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1 ui The circuitry includes a vari ag e sensi ng capacitor
g:d sgfond capacitor plates with a capacitance between®!fst 2
/ $ as a functiton of a sensed paranmeter. Each p2 4 he

has stray capacitance relative to guard plates arranged

t and second capacitor 1

- SCREENED CAPACITANCE SENSOR
BACKGROUND OF THE INVENTION

The present invention relates to a pressure
sensor. In particular, the invention relates to a
capacitance pressure sensor having circuitry to reduce
the effects of stray capacitance.

The prior art shows various solid state
pressure sensors which have a deflectable diaphragm for
sensing pressure. Some are capable of being formed by

10 batch processing. It is desirable to have solid state

.. pressure sensors made of relatively rigid ‘materials,
such as semiconductor materials.
N A capacitive pressure sensor measures pressure
by measuring capacitance between two capacitive plates.

15 Pressure change appears as a change in capacitance. In

a pressure sensor made from a semiconductor, stray
capacitance can be introduced in capacitance
measurements and cause errors in measurements. This
stray capacitance arises between the plate of the

20 capacitor and nearby semiconductor material which acts

as a capacitor plate. _
U.S. Patent 4,612,599, issued September 16,
) “ 1986, entitled “Capacitive Pressure Sensor," shows a
pressure sensor formed with silicon. U.S. Patent

25 4,800,758, issued January 3, 1989, entitled "Pressure
Transducer with Stress Isolation for Hard Mounting"
describes a batch fabricated pressure sensor with stress

isolation.
SUMMARY OF THE INVENTION
30 The present invention provides circuitry for~
use in a capacitance based pressure sensor. The

circuitry reduces the effects of stray capacitance in
capacitance measurements used to determine pressure of
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potential source is provided and PaCJIU\I'é ci‘rc t09295

e potential to the first capacitor plate which alternates
©lative to thg reference potential. A sensing circuit connected to the
*ef erence pofential generates a virtual reference potential

ssubst anti al |y equal to the referengg_potentialu Char ge sensi ng

Fcircuitry cofinected to the

a process fluid. The circuitry includes a variable
sensing capacitor having first and second capacitor
_ piates with a capacitance between the plates which
/ varies as a function of a sensed parameter..- Each of the
| 5 capacitor plates has stray capacitance relative to.guard
plates arranged around the first and second capacitor
plates. A reference potential source is provided and a
— drive circuit provides a drive potential to the first
capacitor plate which alternates relative to the
10 reference potential. A sensing circuit connected to the
reference potential generates a virtual reference
potential substantially egqual to the reference
potential. Charge sensing circuitry connected to the
~second capacitor plate senses charge on the second
15 capacitor plate such that there is no potential
difference between the second capacitor plate and the
guard at the time when charge transfer is complete.
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a perspective fragmentary view of
20 a suspended diaphragm pressure sensor in accordance with
the present invention.
Figure 2 is a cross-sectional view of Figure
1 taken along the line labeled 2-2,
' Figure 3 is a cross—-sectional view of Figure
25 1 taken along the line labeled 3-3.

Figure 4 is a cross-—sectional perspective view
of a differential pressure sensor in accordance with the
present invention. '

Figure 5 is a cross-sectional view of a

30 diaphragm pair in accordance with the present invention
showing system electrical capacitance.

Figure 6 is a schematic diagram of guard
capacitance circuitry.
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- Figure 7 is a cross-sectional view of a
differential pressure sensor showing capacitor plates
used to measure pressure.

Figure 8 is a schematic diagram of circuitry
to reduce the effects of stray capacitance in accordance
with the invention.

D N O R TS

The pressure sensor layers of the present
invention are made using batch fabrication techniques.
A silicon wafer or layer is etched in a convehtional
manner to form the desired features and is then formed
into a sandwich construction with additional layers of
suitable material to form the sensor. Such sensors are
described in the U.S. Patent Application entitled
SUSPENDED DIAPHRAGM PRESSURE SENSOR filed September 20,
1993, and assigned to the same assignee as the present
application, which is hereby incorporated by reference.

Forming a pressure sensor using semiconductor
materials often results in stray capacitance which can
cause errors in pressure measurement. The capacitance
arises because semiconductors are partial conductors and
are able to act as the plates of a capacitor. Thus, a
stray capacitance arises between the capacitor plate
used to measure pressure and the surrounding
semiconductor (a guard plate).

Figure 1 is a perspective fragmentary view of
suspended diaphragm pressure sensor 10. Suspended
diaphragm pressure sensor 10 includes lower substrate 12
and upper substrate 14. Lower diaphragm substrate 16 is
bonded to upper substrate 14. Lower diaphragm substrate
16 and upper diaphragm substrate 18 are bonded together.
Lower diaphragm substrate 16 carries channel 20 and
electrical contacts 22 and 24. Pressure inlet 26
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on. Figure 2 is a cross-sectional view of Figure 1 taken
eled 2-2. Figure 3 is a cross-sectional view of Figure 1
ine | abeled 3-3. Figure 4 is a cross-sectional perspective
ential pressure sensor Lq_accordance with the

the pre
salong the line T,

t aken al ong theg

s+ view of a diff

extends through upper substrate 14. Upper diaphragm
substrate 18 includes upper diaphragm 28 carried by
support tab 30.

Figure 2 is a cross—sectional view of
suspended diaphragm pressure sensor 10 taken along the
line labeled 2-2 in Figure 1. Figure 3 is a cross-
sectional view of suspended diaphragm pressure sensor 10
taken along the line labeled 3-3 in Figure 1. Figures
_ 2 and 3 show lower diaphragm 32 coupled to upper
T 10 diaphragm 28. Upper diaphragm 28 and lower diaphragm 32
form a diaphragm assembly having diaphragm cavity 34
which typically containing a reference pressure applied
thfough channel 20. Upper and lower diaphragms 28 and

32 are joined along their rims. Upper diaphragm 28 and

15 lower diaphragm 32 are suspended in pressure input
cavity 36 which is coupled to pressure inlet 26.

' In operation, suspended diaphragm pressure

sensor 1is used to sense the difference in pressure

between cavitj'34 and cavity.36. Diaphragm cavity 34

20 expands and contracts inside pressure input cavity 36 in

response to pressure applied through pressure inlet 26.

This causes upper diaphragm 28 and lower diaphragm 32 to

bend inward into diaphragm cavity 34 or to deflect

} outward away from diéphragm cavity 34. Fluid flows into

25 cavity 34 or out of cavity 34 via channel 20 which

extends through tab 30. Deflection of diaphragms 28 and

32 (and therefore applied pressure) is detected with

electrical contacts 22 and 24. These contacts are

coupled to sensors carried on diaphragms 28 and 32. 1In

30 one embodiment, these sensors are capacitive plates or

metallizations. Diaphragm 28 carries a capacitive plate

and diaphragm 32 carries a capacitive plate. The

capacitance between these two plates changes as they are
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ure 5 is a cross-sectional VieMIOE a di aphragm pair
e present invention show ng systemelectrical

Figupe 6 is a schematic .di agram of guard capacitance
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displaced due to applied pressure through inlet 26. 1In
another embodiment, electrical contacts 22 and 24 are
coupled to a strain gage on a diaphragm which changes
resistance as diaphragms 28 and 32 are deformed.

In a preferred embodiment, suspended diaphragm
pressure sensor 10 is formed of brittle materials such
as single crystal silicon or sapphire materials and
batch fabricated. These materials provide improved
accuracy because of reduced hysteresis and improved
dimension stability. Furthermore, materials such as
silicon, ceramic and glass, are easily batch fabricated
using known fabrication techniques.

Figure 4 is a perspective cross—sectional view
of suspended diaphragm differential pressure sensor 40
in accordance with the present invention. Sensor 40 is
formed by placing a pair of pressure sensors similar to
pressure sensor 10, shown in Figure 1, together having
a channel (not shown in Figure 4) such as channel 20 in
Figure 1 extending between the diaphragm assemblies.

Differential pressure sensor 40 includes lower
substrate 42, upper substrate 44, lower diaphragm
substrate 46 and upper diaphragm substrate 48.
Differential pressure is applied via pressure inlets 50A
and S0B. Pressure inlets 50A and S0B are coupled to
diaphragm assemblies 54A and 54B, respectively.
Diaphragm assembly 54A includes upper diaphragm 58A and
lower diaphragm 60A which form diaphragm cavity 62A.
Diaphragm cavity 62A is carried in pressure inlet cavity
64A which is coupled to pressure inlet S5SOA. The
structure of diaphragm assembly 54B is similar to that
of diaphragm assembly 54A.

