URE SENSOR BACKGROUND OF "¢~ s
The present invention relates to a ressure

, the invention relates to a dla ‘E £u0e827 ‘
,uspended to provide stress |solat|on

:,oms various solid state

-1-

SUSPENDED DIAPHRAGM PRESSURE SENSCR

GR! T I N

The present invention relates to a zrassurs

sensor. In particular, the invention relates <z 1
5 diaphragm pressure sensor which is suspended tc csrovide

stress isolation. _

The prior art shows various solid sta:e

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 gengors made of relatively rigid materials, -

7 such as semiconductor materials, and yet have them "hard

" mounted” which means that they have a mounting surface

_ non-resiliently mounted onto a supporting surface. It
15 is also desirable to have the sensing element completely
surrounded by the fluid pressure being measured and to

have the entire sensor and supporting structure
constructed of the same material. This type of

- construction will minimize errors caused by line

20 pressure variations. In other words, the sensor will
respond to differential pressure but be insensitive to
changes in common pressure. During operation, such
sensors are frequently subjected to strain from external
sources. Difficulty has been encountered in minimizing

25 the effects of external strain on the support surface,
which is a source of unwanted stress on the measuring
diaphragm. This provides false or inaccurate pressure
readings. U.S. Patent 4,612,599, issued September 16,
1986, entitled "Capacitive Pressure Sensor," shows a

30 pressure sensor formed with silicon. U.S. Patent
" 4,800,758, issued January 3, 1989, entitled "Pressure
Transducer with Stress Isolation for Hard Mounting"
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. SUMMARY OQF THE INVENTION
The present invention provides improved
5. isolation in a batch fabricated suspended diaphragm

static pressure variations are present. A diaphragm
assembly includes a pair of diaphragms joined to one
another along a rim. The diaphragms have centers which
10 _are spaced apart from one another to form a cavity
‘}between them. Sensing means is carried on at least one
! of the diaphragms for sensing its deflection and
" providing an output. As pressure is applied to external
surfaces of the diaphragm assembly; the cavity changes
15 in size and the diaphragms are deflected. This
deflection is representative of'applied pressure. The
. diaphragm assembly is mounted to a mounting block by a
tab connected to the rim which leaves the cavity and
remaining portion of the rim free of further solid
20 mounting. .
| ION QF TH WIN
?igure 1 is a perspective fragmentary view of
a suspended diaphragm pressure sensor in accordance with
the present invention. |
25 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 ig a cross-sectional perspective view
30 of a differential pressure sensor in accordance with the
present invention.
Figure 5 is an exploded perspective view of
the differential pressure sensor of Figure 4.

18271
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Figure 6 is a cross-sectional view of a
suspended diaphragm pressure sensor in accordance with
another embodiment of the present invention.

Figure 7 is a cross-sectional view of a

[~
-

suspended diaphragm pressure sensor in accordance with

another embodiment of the present invention.

Figure 8 is a cross-sectional view of a
suspended diaphragm pressure sensor in accordance with .
another embodiment of the present invention.

10 Figure 9 is a cross-sectional view of a
?pspended diaphragm pressure sensor in accordance with
dnother embodiment of the present invention.

' Figure 10 is a cross-sectional view of a
suspended diaphragm pressure sensor in accordance with

15 ar_xo'thgr embodiment of the present invention.

Figure 11 is a cross-sectional view of a
diaphragm pair in accordance with the present invention
showing system electrical capacitance.

Figure 12 is a schematic diagram of guarad

20 capacitance circuitry.

N D MEN

The pressure sensor layers of the present
invention are made using batch f_abrication techniques.
A silicon wafer or layer is etched in a conventional

25 manner to form the desired features and is then formed
into a sandwich construction with additional layers of
suitable material to form the sensor. After forming the
wafers or layers, they are cut up into individual
sensors. Such batch fabricating techniques in general

30 are desirable. The processing techniques presently

known include the ability to bond | together Qlass.

insulators, metals, semiconductors such as silicon and
other suitable. semiconductors or sapphire either by

T T
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anodic bonding, fusion bonding or using materials with

a glass frit. Suitable epoxies or other types of
bonding materials can also be used. In discussing the
bonding of layers of materials together, specific forms

of bonding will not necessarily be mentioned,

include the known forms described above.

