charge divided by the
integration capacitance, therefore, the minimum
detectable voltage 1s approximately 100 uV and
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the expected resolution of the circuit 15 15 bats
Circuit technmiques such as correlated double sam-
pling can remove the noise components associated
with the reset switch This approach theoretically
reduces the noise associated with the reset charge
and low-frequency Johnson noise by at least an
order of magnitude With these mecahnisms elimi-
nated, the principal remaining noise mechanism 1s
leakage charge, and the expected circuit resolution
should be increased to at least 16 bits

Another noise mechanism that can have a large
effect on the circmt performance 1s the thermal
noise 1n the interconnect The mterconnect for one
plate of the on-chip reference capacitors 1s a long
polysilicon line This mterconnect lead has a resis-
tance of about 1 kQ, which introduces noise into
the measurement of the capacitance On an LCR
meter, the thermal noise translates into a capac-
itive vaniation of 20 fF, which could account for
the 4 mV non-linearity seen 1n the circuit output
response This problem could be resolved by using
micromachined capacitors (the interconnect resis-
tance 15 only 30Q) or by using metal as the
mnterconnect material

In evaluating the noise sources, the present reso-
lution of the readout electronics 1s hmited by the
thermal noise mn the on-chip reference capacitor
interconnect and by the parasitic input capaci-
tance The theoretical error introduced by the
parasitic capacitance 1s given by [7]

1 G —-Co C
oy — 2 S T Srer  Tps V1000

where A, 1s the dc gan and C, 1s the parasitic
capacitance For a d ¢ gam of 75 dB, an error of
003% (12 bits) 1s introduced into the measure-
ment In order to achieve a resolution of 16 buts, a
gain of 96 dB 1s required High-gain architectures
(cascode or BICMOS amplifiers) can offer open-
loop gains at this level Although 1t 1s theoretically
possible to obtan 14-16 bits of resolution and
accuracy with the readout electronics, this 1s very
difficult to achieve In order to realize 16 bits of
accuracy, the voltage generators must have noise
levels and accuracies on the order of 16 bits as
well Most power supplies are stable to 10 mV,
however, a 10 mV error on a 5V supply would
translate to an accuracy of only nmine bits Thus,
from a practical pomt of view, 1t 1s not the cir-
cuitry that 1s the hmting factor, but the mstru-
mentation used with the circuit, at least at present

Temperature sensitiwity

In evaluating the temperature sensitivity of the
multichip sensor, the operation of the op amp,
transducer, and reset switches must be taken into
consideration A major advantage of the switched-
capacitor readout technique 1s that the main circut
element 1s an op amp Op amps typically have low
temperature sensitivity, and SPICE simulation re-
sults for the present op amp design operating at
100 °C show a decrease i the open-loop gain of
only —0 8 dB, no change in output voltage range
or settling time, and an offset shift of only 50 uv
(compared with results at 23 °C) Due to the tem-
perature dependence of the internal membrane
stress, the pressure sensitivity of the transducer
decreases by 30% over this range [3], but the overall
sensor resolution 1s decreased by 1-2 bits For the
readout electronics, the main circuit elements
affected by temperature variations are the switches
Leakage currents are very sensitive to temperature
since the intninsic carrier concentration 1s a strong
function of temperature The junction leakage cur-
rent can potentially double every 10 °C[13] For an
mtegration period of 5ps (corresponding to a
clocking frequency of 100 kHz), the corresponding
voltage drop would be 4 mV at 100°C This AV
would limit the resolution and accuracy of the
circuit to 10 bits However, 1t should be noted that
with more advanced CMOS processes, the leakage
current can be reduced by as much as an order of
magmtude below the present values

Flow characterization

In order to characterize the flow response of the
multichip microflowmeter, a calibrated gas flow
was appled to the sensor Since the flow range of
the device 1s orders of magnitude below conven-
tional cahbrated flow ranges, an external flow
channel was placed in parallel with the on-chip
microchannel This external bypass tube was 2 mm
i dhiameter and 23 5 cm long The response of the
mduced pressure drop generated by nitrogen gas
flow 1s shown 1n Fig 14 The output 1s linear, which
1s 1n agreement with theory, and the slope of the
line 15 equal to the channel conductance The
measured channel conductance 1s 4 72 x 10° cm®/
min The simplest theoretical solution for conduc-
tance through a long straight tube can be calculated
from Poseuille flow [14]
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Fig 14 The pressure response of a hybrid ultrasensitive mi-
croflowmeter to an apphed calibrated N, gas flow The channel
conductance 15 4 72 x 10° cm*/min

_ md* (P1+P2)
P18y 2

where G, 1s the channel conductance, d 1s the
diameter of the pipe, 5 1s the gas viscosity, / 1s the
length of the tube and (P1 + P2)/2 1s the average
pressure across the inlet and outlet of the tube
The calculated conductance 1s 593 x 10° cm*/min,
therefore, the agreement between the theoretical
and measured values 1s about 20% The maimn
source of error 1 this calculation 1s probably due
to the measurement of the diameter (this term 1s to
the fourth power), the diameter was measured
with an accuracy of 0 1 mm

(5

Conclusions

At high-performance readout scheme for an ul-
trasensitive microflowmeter with a capacitive out-
put has been presented The man circuit element 1s
an op amp which features a d ¢ gamn of 75 dB and
a 2 6 us (100 kHz) settling time for a 35 pF load
The high gamn of the op amp cancels out the stray
mput capacitance The uncompensated linearity of
the overall circunt 1s at least 10 bits and the muni-
mum resolution 18 1 mV for a 5 V full-scale output
The output as a function of duty cycle and pulse
width for a 50% duty cycle input clock was charac-
terized The membrane does not respond to high
frequencies (>S50 kHz), but does deflect in re-
sponse to the time-average voltage apphed to the
device A umque feature of this circuit 1s that a
self-test mode can be mmplemented simply by
changing the duty cycle of the mnput clock pulse, 1f
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the amphitude of this waveform 1s varied, an elec-
trostatic autocalibration can also be performed

The theoretical performance limits of the trans-
ducer integrated with the readout electronics were
also discussed The full-scale range of the sensor
18 hmited by the circuitry to 12 bits, although
crcuit techniques can be used to increase the range
to 16 bits The maximum theoretical resolution
and accuracy of the circmit are approximately
14—16 bits, however, the precision of the off-chip
mstrumentation ultimately determines the perfor-
mance The accuracy and resolution of the device
at 100°C are limited to 10 bits due to leakage
currents i the reset switches The transducer and
crcuitry were ntegrated mto a flow package
and the multichip device was tested with a cah-
brated flow The microflowmeter 1s currently being
mstalled on an Applied Materials 8300 RIE where
it 1s being applied to the development of auto-
mated micromachining processes for application 1n
sensors and VLSI
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