In differential pressure sensor 40, diaphragm
cavity 62A is coupled to diaphragm cavity 62B through a

S 94/09290%
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channel not shown in Figure 4 but which is similar to
channel 20 shown in Figure 1. The channel connecting
cavities 62A and 62B extends through tabs that support
diaphragm assemblies 54A and 54B within cavities 64A and .
5  64B, respectively. Cavities 62A and 62B are filled with
a sealed-in quantity of a relatively incompressible
fluid so that as one cavity expands due to applied
pressure the other cavity contracts.
. Deflection of the suspended diaphragms in the
-7 10 present invention is related to applied pressure, either
differential or absolute. By detecting this
deformation, it is possible to determine,presshre. This
detection can be measured through any suitable means.
In a preferred embodiment, diaphragm deformation is

15 detected by measuring the change in capacitance between
two plates of a capacitor, one carried on each of the
diaphragms. Figure 5 is a cross-sectional view of a
suspended diaphragm 108 including upper diaphragm 110
and lower diaphragm 112 which carry upper capacitive

20 plate 114 and lower capacitive plate 116, respectively.
Plates 114 and 116 are mounted to diaphragms 110 and 112
through insulating layers 118 and 120, respectively.
The region between diaphragms 110 and 112 form cavity

) : 122 which is preferably oil filled.

25 Figure 5 shows capacitance CA which is the
capacitance between plates 114 and 116. The value of
capacitance CA is related to the pressure applied to
suspended diaphragm 108. Therefore, by measuring this
capacitance, pressure can be determined. However, stray

30 capacitance CS1 and CS2 interfere with this measurement.

This capacitance is due to.the capacitance between plate
114 and diaphragm 110, and plate 116 and diaphragm 112,
respectively. This capacitance arises because
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t he effects Of stray capacitance in accordance with the

g DETAI LEDADESCRI PTI ON OF THE PREFERRED EMBODI MENTS The pressure

s or Iayers of e present invention are made using batch fabrication

cs technlques A sificon wafer or layer is etched in a conventional manner.to
formthe desiyged features and is then fopned

insulation layers 118 and 120 separate plates 114 and
113 from diaphragms 110 and 112, respectively,
Therefore, it is desirable to eliminate the stray
capacitance from the measurement of CA.

Figure 6 shows simplified circuitry 124 to
eliminate interference in the measurement of CA due to
CSl and CS2. Circuitry 124 includes square wave driver
130 coupled to a driven side of capacitor CA. One side
of capacitor CS1 (i.e. substrate 110) is coupled to
" 10 electrical ground as is one side of CS2 (i.e. substrate

112). A sense side of capacitor CA is coupled to the
positive input of opamp 132. Opamp 132 is connected

with negative feedback through integrating capacitor

136, The non-inverting input to opamp 132 provides a

15 wvirtual ground. The output of opamp 132 is provided to
capacitive measurement circuitry which is used to

calculate pressure.
Circuitry 124 Kkeeps substrate 110 and
substrate 112 ‘at the “same pofential" as the sense
20 electrode 116. This is because sense electrode 116 is
held at virtual ground by opamp 132 having negative
feedback. - This reduces the errors in pressure
measurements due to stray capacitance because CS2 is not
measured by the circuitry connected to electrode 116.
25 Figure 7 is a cross-sectional view of
diaphragm assemblies 54A and 54B showing capacitor
plates used to measure pressure. The capacitor plates
are connected to contacts A, B, C and D. Diaphragm
assemblies 54A and 54B are connected to electrical
30 contact E. .
Figure 8 is a schematic diagram of circuitry
140 to reduce the effects of stray capacitance with the
invention. Circuit 140 shows capacitors Cl and C2 whose
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pandwi ch cogStruction with additional layers of suitable material to
T he sensor. Zuch sensors are described in the U S. Patent Application
pat it | ed SUSPENDED DI APHRAGM PRESSURE SENSCR fil ed September 20, 1993, and
== assigned to the/same assignee as the present application, which is hereby

I ncor por at ed reference. Form ng a press&sure sensor "using sem conduct or

capacitance varies in response to a differential
préésure between diaphragm assemblies S4A and 54B.
Associated with capacitor Cl are stray capacitors CSl1
and Cs12. Associated with capacitor C2 are stray
capacitors CS21 and CS22. These capacitors arise due to
surrounding semiconductor material. Figure 8 shows
electrical contacts A, B, C, D and E, also shown in
Figure 7. Contacts A and D are coupled together. This
i coupling can be done externally or directly on pressure
10 sensor 40 to reduce the number of electrical contacts to

pressure sensor 40.

Circuit 140 includes operational amplifier 122
connected to Schmitt trigger 144. Operational amplifier
142 has negative feedback through integrating capacitor

15 C,. The output of Schmitt trigger 144 is coupled to
digital logic 146. Power supply +Vy and -V, are
connected to electrode E and to electrodes A and D
through switches SW6 and SWS, respectively. Electrode
B is connected to operational amplifier 142 through

20 switch SWl and electrode C is connected to operational
amplifier SW2 through switch Sw4. Electrode E is
connected to the noninverting input of operational
amplifier 142, and electrodes B and C are connected to
electrode E through switches SW2 and SW3, respectively.

25 Switches SW1l through SW6é are connected to digital logic
146 which controls switches SW1 through SW6.

In operation, operational amplifier . 122
provides an output related to the difference in
capacitance between capacitors Cl and C2' which is

30 related to differential pressure sensed by sensor 40.
This is a technique for measuring capacitance which is
described in U.S. Patent No. 5,083,091 entitled CHARGED
BALANCED FEEDBACK MEASUREMENT CIRCUIT to Frick et al.
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PPTen resul#6 in stray capacitance ET L& %%y %%
e, measur emeny/ The capacitance arise C
and are able to act as ti%ti/?ﬂg 4 Thus,

afstray capaci t gfice ari ses between the capacitor plate used to neasure
pressure t he surroundi ng sem cqQduct or (a guard plate).

- Opamp 142 maintains the sense electrodes on
capacitors Cl and C2 at a virtual potential, in one
embodiment virtual ground. After charge has been
distributed, no charge will flow from CS11, CSl12, CS21
5 or CS22 and these capacitances will not enter the
measurement. The circuit must drive CS1 and CS22 from
the +V, and the -V, power supplies.

The charging current is:

Icharging = Fexcitation X(Vr—(~Vy)) X (CS11+CS22)

10 ° With typical values, this current may be on the order of
0.07 ma. (CS11 and CS22 are on the order of 200 x 10°*?
Farads.) This current is compatible‘ with 4-20 ma
current loops since the charging current is much less
than the minimum available current, 4 ma.

15 The circuit maintains electrodes B and C at
the same potentlal as electrode E at the time when the
charge transfer is complete and the capacitance
measurement is taken. This is because the ocutput of the
integrator formed by opamp 122 is sampled at the point

20 when the charge transfer is completed.

| + Although the present invention has been
described with reference to preferred embodiments,
workers skilled in the art will recognize that changes
may be made in form and detail without departing from

25 the spirit and scope of the invention. For example, the
invention can be used with other types of sensors and
sensor designs where stray capacitance is a problem.
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substrate 14. Lower diap 7
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WHAT 15 CLAIMED: 1S:

1. . . . .
A Sensing Circuit, compr1s1ng:

to upper substr
substrate 18 ar
channel 20 an

vVaries gag @ function of a sensed

alternates relative to the reference
pPotential;

4 sensing Circuit Connected to the reference
Potential apg geénerating 4 virtual

2l

The Sensing Clrcuit of claim ] wherein the
guards are formed of Semiconductor material
3 .

The sensing Circuit of claim 3 wherein the

having negative feedback through gap
Capacitor, -
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4._ The sensing circuit of claim 1 wherein the
sensed parameter is pressure,
5. A pressure measurement circuit for providing

a Pressure measurement output as a function of a
pressure, comprisingt '

a sense capacitor having a driven plate and a
sense plate with a capacitance between
the plates which varies as a function of
the pressure;

a stray capacitance between the sense plate
and a stray capacitance platé; '

a reference potential coupled to the stray
capacitance plate;

virtual reference circuitry coupled to the
reference potenti&l, having a virtual
reference potential output substantially
equal to the reference potential, and an
_output related to capacitance of the
sense capacitor;

charge sensing circuitry connected to the

sense plate and sensing charge carried .