Further, the formation of thinner diaphragm
sections in a silicon wafer, with integral rims around
the diaphragm edges,~ involves well-known etching
‘techniques. The formation of openings and necks

ﬁsurrounding openings in such wafers by etching or other

! known techniques is within the skill of the
t

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

with the present invention.

art.

but

lower substrate 12, and upper diaphragm substrate 18 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
‘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
diaphragm 28. Upper diaphragm 28 and lower diaphragm 32
form a diaphragm assembly having diaphragm cavity 34

.

33# GibB2 11

pressure sensor and provides inproved accuracy when
Wari ations are present. A di aphragm assenbl y i ncl udes
another along a rim The di aphragns
ich 10 are spaced.apart fromone another to forma cavity
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ed to a nounting block by a
cavity and remai ning portion of the rimfree of
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its deflection and provi di ng an out
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Figure 1 is a perspecgtrve fragmentary view of
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through 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
e'xt_ends 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

20

25

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
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
resistancé as diaphragms 28 and 32 are deformed.

_ As shown in Figures 1 through 3, the diaphragm
assembly which detects pressure (diaphragms 28 and 32,
and cavity 34) is substantially stress isolated from
substrates 12 and 16 which are the support structure.
This 1is because the diaphragm assembly formed by
diaphragms 28 and 32 is coupled to the surrounding
support structure solely through tab 30. This greatly
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vi ew of Figure 1 taken along the line
Figure 4 is a cross-sectional perspective
essure sensor in accordance vv’ithFE 6 agﬂfe/sﬁﬁwz 7 '
- Figure 5 is an expl oded perspectlve vi ew of
essure sensor of Figure 4.
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reduces any deformation of diaphragms 28 and 32 caused
by stress applied to substrates 12 and 14. This
improves the accuracy of pressure measurements and
reduces the size of cavity 34 required to obtain
pressure readings of the desired accuracy. The
invention provides another advantage in that if an
overpressure is applie& which exceeds the measurement
range of suspended diaphragm pressure sensor 10, sensor

"10 is not damaged because diaphragms 28 and 32 collapse
10 .together but do not rupture. Under overpressure

fconditions, the material in the central areas of the

;dlaphragms is in compression rather than tension.
Brittle materials such as silicon tend to have great

5

sgrength in compression, but are weak in tension.

15 Additionally, the invention requires a relatively small

oil £ill wvolume for operation, which also provides
improved accuracy. '

In a preferred embodiment, suspended diaphragm

‘pressure sensor 10 is formed of brittle materials such

20 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
25 using known fabrication technigques.
'Figure 4 is a perspective cross-sectional view
of suspended diaphragm differential pressure sensor 40
in accordance with the present invention. Sensox 40 is
formed by placing a pair of pressure sensors similar to
30 pressure sensor 10, shown in Figure 1, together having
a channel (not shown in Figure 4) such as channel 20 in
Figure 1 exténding between the diaphragm assemblies.

R
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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 50B. Pressure inlets S50A and 50B are coupled to
diaphragm assemblies 54A and 54B, Trespectively.
Diaphragm assembly 54A includes upper diaphragm 58A and
lower diaphragm 60A which form diaphragm cavity 62A.
Diaphragm éavity 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 S54A.

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

Figure 5 is an exploded view of differential
pressure sensor 40. Figure 5 shows pressure tubes 66A
and 66B coupled to pressure inlets SOA and 50B. Upper
substrate includes access holes 68A, 68B, 68C and 68D
which are not shown in Figure 4. Access holes 68A, 68B,
and 68D are used to electrically contact the diaphragm
assemblies and access hole 68C is for oil £ill of
diaphragm cavities 62A and 62B. _

Lower diaphragm substrate 46 includes
capacitor plates 70A and 70B carried on lower diaphragm
60A and 60B and coupled to conductors 72A and 72B,

e
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Esure sensor in accordance W th aﬁo#ﬁ%f‘wv-

. Eent | nventi on. Figure 10 is ' ‘
cr 0SS™ay N of a suspended di aphr agm press@@?ﬁ@ﬁsp@ ~082 1
,accorda fe anot her enbodi nent of the present inventlon.