.on the sense plate and maintaining the
sense plate at substantially the same
’ potential as the stray capacitance plate
whereby the stray capacitance is
substantially eliminated from
measurements of the sense capacitor; and
output circuitry providing the pressure
measurement output based upon sensed

charge. '
6. The pressure measurement circuit of claim 5
wherein the stray capacitance plate is formed of

semiconductor material.

'”_Egﬂléﬁléngz_aﬂd_ZA. Pressure inlet 26 -4- extends through
Ubst Fate 14. Upper di aphragm substrate 18 i ncl udes upper diaphragm
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support tab 30. Figur ss-sectional view of suspended
di aphragm pressur e; s M\w m‘a‘@’ ong the line labeled 2-2 in Figure 1.
Figure 3 is a crq - ew of suspended di aphragm pressure sensor
10 taken along tyfe line labeled 3-3 in Figure 1. Figures 2 and 3 show

| ower di aphragpr32 coupled to upper -12-

4
_// 7. The pressure measurement circuit of claim §
// wherein the virtual reference potential is an
// operational amplifier having negative feedback through
/// an integrating capacitor.
//
TR
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Tt agm 28. Upp di aphragm 28 and | ower di aphragm 32 form a di aphragm
®senbl y having dizaphragm cavity 34 which typically containing a reference
ressure applied: through channel 20. Upper and | ower di aphragns 28 and 32
*“are joined along their rinms. Upper diaphragm 28 and | ower di aphragm 32 are
"suspended in pressure input cavity 36 whldlr is coupl éd to pressure inlet

. 26. .

LN ‘ - SCREENED CAPACITANCE SENSOR

RS ABSTRACT OF THE DISCLOS
" A pressure sensor (10) measures pressure by

measuring capacitance between two capacitive plates
(114,116). Pressure change appears as a change in
capacitance. Stray capacitance interferes with this
measurement. The stray capacitance arises between the
capacitor plates (114,116) and surrounding material.
Circuitry (140) reduces stray capacitance by maintaining
substantially no potential difference between a
capacitor plate (114,116) and surrounding material
responsible for stray capacitance.
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B, suspended di aphragm pressure sensor is used to sense the

gce in pressdre between cavity 34 and cavity 36. Diaphragmcavity

= pands and copfracts inside pressure input cavity 36 in response to

# essure applied/through pressure inlet ,26. This causes upper di aphragm 28

and | ower di ap#fagm 32 to bend inward into di aphragmcavity 34 or to

def | ect

p
Fig. 3
Y
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iom di ap?\ragm cavity 34. Fluid flows into cgp;rw&l 09 Gu{ Q9 29

3 VI a channei 20 which extends through tab 30. Deflection of
gorit agns 28 and 32 (and therefore applied pressure) is detected with

Srectrical contgets 22 and 24, These tacts are coupled to sensors
carried on di aghragns 28 %nd §@r§)r@l nbodi ment, these sensors are
capacitive plates or = _ N Q

O . N
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netal |izations. Diaphragm 28 carries a capacitive plate and di aphragm 32

carries a capacitive plate. The capacitance between these two pl ates
.changes as they are’

di spl aced due to applied pressure through inlet 26.
I n '

. 3/5
r
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:;.jer ‘enbodi ment , e!ctrl cal contacts 22 and 24 are COLBC;HUS a3k£|6929l
gage on a di aphragm whi ch changes resistance as di aphragns 28 and 32 are -
defornmed. In a preferred enbodi nent, suspended di aphragm pressure sensor 10

is formed of brittle materials such as single crystal silicon or sapphire
material s and bafch fabricat.ed. These 4t erial s provide inproved
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Furthernore, materials such as silicon, ceram c and glass, are easily bat ch’
-fabricated using known fabrication t echni gues. Figure 4 is a perspective
cross-sectio vi ew of suspended dia Zéagm differential pressure sensor 40
I n accordanc ith the present invent Sensor 40 is
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SCREENED CAPACITANCE SENSOR
BACKGROUND OF THE INVENTION

The present invention relates to a pressure
sensor. In particular, the invention relates to a

capacitance pressure sensor having circuitry to reduce

the effects of stray capacitance.
The prior art shows various solid state

préssure sensors which have a deflectable diaphragm for

sensing pressure. Some are capable of being formed by
batch processing.. It is desirable to have solid state
pressure sensors made of relatively rigid ‘materials,
such as semiconductor materials. ,
- A capacitive pressure sensor measures pressure
by measuring capacitance between two capacitive plates.
Pressure change appears as a change in capacitance.  In
a pressure sensor made from a semiconductor, stray
capacitance  can be introduced in capacitance
measurements and cause errors in measurements. This

~stray capacitance arises between the plate of the .

capacitor and nearby semiconductor material which acts
as a capacitor plate.

' U.S. Patent 4,612,599, issued September 16,
1986, entitled “Capacitive Pressure Sensor," shows a

-pressure sensor formed with silicon. U.S. Patent

4,800,758, issued Januafy 3, 1989, entitled "Pressure

Transducer with Stress Isolation for Hard Mounting*
describes a batch fabrlcated pressure sensor with stress

zsolation. |
SUMMARY OF THE INVENTION

The present invention provides circuitry for~

use in a capacitance based pressure sensor. The

circuitfy reduces the effects of stray capacitance in
capacitance measurements used to determine pressure of

R

havi ng a channel (not s 4) such
20 in Figure¢ 1 extending between the dia g | |es
ntO8l AUGWS6Ir ¢ sensor 40 includes |_quer subs

| ower i gphragm substrate 4 and upper dlaphragm




D fferenti al

inlets 50A and 50B are coupl ed to di aphragm assenblies ﬁéﬁfﬂ%ﬁﬁw Bort
respectively. Di aphragm assenbly 54A incl udes upper di aphragm-58A_ and 1¢
di aphragm 60A whi ch form di aphragm cavity 62A. Di aphragm ¢avity 62A is’
carried in pressure-inlet cavity 64A which is coupled t¢ prd:8AUG 1996 et |
50A. The ' :
..2..
a process fluid. The circuitry includes a variable
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pressure is applied via pressure inlets 50A and 50B. Pressure

wer

sensing capacxtor hav;ng first and second capacitor
plates with a capac;tance between the plates which

- varies as a function of a sensed parameter.- Each of the

capacitor platés has stray capacitance relative to.guard
plates arranged around the first and second capacitor
plates. A reference potential source is provided and a
drive circuit provides a drive potential to the first
capacitor plate which alternates relative to the

reference potential. A seﬁsing circuit connected to the

reference potential genérates a virtual reference
potential substantially 'eqﬁal to the reference
potential. Charge sensing circuitry connected to the
second capacitor plate 'senses charge on the second

capacitor plate such that there is no potential’

difference between the second capacitor plate and the
guard at the time when charge ;ranéfer is complete.
RIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a perspective fragmentary view of

a suspended.diaphragm pressure sensor in accordance with
the present invention.

Figure 2 is a cross-—sectional view of Figure

1 taken along the line labeled 2-2,
' ‘ Figure 3 is a cross—-sectional view of Figure
1 taken along the line labeled 3-3.

Figure 4 is a cross-sectional perspective view
of a differential pressure sensor in accordance with the
present invention. '

- Figure S is a cross-sectional view of a
diaphragm pair in accordance with the present invention
showing system electrical capacitance.

Figure 6 is a schematic diagram of guard

.capacitance circuitry.

—_—
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structure of diaphragm assenbly 54B is sinmilar to that Cﬁgﬂh@gﬁ[ﬁDE}ﬁET
assenbly 54A. In differential pressure sensor 40, diaphr '
coupl ed to diaphiagmcavity 62B t hrough a

08 AUG 1996
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Figure 7 is a cross-sectional view of a
differential pressure sensor showing capacitof plates
used to measure pressure. '

Figure 8 is a schematic diagram of circuitry

5 to reduce the effects of stray capacitance in accordance '
with the invention. | ' '
o] (o) (o] B PEE = NTS
The pressure sensor layers of the present
invention are made using batch fabrication technigues.
10 A silicon wafer or layer is etched in a conventional
' manner to form the desired feéatures and is then formed
into a sandwich construction with additional layers of
suitable material to fdrm the sensor. Such sensors are
described in the U.S. Patent Application entitled
15  SUSPENDED DIAPHRAGM PRESSURE SENSOR filed September 20,
1993, and assigned to the same assignee as the present
application, which is hereby incorporated by reference.

Forming a pressure sensor using semiconductor

‘materials often results in stray capacitance which can
20 cause errors in pressure measurement. The capacitance
arises because semiconductors are partial conductors and
are able to act as the plates of a capacitor. Thus, a
stray capacitance arises between the capacitor plate
used to measure pressure and the surrounding
25 semiconductor (a guard plate).

Figure 1 is a perspective fragmentary view of
suspended diaphragm pressure sensor 10. Suspended
diaphragm pressure_sensor 10 includes lower substrate 12
and upper substrate 14. Lower diaphragm substrate 16 is

30 Dbonded to upper substrate 14. Lower diaphragm substrate
16 and upper diaphragm substrate 18'a:e bonded together.
Lower diaphragm substrate 16 carries channel 20 and
electrical contacts 22 and 24. Pressure inlet 26

_——
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-6- channel not shown in Figure 4 but which is simlar to _channel

20.-shewn

in Figure 1. The channel connecting cavities 62A and 6>Eﬂgxmeﬂm5MImHﬁagh

tabs that support di aphragm assenblies 54A and 54B wi t hi p—eaviti-es—64A

64B, respectively. Cavities 62A and 62B are filled with & 7f§*§ﬁk'ﬁb6

quantity of a relatively inconpressible
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extends through upper substrate 14.. Upper diaphragm
substrate 18 includes upper dlaphragm 28 carrled by
support tab 30. -

Figure 2 is a cross-sectional view of
suspended diaphragm pressure sensor 10 taken along the
line labeled 2-2 in Figure 1. Figure 3 is a cross-
sectional view of suspended diaphragm pressure sensor 10

" taken along the line labeled 3-3 in Figure 1. Figures

2 and 3 show lower diaphragm 32 coupled to upper

diaphragm 28. Upper diaphragm 28 and lower diaphragm 32

form a diaphragm assembly having diaphragm cavity -34
which typically contalnlng a reference pressure applied
thfough channel 20. Upper and lower diaphragms 28 and
32 are joined along their rims. Upper diaphragm 28 and
lower diaphragm 32 are suspended in pressure input
cavity 36 which is coupled to pressure inlet 26.

In operation, suspended diaphragm pressure
sensor is used to sense the difference in pressure
between cavity 34 and cavity 36. Diaphragm cavity 34
expands and contracts inside pressure input cavity 36 in
response to pressure applied through pressure inlet 26.
This causes upper diaphragm 28 and lower diaphragm 32 to
bend inward into diaphragm cavity 34 or to deflect
outward away from diaphragm cavity 34. Fluid flows into
cavity 34 or out of cavity 34 via channel 20 which

extends through tab 30. Deflection of diaphragms 28 and

32 (and therefore applied préssure) is detected with
electrical contacts 22 and'24 - These contacts are
coupled to sensors carried on dlaphragms 28 and 32. 1In
one embodiment, these sensors are capacitive plates or

~ metallizations. Diaphragm 28 carries a capacitive plate
and diaphragm 32 carries a capacitive plate, The

capacitance between these two plates changes as they are
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fluid so that as one cavity expands due to applied pre sdﬁ@LA@ﬂmmmhsnEEr

cavity contracts. Deflection of the suspended di aphrag T the—present
‘invention is related to applied pressure, either differ]en

ti b .
_ By detecting this deformation, it i @ bﬁg86996
determ ne pressure. This detection can bgsgeasured t hr qugh—any. sujtab

absol ut e.

means.
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displaced due to applied pressure through inlet 26. In
another embodiment, electrical contacts 22 and 24 are
coupled to a strain gage on a diaphragm which changes
resistance as diaphragms 28 and 32 are deformed.

In a preferred embodiment, suspended diaphragm
pressure sensor 10 is formed of brittle materials such
as singlé crystal silicon or sapphire materials and
batch fabricated. These materials provide improved
accuracy because of reduced hysteresis and improved
dimension stability. Furthermore, materials such as
silicon, ceramic and glass, are easily batch fabr;cated

usxng known fabrlcatlon techniques.

Figure 4 is a perspective cross-sectlonal view
of suspended dlaphragm differential pressure sensor 40
in accordance with the present invention. Sensor 40 is
formed by'placing a pair of pressure sensors similar to
pressure sensor 10,.shown'in Figure 1, together having
a channel (not shown in Figure 4) such as channel 20 in

Figure 1 extending between the diaphragm assemblies.

Differential pressure sensor 40 includes lgwer
substrate 42, upper substrate 44, lower diaphragm
substrate 46 and upper diaphragm substrate 48.
Differential pressure is applied via pressure inlets 50A
and 50B. Pressure inlets S0A and S0B are coupléed to
diaphragm assemblies S54A and 54B, respectively.

Diaphragm assembly S4A includes upper diaphragm 58A and

lower diaphragm 60A which form diaphragm cavity 62A.
Diaphragm cavity 62A is carried in pressure inlet cavity
64A which is coupled to pressure inlet 50A. The
structure of diaphragm assembly 54B is similar to that
of diaphragm assembly S4A.

In differential pressure sensor 40, diaphragm
cavity 62A is coupled to diaphragm cavity 62B through a
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In a preferred embodi ment, di aphragm deformation is enecred'by Teas r|ng

! 1 l h\.f*

t he change in capacitance between two plates of a capa |tﬁgwA§Pewggrr| d on

each of the diaphragns. Figure 5 is a cross-sectiongl
di aphragm 108 i ncl udi ng upper diaphragn11%0 and | ower{d

carry upper capaC|t|ve pl ate 114 and | ower capaC|t|ve pl ate 116,

-respectively.
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channel not shown in Figure 4 but which is similar to
channel 20 shown in Figure 1. The channel connecting
cavities 62A and 62B extends through tabs that support
diaphragm assemblies 54A and 54B within_cavities 64A and

~ 64B, respectively. Cavities 62A and 628 are filled with

a sealed-in quantity of a relatively incompressible
fluid so that as one cavity expands due to applied

pressure the other cavity contracts.

Deflection of the suspended diaphragms in the
preseht invention is related to applied pressure, either
differential or absolute. By detecting this
deformation, it is possible to determine presshre. This
detection can be measured through.any suitable means.
In a preferred embodiiment, diaphragm deformation is
detected by measuring the change in capacitance between
two plates of a capacitor, one carried on each of the
diaphragms. Figure 5 is a cross-sectional view of a
suspended diaphragm 108 including upper diaphragm 110
and lower diaphragm 112 which carry upper capacitive
plate 114 and lower capacitive plate 116, respectively.
Plates 114 and 116 are mounted to dlaphragms 110 and 112

‘through lnsulatlng layers 118 and 120, respectively.

The region between diaphragms 110 and 112 form cavity
122 which is preferably oil filled.

Figure 5 shows capacitance CA which is the
capacitance between plates 114 and 116. The value of
capacitance CA is related to the pressure applied to
suspended diaphragm 108. Therefore, by measuring this

capacitance, pressure can be determined. However, stray

capacitance CS1 and CS2 interfere with this measurement.

This capacitance is due to.the capacitance between plate .

114 and diaphragm 110, and plate 116 and diaphragm 112,

respectively. This capacitance arises because
: e
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Plates 114 and
| ayers 118 and

116 are nmounted to di aphragms 110 and | h%P m
120, respectively. The region between {di apELagna—&&e—a

formcavity 122 which is- preferably oil filled. Figurle 5 shows c
.| TO8 AY %88

CA which is the capacitance between plates 114 and 11

capaci tance CA

w

10
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Is related to the pressure applied to
-7 - ' '

clt [ ng

112
nce

insulation layers 118 and 120 separate plates 114 and
113 from diaphragms 110 and 112, respectively.
Therefore, it is desirable to eliminate the stray
capacitance from the measurement of CA.

Figure 6 shows simplified circuitry 124 to
eliminate interference in the measurement of CA due to
CSl and CS2. Circuitry 124 includes square wave driver
130 coupled to a driven side of capacitor CA. One side
of capacitor CSl1 (i.e. substrate 110) is coupled to
electrical ground as is one side of CS2 (i.e. substrate

112). A sense side of capaéitor CA is coupled to the

. positive input of opamp 132. Opamp 132 is connected

15

20

with negative feedback through integrating capacitor
136. The non-inverting input to opamp 132 provides a
virtual ground. The output of opamp 132 is provided to
capacitive measurement circuitry which is used to
calculate pressure. ' |

Circuitry 124 keeps substrate 110 and

substrate 112 ‘at the “same potential* as the sense
electrode 116. This is because sense electrode 116 is
held at wvirtual ground by opamp 132 having negative
feedback. * This reduces the errors in pressure
measurements due to stray capacitance because CS2 is not

-measured by the circuitry connected to electrode 116.