Figure 15§ oss-sectional view of a di aphragm pair in accordance
with the g t invention showi ng system el ectrical capacitance.
Figure 123 a schematic diagram of guard 20 capacitance circuitry.
DETAI LED BESCRI PTI ON OF THE PREFERRED EMBQQ.MENTS The
pressure-sensor |ayers of the present i nvention are made using batch
fabrication techniques. ~ A silicon wafer or layer is etched in a

conventional 25 rgepaeti belwrmﬂ;ﬁ}%z.deaiéﬁﬂri?ﬂt %gateeaéel g g heicledeed
I. nto a sandw ch C?E E'lilggtioréovﬁntta@t%dd}é& On‘?GB (fjlya.enrc!S “?SC Contact 76A
4 ' couples to conductor 72A, and contact 76C couples tc
conductor 72B. Contact 76B couples to a conductive
5 trench 74 which is shown by a dashed line on substrate
48. Conductive trench 74 is electrically coupled to
capacitive plates 71A and 71B carried on the under side
of upper diaphragms S58A and 58B, which are shown in
dashed lines in Figure 5. Additionally, trench 74

10 provides fluid communication between diaphrégm cavities
3?2A and 62B and oil £ill inlet 78. Substrates 46 and 48
lalso include laser cut paths 80 which define the edges
'of upper diaphragms 58A and 58B and lower diaphragms 60A
and 60B.

15 ' During fabrication, substrates 42, 44, 46 and
48 are formed using standard batch fabrication etching
and masking techniques. Capacitive plates 70A and 70B,
and 71A and 71B, are deposited on diaphragms 60A and
60B, and S8A and 58B, respectively. Diaphragms 58A,

20° 58B, 60A and 60B are formed by etching away the back
sides (the side which is exposed to cavities 64A and
64B) of the diaphragms to provide a more flexible

~diaphragm membrane. Substrates 46 and 48 are joined
together such that a fluid tight bond is formed. This

25 bond also bonds the rim of diaphragm S58A to the rim of
diaphragm 60A, and the rim of diaphragm 58B to the rim
of diaphragm 60B. The "rim" is the region of the
diaphragm which is just beyond the edgés of capacitive
plates 70A, 70B, 71A, and 71B. Following the bonding

30 step, diaphragm assemblies 54A and 54B are freed from
substrates 46 and 48 by drilling a path along laser cut
‘path 80 with a laser, except around support tabs 82A and
82B such that diaphragm assemblies 54A and 54B are
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coupled to substrates 46 and 48 by support tabs 82A and
82B. Following the bonding together of substrates 46
and 48, substrates 42 and 44 are bonded to substrates 46
and 48, respectively. The bonding occurs everywhere
except in the recessed regions 62A and 62B which define
diaphragms 58A, SBB, 60A and 60B. These recesses are
made as small as possible so that stress during overload
is minimized. Recessed regions 62A 62B typically have
a thickness of about 0.1 mils. _

_After substrates 42 through 48 are bonded
together, - diaphragm assemblies 54A and S4B are
preferably oil filled. 0il fill is through access hole
68C which is coupled to oil fill inlet 78, trench 74,

~and diaphragm cavities 62A and 62B. Pressurized oil is

injected through inlet 78 to £ill cavities 62A and 62B.
Inlet 78 is then sealed to prevent escape of oil. In
one embodiment, inlet 78 is sealed -by a gold plug
inserted into hole 68C.

~ In one embodiment, substrates 42 and 44 are

-about S0 mils and substrates 46 and 48 are about 10

mils. The finished sensor dimensions are 350 mils wide,
700 mils long and 115 mils thick.

Figures 6, 7, 8, 9 and 10 show cross-sectional
views of a number of alternative diaphragm
configurations in accordance with the invention. Figure
6 shows suspended diaphragm pressure sensor 86 which
includes spacing layers 88 and 90. Spacing layers 88
and 90 are used to separate the outer substrate layers
from the diaphragm assembly. Figure 7 shows suspended
diaphragm sensor 92 in which the outer substrates have
not been etched to provide room for the diaphragm
assembly. The arrangement shown in Figuré 7 is one of
the preferred embodiments. Figure 8 shows suspended
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diaphragm pressure sensor 94 in which spacing layers 96,
98 and 100 are used for spacing rather than etching
depressions into the substrate layers. Figure 9 shows
suspended diaphragm pressure sensor 102 in which the
upper and lower diaphragm layers are not etched to form
the diaphragm eavity, but rather are oil filled to
separate the diaphragms. Aadditionally, the upper and
lower substrates are etched. Figure 10 shows suspended
diaphragm pressure sernsor 104 in which the diaphragm
lcavity is under-filled with oil. This allows the
rpressure sensor to operate over a different range of

fnressures

' Deflection of the suspended diaphragms in the
present invention is related to applied pressure, either
dlfferentlal or absolute. By detecting this
deformatlon, it is possible to determine pressure. 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 11 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, respectively.
The region between diaphragms 110 and 112 form cavity
122 which is preferably oil filled.