Figure 7 is a cross-sectional view of
diaphragm assemblies 54A and $43 showing capacitor

plates used to measure pressure. The capacitor plates

30

are connected to contacts A, B, C and D. Diaphragm

assemblies S54A and. 543 are connected to electrical

contact E. .
Figure 8 is a schematic diagram of clrcultry
140 to reduce the effects of stray capacitance with the
invention. Circuit 140 shows capacitors Cl and C2 whose

—\\.—...
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suspended di aphragm 108. Therefore, by neasuring thi éﬁBH%ﬁwgﬁgngkpﬁegsure
can be determ ned. However, stray capacitance CS1 andi dS2 interfere w tih
this measurement. This capacitance is due to the capagi} apg: AUt 199én 1p|uate

114 and di aphragm 110, and plate 116 andg-di.aphragm 11p _LEEBEELLXELXJ
Thi s capaci tance ari ses because k

. e
capacitance varies in response to a LaIfferential
pressure between diaphragm assemblies S4A and 54B.
Associated with capacitor Cl are stray capacitors Csll
and CS12.  Associated with capacitor C2 are stray

5 capacitors CS21 and CS22. These capacitors arise due to
surrounding semiconductor material. Figure 8 shows
electrical contacts A, B, C, D and E, aiso shown in
Figure 7. Contacts A and D are coupled together. This

coupling can be done externally or directly on pressure
10 sensor 40 to reduce the number of electrical contacts to
pressure sensor 40.

Circuit 140 includes operat;onal.amplifler 122

connected to Schmitt trigger 144. Operational amplifier
142 has negative feedback through integrating capacitor

15 ;. The output of Schmitt trigger 144 is coupled to
‘digital logic 146. Power supply +V; and -V, are
connected to electrode E and to electrocdes A and D
‘through switcheg_Sws and SWS, respectively. Electrode
B is connected to operational amplifier 142 through

20 switch SWl and electrode € is connected to operational
amplifier SW2 through switch SW4. Electrode E is
connected to the noninverting input of operational
amplifier 142, and electrodes B and C are connected to
electrode-E through switches SW2 and SW3, respectively.

25 Switches SW1 through SWé are connected to digital logic
146 which controls switches SW1 through SW6.

In operation, operational amplifier 122
provides an output related to the difference in
capacitance between capacitors Cl and C2- which is

30 related to differential pressure sensed by sensor 40.
This is a technique for measuring capacitanée which is
described in U.S. Patent No. 5,083,091 entitled CHARGED
BALANCED FEEDBACK MEASUREMENT CIRCUIT to Frick-et al.
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i nsul ation | ayers 118 and 120 separate plates 114 and 1]6RE?FQﬁﬁmﬁﬁﬂéﬁﬁfggLs
110 and 112, respectively. Therefore, it is desirablg tfjo elimnate the

stray capacitance fromthe neasurenent of CA. Figure 6 ghd d
circuitry 124 to wﬁos ADG 196 '

- i

Opamp 142 maintains the sense electrodes on

capacitors C1 and C2 at a virtual potential, in one
embodiment virtual ground. After charge has been
distributed, no charge will flow from CS11, CS12, CS21
5 or €S22 and these capacitances will not enter the
measurement. The circuit must drive CS1 and CS22 from
the +V, and the -V; power supplies.
| The charging'current is:

Tebarging = Fexcitation X (Va~(~Va)) x (€S11+CS22)

- 10 - With typical values, this current may be on the order of
0.07 ma. (CS11 and CS22 are on the order of 200 x 10°*?
Farads.) This current is compatible with 4- 20 ma
current loops since the charglng current is much less
than the minimum available current, 4 ma.

15 The circuit maintains electrodes B and C at
‘the same potential as electrode E éﬁ the time when the
charge transfer is 'cbmplete and the capacitance
measurement is taken. This is because the output of the
integrator formed by opamp 122 is sampled at the point

20 when the charge transfer is completed.

Although the present invention has been
described with reference to preferred embodiments,
workers skilled in the art will recognize that changes
may be made in form and detail without departing from

25 the spirit and scope of the invention. For example, the
invention can be used with other types of sensors and
sensor designs where stray cépacitance is a problem.

[
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elimnate interference in the measurenment of CA due f-e—ESt—and-CS2

Circuit ' uare wave driver 130 coupl dd REBLACEMET eBHHTd e
capaci tlmlmmlmnuﬂﬁmmg capacitor CS1 (i.e. substriatfe TIO) 75 ¢ | ¢
el ectricdl grobnd"as’ i< one side of CS2 (i.e. substriatle
of capacitor CAis coupled to the positive input of jog

~i's connected -10-

arabiAys thgh
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WHAT IS CLAIMED'IS:

1. A sensing circuit, comprising:
' a variable sensing capacitor having first and
second capacitor pletes with a
capacitance between the plates which

varies as a function of a sensed

parameter, each of the capacitor plates
having stray capacitance relative to
guard plates arranged around the first
and second capacitor plates;

- a source of reference potential;

a drive circuit providing a drive potential
to the first capacitor plate which
alternates relative to the -reference
potential; ' ' .

a sensing circuit connected to the reference

| potential' and generating a virtual

reference potential substantially equal

‘to the reference potential; and
sw;tch;ng circuitry connected to the second

capacitor plate and connecting the

second capacitor plate alternately to

the reference potential and the virtual

reference potential such that there is
substantially no potential difference
between the second capacitor plate and
the guard plates.

2. " The sensing circuit of claim 1 wherein the
- guards are formed of semiconductor material.
3. _ The sensing circuit of claim 1 wherein the

virtual reference potential is an operational amplifier
thing negative feedback ‘through an integrating
capacitor.

- This Sheet Has Been Replaced
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w th_negative feedback through integrating capacitor
non-inverting input to.opanp 132 provides a virtual

o oM UNEIRN LA 2 70Ty T Reepe " substs

112 af the “sdnespotential" as the sense
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4. The sensing circuit of claim 1 wherein. the
sensed parameter is pressure.

5. A pressure measurement circuit for providing
a Pressure measurement output as a function of a
preséure, comprising: ' -

'‘a sense capacitor having a driven plate and a
sense plate with a cépacitance between
the plates which varies as a function of
the pressure; |

a stray capacitance between the sense plate

and a stray capacitance plate,

a reference potential cpupled to the stray
‘capacitance plate; _ | )

virtual reference circuitry coupled to the
reference potential, having a virtual
reference potential output substantially
equal to the reference potential, and an
_output related to capacitance of. the
sense capacitor; -

-charge sensing circuitry connected to the

sense plate and sensing charge carried

.on the sense plate and maintaining the

sense .plate at substantially the same

potential as the stray capacitance plate

whereby ‘the stray capacitance is
substantially eliminated from

measurements of the sense capacitor; and

output circuitry providing the pressure
measurement output based upon sensed

- - charge.

6. The pressure measurement circuit of claim 5
wherein the stray capacitance plate is formed of
semiconductor material.
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el ectrode 116. Thi's |s because sense el ectrode 116 i ﬁﬁﬁ ¢ [EN ﬁtuq

gr ound by negati ve feedback. Thi reduces t he |
errors nlﬂj:m m remants due to stray capaci{apcd Hediid®

not neasure & ChrC try connected to el ectrode 116. Figure 7 is
Cross- sectlonal vi ew of di aphragm assentitiZzs 54A and $4B SAow ng capac

7.=- The pressure heasurement circuit of claim 5
-wherein the wvirtual reference potential is an
operational amplifier having negative feedback through

an integrating capacitor.
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pl ates used to measure pressure. The capacitor plates are C%W%QFMH\W (§HE"T.

contacts A, B, C and D. D aphragm assenblies 54A and 54B|afe connected tp
electrical contact E. Figure 8 is a schematic diagram of ¢ifc@8 rAUGL49D4 o
reduce the effects of stray capacitance with the |nvent|01. Circuit 140

shows capacitors G and C2 whose -13~-.

SCREENED CAPACITANCE SENSOR
S OF Tt 0
A pressure sensor (10) measures pressure by
measuring capacitance between two capacitive plates
(114,116). Pressure change appears as a charige in'
capacitance. Stray capacitance interferes with this
measurement. The stray capacitance arises between the
capacitor plates (114,116) and surrounding material.
' Circuitry (140) reduces stray capacitance by maintaining
substantially no potential difference between a
capacitor plate (114,116) and surrounding material.
responsible for stray capacitance.
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-8- capacitance varies in response to a differential pressurieRRptABERMENT SHEZ! |
di aphragm assenbli es 54A and 54B. Associated with capacitor {C s P
capacitors CS11
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and CS12. Associated with capacitor C2 are stray capacitors CS21. angd
CS22. These capacitors arise due to surroundi ng sem CQNEBPRLADEMERT eSHEEN. |
Figure 8 shows electrical contacts A, B, C, D and E, 3l se—shoewr—+m—Ftgute

ety
7. Contacts A and D are coupled together.. This coupling 02[51 ?ﬁ%@%
externally or directly on pressure sensor, 40 to reducq tfh 8 r )

electrical contacts to
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pressure sensor 46—CTcuit 140 includes operati ng’E@@ﬁNﬁﬁiéfEﬁ?Zﬁ -
con 0o Schmtt trigger 144. Operational angli —142 has hegative

—Teedback through integrating capacitor Clerr]. T ut pu f h 'gt :
| vdi8=k¥§5§93'*1 R and.
an _

trigger 144 is coupled to digital logic 146.
~ -VR are connected to electrode E and to el ectrode

116
120
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t hrough switches SW and SWh, respectively. Electrod

-e—cUTIEGL ed; to
operational anplifier 142 through switch SWM and el ebtRERIAC

'F! Morinect ed
to operational anplifier .SW2 through switch SW. ctrode E i
connected to the noninverting input of operational.- anplli fg grAQGZlQ()&m
el ectrodes B and C are connected to el ectrode E throdgh swtches SW2 land

SWB, respectively.
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swi tches SW through SWs. In operation, operational fRUfACER: x122:0 -
provi des an output related to the difference in capacitangebetween "
capacitors Cl and C2 which is related to differential phregs by
sensor 40. This is a technique for measur i5ng capaci tancg Ltiﬁ ‘if@‘]s'%

Swi t ches SWL. t hrough SW5 are connected to digital |ogi chA.ﬁ_mku-gh----e--ont rols
R
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described in U S. Patent No. 5,083,091 entitled CHARGED
MEASUREMENT CIRCUI T to Frick et al. -9- OQpanp 142 mai

vy e
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capacitors 'Cl and C2 at a virtual potential, . nﬂ Vi gl Ha
ground. - After charge has— been distri but REPQA@mMi\ﬂe SETT {f 1 ow rom
'CS11, CS12, fiplshe®HalBodrr@iitiat hese capaci t anceg—witt—Totentjer, the ’

‘measur enment . t drive CS1 and P2 f t Riand the -VR
power suppl i eﬂlmmmtﬂmﬂms current is: g%'ﬁlﬁ %6
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SCREEN'ED CAPACITANCE SENSOR
BACKGROUND OF THE INVENTION

The present invention relates to a pressure
sensor. In particular, the invention relates to a
capacitance pressure sensor having circuitry to reduce
the effects of stray capacitance.

_ The prior art shows various solid state
pressure sensors which have a deflectable diaphragm for
sensing pressure. Some are capable of being formed by
batch proéessing. It is desirable to have solid state
pressure sensors made of relatively rigid materials,
such as semiconductor materials.

A capacitive pressure sensor measures pressuré
by measuring capacitance between two capacitive plates.
Pressure change appears as a change in capacitance. 1In
a pressure sensor made from a semiconductor, stray
capacitance can be introduced in capacitance
_measurements and cause errors in measurements. This
stray capacitance arises between the plate of the
capacitor and nearby semiconductor material which acts
as a capacitor plate.

U.S. Patent 4, 612 599, issued September 16,
1986, entitled "Capac1t1ve Pressure Sensor," shows a
pressure sensor formed with silicon. U.S. Patent
4,800,758, issued January 3, 1989, entitled “Pressure
Transducer with Stress Isolation for Hard Mounting"®
describes a batch fabricated pressure sensor with stress
isolation. _ ' _

SUMMARY OF THE INVENTION
The present inventioh,provides circuitry for"
use in a capacitance based pressure sensor. The
circuitry reduces the effects of stray capacitance in

capacitance measurements used to determine pressure of




| charging = Fexcitation X(VR-(-VR)) X (CS11+CS22) W | hRERLACEMENT aﬂiﬁﬁ%’b this
current may -be on the order of 0.07 ma. (CS11 and CH2z2—are oOn the ord r of
200 x 10[err] Farads.) This current is conpatible W th ﬁ$§@#?qgﬁyr;e t

| oops since the charging current is much |less than the}m ht avai | abke
current, 4 ma. The circuit maintains el ectrodes B and d
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a process fluid. 'The circuitry includes a variable
sensing capacitor having first and second capacifor
plates 'with a capacitance between the plates which
varies as a function of a sensed parameter.- Each of the
'capacitor plates has stray capacitance relative to.guard
plates arranged around the first and second capacitor
plates. A reference potential source is provided and a
drive circuit provides a drive potential to the first
capacitor plate which alternates relative to the
- reference potential. A sensing circuit connected to the
reference potential generates a virtual reference
potentiﬁl substantially equal to the reference
potential. Charge sensing circuitry connected to the
second capacitor plate senses charge on the second
capacitor plate such th#t there is no potential
difference between the second capacitor plate and the
guard at the time when charge transfer is complete.

BRIEF DESCRIPTION OF THE DRAWINGS

Flgure 1 is a perspectlve fragmentary view of
a suspended diaphragm pressure sensor in accordance with
the present invention. |

Figure 2 is a cross-sectional view of Figure
1 taken along the line labeled 2-2.

Figure 3 is a cross—sectional view of'Figure
1 taken along the line labeled 3-3.

Figureliis a cross—sectional perspective view
of a differential pressure sensor in accordance with the
present invention. | .

Figure 5 is a éross—sectional view of a
diaphragm pair in accordance with the present invention
showing system electrlcal capacitance. ' _

Figure 6 is a schematic dlagram of guard

capac1tance circuitry.



the sane potential as electrode E at the tine when the CF%PQMEMEMnSHET i s
conplete and the capacitance neasurenent is taken. Trls 'S pecaus e.

out put, of the integrator fornmed by opanp 122 is sanple
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the charge transfer is conpleted. Although the prese
been described with reference to prefer_[gg enbodi nent s

Figure' 7 is a cross-sectional view of a
differential pressure sensor showing capacitor plates
used to measure pressure. _

Figure 8 1is a schematic diagram of circuitry
to reduce the effects of stray capacitance in accordance
with the invention. '

D SC ION OF T R NTS

The pressﬁre sensor layers of the present
invention are made using batch fabrication techniques.
A silicon wafer or layer is etched in a conventional
manner. to form the desired features and is then formed
into a sandwich construction with additional layers of
suitable material to form the sensor. Such sensors are
descrlbed in the U.S. Patent Appllcatlon entitled
SUSPENDED DIAPHRAGM PRESSURE SENSOR filed Septem.ber 20,
1993, and assigned to the same assignee as the present
'applicatibn, which is hereby incorporatéd by reference.
' Forming a pressure sensor using semiconductor
materials often results in stray capacitance which can
cause errors in pressure measurement. The capacitance
arises because semiconductors are partial conductors and
are able to act as the plates of a capacitor. Thus, a
stray capacitance arises between the capacitor plate

‘used to measure pressure and the surrounding
semiconductor (a guard plate) '

Figure 1 is a perspective fragmentary view of
suspended diaphragm pressure sensor 10. Suspended
diaphragm pressure sensor'lo includes lower substrate 12
and upper substrate 14. Lower diaphragm substrate 16 is
bonded to upper substrate 14. Lower diaphragm substrate
16 and upper diaphragm substrate 18 are bonded together.
Lower diaphragm substrate 16 carries channel 20 and
electrical contacts 22 and 24. Pressure inlet 26
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extends . through upper substrate 14. Upper diaphragm
substrate 18 includes upper dlaphragm 28 carried by
support tab 30. _ _

Figure 2 is a cross—sectional view of
suspended diaphragm pressure sensor 10 taken along the
line labeled 2-2 in Figure 1. Figure 3 is a cross-
sectional view of suspended diaphragm pressure sensor 10
taken along the line labeled 3-3 in Figure 1. Fig_urles
2 and 3 - show lower diaphragm 32 coupled to upper
diaphragm 28. Upper diaphragm 28 and lower diaphragm 32 '
form a diaphragm assembly having. diaphragm cavity 34
which typically containing a reference pressure applied
?Er.ough channel 20. Upper and lower diaphragms 28 and
32 are joined along their rims. Upper dlaphragm 28 and
lower diaphragm 32 are suspended in pressure input
cavity 36 which is coupled to pressure inlet 26. |

. In operation, suspended diaphragm pressure
sensor is used to sense the difference in pressure
between cévity 34 and cavity 36. Diaphragm cavity 34
expands and cc_mtracts' inside preseure input cavity 36 in
response to pressure applied through pressure inlet 26.
This causes upper diaphragm 28 and lower diaphra'gm 32 to
bend inward into diaphragm cavity 34 or to deflect
outward away from diaphragm cavity 34. Fluid flows into
cavity 34 or out of cavity 34 via channel 20 which
extends through tab 30. Deflection of diaphragms 28 and
32 (and therefore applied pressure) is .detected with
electrical contacts 22 and 24. These contacts are
coupled to sensors carried on diaphragms 28 and 32. 1In
one embodlment, these sensors- are capacitive plates or
metallizations. D.Laphragm 28 carries a capacitive plate
and diaphragm 32 carries a capacitive plate. The
capacitance between these two plates changes as they are



10 CLAIMS A sensing circuit, conprising: a variabl b REPDACENE £

havi ng first and second capacitor plates wth a capaki
| ates which varies as a ' :
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displaced due to applied pressure through inlet 26. 1In
another embediment, electrical contacts 22 -and 24 are
coupled to a strain gage on a diaphragm which changes
resistance as diaphragms 28 and 32 are deformed.

In a preferred embodiment, suspended diaphragm
pressure sensor 10 is formed of brittle materials such
as single crystal silicon or sapphire materials and

batch fabricated. These materials provide improved
accuracy because of reduced hysteresis and improved
dimension stability. Furthermore, materials such as

silicon, ceramic and glass, are easily batch fabricated
using known fabrication teehniques.

' ' Figure 4 is a perspective cross—-sectional view
of suspended diaphragm dlfferentlal pressure sensor 40
in accordance with the present lnventlon Sensor 40 is
formed by placing a pair of pressure sensors similar to
pressure sensor 10, shown in Fiqure 1, together having
a channel (not shown in Figure 4) such as channel 20 1n
Flgure 1 extending between the diaphragm assemblies.

Differential pressure'sensor'40 includes lower

substrate 42, upper substrate 44, lower diaphraém
substrate 46 and upper diaphragm substrate 48.
Differential pressure is applied via pressure inlets SO0A
and 50B. Pressure inlets SOA and 50B are coupled to
diaphragm assemblies 54A and 54B, fespectively.
Diaphragm assembly 54R includes upper diaphragm 58A and
lower diaphragm 60A which form diaphragm cavity 62A.

Diaphragm cavity 62A is carried in pressure inlet cavity

64A which is coupled. to pressure inlet 50A. The
structure of diaphragm assembly 54B is 51mllar to that
of dlaphragm assembly 54A.

In differential pressire sensor 40, diephragm

cavity 62A is coupled to diaphragm cavity 62B through a

-



function of a sensed paraneter, each of the capacipt-e+ ptat-es hayi ng

stray capacitance relative to guard pl ates arranged ARERIAGEVBNT fSHEST and
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channel not shown in Figure 4 but which is similar to
channel 20 shown in Figure 1. The channel connecting
cavities 62A and 628 extends through tabs that support
diaphragm assemblies S4A and 54B within cavities 64A and
64B, respectively. Cav1t1es 62A and 62B are filled with
a sealed—-in quantity of a relatively J.ncompress.l.ble
fluid so that as one cavity expands due to applied
pressure the other cavity contracts. .

Deflection of the suspended diaphragms in the
present invention is related to applied pressure, either
differential or absolute. ' By detecting this
deformation, it is possible.to determine presshre. This
detection can be measured through any suitable means.
In a preferred embodiment, diaphragm deformation is
~detected by measuring the change in capacitance between
two plates of a capacitor, one carried on each of the
diaphragms. Figure 5 is a cross-—-sectional view of a’
suspended diaphragm 108 including upper diaphragm 110
and lower diaphragm 112 which carry upper capacitive
plate 114 and lower capacitive plate 116, respectively.
Plates 114 and 116 are mounted to diaphragms 110 and 112
through insulating layers 118 and 120, respectiveiy.
The region between diaphragms 110 and 112 form cavity
122 which is preferably oil filled. |

Figure 5 shows capacitance CA which is the
capacitance between plates 114 and 116. The value of
capacitance CA is related to the pressure applied to
suspended diaphragm 108. Therefore, by measuring this
‘capacitance, pressure can be determined. However, stray
capacitance CS1 and CSZ_interfere with this measurement.
This capacitance is due to.the capacitance between plate
114 and diaphragm 110, and plate 116 and diaphragm 112,
respectively. This capacitance arises because
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'_insuiation layers 118 and 120 separate plates 114 and

116 from diaphragms 110 and 112, respectively.

Therefore, it is desirable to eliminate the stray .

capacitance from the measurement of CA.
Figure 6 shows simplified circuitry 124 to
eliminate interference in the measurement of CA due to

- CS1 and CS2. Circuitry 124 includes square wave driver
1130 coupled to a driven side of capacitor CA. One side

of capacitor CS1 (i.e. substrate 110) is coupled to
electrical ground as is one side of €S2 (i.e. substrate
112). A sense side of capacitor CA is coupled to the
positive input of opamp 132. Opamp 132 is connected

‘with negative feedback through intégrdting capacitor

136. The non-inverting inpﬁt_to opamp 132 provides a
virtual ground. The output of opamp 132 is provided to
capacitive measurement circuitry ‘'which is used to
calculate pressure. | ' _
Clrcultry 124 keeps substrate 110 . and
substrate 112 ‘at the "same pofential" as the sense
electrode 116. This is because sense electrode 116 is
held at virtual ground by opamp 132 having negative
feedback. " This reduces the errors in pressure
measurements due to stray capacitance because CS2 is not
measured by the circuitry connected to electrode 116.
Figure 7 1is a cross-sectional view of
diaphragm assemblies 54A and 54B showing capacitor

'plates used to measure preSéure. The capacitor plates

are connected to contacts A, B, C and D. Diaphragm

assemblies 54A and S4B are connected to electrical

contact E.
Flgure 8 is a schematic dlagram of c1rcu1try
140 to reduce the effects of stray capac1tance with the
invention. CerUlt 140 shows capacitors Cl and C2 whose
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capacitance varies in response to a differential
pressure between diaphragm assemblies 54A and 54B. -
Associated with capacitor Cl are stray capacitors CSl1
and CS12. Associated with capacitor C2 are stray
capacitors CS21 and CS22. These capacitors arise due to
surrounding semiconductor material. Figure 8 shows
electrical contacts A, B, C, D and E, also shown in
Figure 7. Contacts A and D are coupled together. This
coup‘ing can be done externally or diréctly on pressure
sensor 40 to reduce the number of electrical contacts to
pressure sensor 40.

Circuit 140 includes operational amplifier 122
connected to Schmitt trigger 144. Operational amplifier
142 has negative feedback through integrating capacitor
C,. The output of Schmitt .trigger 144 is coupled to
.digital logic 146. Power supply +Vy; and -V are
connected to electrode E and to electrodes A and D
through switches SW6 and SW5, respectively. Electrode
B is connected to operational'amplifief 142 through
switch SW1 and electrode C is connected to operational
amplifier SW2 through switch Sw4. Electrode E is
connected to the noninverting input of operational
amplifier 142, and electrodes B and C are connected to
electrode E through switches SW2 and SW3, respectively.
Switches SW1 through SW6 are connected to digital logic
146 which controls switches SW1 through SW6.

In operation, bperational amplifier 122
provides an output related to the difference in
capacitance between capacitors Cl and C2 - which is
related to differential pressure sensed by sensor 40.
This is a technique for measuring capacitance which is
described in U.S. Patent No. 5,083,091 entitled CHARGED
BALANCED FEEDBACK MEASUREMENT CIRCUIT to Frick et al.
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Opamp 142 maintains the sense electrodes on
capacitors Cl and C2 at a virtﬁal'potential; in one
embodiment virtual ground. After charge has been
distributed, no charge will flow from CS11, CS12, CS21
or S22 and these capacitances will not enter the
measurement. The circuit must drive CS1 and CS22 from
the +V, and the -V, power supplies.

The charging current is:

Icharging = Fexcitation X (Ve=(—Vyg)) x (CS11+CS22)

With typical values, this current may be on the order of
0.07 ma. (CS11 and CS22 are on the order of 200 x 1072
Farads.) This current is compatible with 4-20 ma
current loops since the charging éufrent is much less
than the minimum available current, 4 ma.

The circuit maintains electrodes B and C at
the same potentiél as electrode E ét the time when the
.charge transfer is complete and the capacitance
measurement is taken. This is because the output of the
.integrator formed by opamp 122 is sampled at the point
when the charge transfer is completed.

Although the present invention has been
described with reference to preferred embodiments,
workers skilled in the art will recognizé that changes
may be made in form and detail without departihg from
the spirit and scope of the invention. For example, the
invention can be used with other types of sensors and

sensor designs where stray capacitance is a problem.
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WHAT IS CLAIMED-JS:
1. A sensing circuit, comprising:

a variable sensing capacitor haQing first and
second capacitor plates with a
'capacitahce between the plates which
varies as a function of a sensed
parameter, each of the capacitor plates
having stray capacitance relative to
guard plates arranged around the first
and second capacitor plates;

a source of reference potential;

a drive circuit providing a drive potential
to the first capacitor plate which
alternates relative to the reference
potential; )

a sensing circuit connected to the reference
potential and generating a virtual
reference'potential‘substantially equal
‘to the reference potential; and )

switching circuitry connected to the second
capacitor 'plate and connecting the
second capacitor plate alternately to
the reference potential and the virtual
reference potential such that there is
substantially no potential difference
between the second capacitor plate and
the guard plates.

2, The sensing circuit of claim 1 wherein the
guards are formed of semiconductor material.
3. The sensing circuit of claim 1 wherein the

virtual reference potential is an operational amplifier

having negative feedbackf through an integrating

capacitor.
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4. The sensing circuit of claim 1 wherein the
sensed parameter is pressure.

5. A pressure measurement circuit for providing
a Pressure measurement output as a function of a
pressure, comprising:’

a sense capacitor having a driven plate and a
sense plate with a capacitance between
the plates which varies as a function of
the pressure;

a stray capacitance between the sense plate
and a stray capacitance plate;

a reference poteﬁtial coupled to the stray
capacitance plate; '

virtual reference circuitry coupled to the
reference potential, having a virtual
referéncé»potential output substantially
equal to the reference potential, and an
_output related to capacitahce of the
sense capacitor;

charge sensing circuitry connected to the

“ sense plate and sensing charge carried
on the sense plate.and maintaining the
sense plate at substantially the same
botehtial as the stréy capacitance plate
whereby the stray capacitance is
substantially'_ eliminated  from
measurements of the sense capacitor; and

output circuitry providing the pressure
measurement output based upon sensed

charge. .
6. The pressure measurement circuit of claim 5
whe;ein the stray capacitance plate is formed of

semiconductor material.
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7. The pressure measurement circuit of claim 5
wherein the virtual reference' potential is an
operational amplifier having negative feedback through
an integrating capacitor. '

—_ o _
—_—
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SCREENED CAPACITANCE SENSOR

ABSTRACT OF scLos
A pressure sensor (10) measures pressure by
measuring capacitance between two capac:.t:.ve plates

(114,116). Pressure change appears as a change _=n'

capacitance. Stray capacitance interferes with this
measurement. The stray capacitance arises between the
capacitor plates (114,116) and surrounding material.
Circuitry (140) reduces stray capacitance by maintaining
substantially no potential difference between a
capaciﬁor ‘plate (114,116) and surrounding material
responsible for stray capacitance.

Figure 5.
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6. The pressure neasurenment circuit of claim5 wherein the stray

capacitance plate is fornmed of sem conductor material. 7.
measurenment circuit of claim5 wherein the .virtual r
is an operational anplifier having negative feedback tfr
i ntegrating capacitor. -3-
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1. A sensing circuit, comprising:

a variable sensing capacitor having first and
second capacitor plates with a capacitance
between the plates which varies as a
function of a sensed parameter, each of
the capacitor plates  having stray
capacitance relative to guard plates
arranged around the first and second
capacitor plates;

a reference potential;

a drive circuit providing an alternating drive
potential to the first capacitor plate;

a differential amplifier having a non-inverting
input connected to the reference potential
and generating a virtual reference
potential at a negative input which 1is
substantially equal to the reference
potential and having an output related to
the sensed parameter; and

switching circuitry connected to the second
capacitor plate and connecting the second
capacitor ©plate alternately to the
reference potential and the virtual
reference potential at the negative input
of the differential amplifier such that
there 1is substantially no potential
difference between the second capacitor
plate and the guard plates.

2. The sensing circuit of claim 1 wherein the guard
plates are formed of semiconductor material.

@EPLACEMENT SHEET
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3. The sensing circuit of claim 1 wherein the
differential amplifier is an operational amplifier
having negative feedback through an integrating
capacitor.

4. The sensing circuit of claim 1 wherein the
sensed parameter is pressure.

5. A pressure measurement circuit for providing a
pressure measurement output as a function of a pressure,
comprising:
 a sense capacitor having a driven plate and a
sense plate with a capacitance between the
plates which varies as a function of the
pressure;
a stray capacitance between the sense plate and
a stray capacitance plate;
a reference potential coupled to the stray
capacitance plate;
virtual reference circuitry coupled to the
reference potential, having a virtual
reference potential output substantially
equal to the reference potential, and an
output related to capacitance of the sense
capacitor;
switching circuitry selectively coupling the
reference potential and the wvirtual
reference potential to the sense plate
such that the sense plate is maintained at
substantially the same potential as the
stray capacitance plate;
charge sensing circuitry connected to the sense
plate and and providing the measurement

REPLACEMENT SHEeT
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output related to charge carried on the
sense plate; and
output circuitry ©providing the pressure
| measurement output based upon sensed
charge.

6. The pressure measurement circuit of claim 5
wherein the stray capacitance plate is formed of
gemiconductor material.

7. The pressure measurement circuit of claim 5
wherein the virtual reference <circuitry is an
operational amplifier having negative feedback through
an integrating capacitor.
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. SCREENED CAPACITIVE SENSOR

CKGROU 0 .

The present invention relates to a pressure
sensor. In particular, the invention relates to a
capacitance pressure sensor having circuitry to reduce
the effects of stray capacitance. '

The prior art shows various solid state
pressure sensors which have a deflectable diaphragm for
sensing pressure. Some are capable of being formed by
batch processing. It is desirable to have solid ‘state
pressure sensors made of relatively rigid ‘materials,
such as semiconductor materials. '

A capacitive pressure sensor measures pressure
by measuring capacitance between two capacitive plates.
Pressure change appears as a change in capacitance. 1In
a pressure sensor made from a semiconductor, stray
capacitance. can be introduced in capacitance
measurements and cause errors in measurements. This
stray capacitance arises between the plate of the
capacitor and nearby semiconductor material which acts
as a capacitor plate. ‘

U.S. Patent 4,612,599, issued September 16,
1986, entitled “Capacitive Pressure Sensor," shows a
pressure sensor formed with silicon. U.S. Patent
4,800,758, issued January 3, 1989, entitled “"Pressure
Transducer with Stress Isolation for Hard Mounting"
describes a batch fabricated pressure sensor with stress

isolation.
SUMMARY OF THE INVENTION
The present invention provides circuitry for-
use in a capacitance based pressure sensor. The

circuitry reduces the effects of stray capacitance in
capacitance measurements used to determine pressure of
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SCREENED CAPACITIVE SENSOR

ABSTRACT OF THE DISCLOSURE

A pressure sensor (10) measures pressure by
measuring capacitanée between two capacitive plates
(114,116). Pressure change appears as a change in
capacitance. Stray capacitance interferes with this
measurement. The stray capacitance arises between the
capacitor plates (114,116) and surrounding material.
Circuitry (140) reduces stray capacitance by maintaining
substantially no potential difference between a
capacitor plate (114,116) and surrounding material
responsible for stray capacitance.

Figure 5.