Figure 11 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

R —
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‘S pressure sensor 10 in accordance 15. .viJuids
-seegnded di aphragm pressure sensor 10 i nclu

subst rate 1_2 and dpper substrate 14. Lower di aphragm Emusiggqllg @58 2,1 ].

bonded to | gwer substrate 12, and upper di aphragm sub

bonded to upper substrate 14. Lower di aphragm substrate 20 16 and upper
di aphragm substrate 18 are bonded toget her. Lower di aphragm substrate
16 carries channel 20 and el ect.rical contacts 22 and 24. Pressure
inlet 25 - extends through upper substra;el;4. Upper di aphragm
substrate 18 includes upper di aphragm 28 carried by 25 support tab 30.
Figure 2 is a cross-sectional view of suspended di aphragm pressure

sensor 10 taken algugcl I“‘ince csiidiy Sgaeiﬁﬁleﬁfgré Wi Yheslneabifehménsd. i s a
Cross- secti onil vi ew of suspen ragm pressure_ sensor ?
This capacxtance 1s due to the capacitance between plate

114 and dlaphragm 110, and plate 116 and diaphragm 112,
respect vely This capacitance arises because
insulation 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 12 shows circuitry 124 to eliminate
10  interference in the measurement of CA due to CS1 and
?;CSZ. 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
electrical ground as is one side of CS2 (i.e. substrate
15 iizj. A sense side of capacitor CA is coupled to the
positive input of opamp 132. Opamp 132 is connected
with negative feedback through integratihg capacitor
136. The non-inverting input to opamp 132 provides a
- virtual ground. The output of opamp 132 is provided to
20 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
25 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.
The invention is a suspended diaphragm
30 pressure ‘sensor well suited for batch fabrication, and
having improved stress isolation. A relatively small

wn

charge of oil in the diaphragm cavity is required which
provides improved accuracy. Further, the structure
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provides its own over-pressure protection in that if a
large pressure is applied, the diaphragms collapse
together. The invention provides a three-dimensional
structure which is batch fabricated £from planar
5 materials.

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

10 the spirit and scope of the invention. For example, the
» tab that supports the diaphragm assembly could be split
F‘into a number of closely spaced tabs. Furthermore, the
; diaphragm assemblies can be made out of sapphire.

Sapphire also reduces stray capacitance in comparison to

15 semiconductors because it is less conductive.
'Additionally, a single diaphragm can move relative to a
. fixed substrate to measure pressure.

is Sheet Has Been Re[ilaced

S




pressure input
I n operation,

difference in pressure
expands and contracts inside pressure |nput1mash

cavity 34

tainifigTa reference pressure .applied t hr ough

gff m;;“fﬂ ﬁ“uféﬂ and | ower di aphragns 28 and 32 arepj,@i ned_al o
their rims. Upper di aphragm 28 gnd ) | ower di aphragm 3%?/&%35492%(8&1 1

cavity 36 which is coupled to pressure inlet 26.

suspended di aphragm pressure sensor is_used to sense the

between cavity 34 and cavity 36. Di aphragm

[ 8@
response to pressure applied through pressgne inlet 26.
upper di aphragm 28 and | ower di aphragm 32 to bend inmar

di aphragm cavity .34 or to defl ect outward away. fron1d|ap agn1cav
34. Fluid flows WHAT IS CIAIMEIY IB% or out of cavity 34 via channel 20

which 15 extends, through hggfg%sdggls ction of dlaghragns 28 and

y

180r, compri
a first diaphragm assembly with a diaphragm
joined to a substrate along a rim, the
diaphragm and substrate having centers
spaced apart from one another to form a
first cavity between them;
inlet means for applying a pressurized fluid
to external diaphragm surfaces;
sensing means disposed on the diaphragm for
sensing its deflection and providing an
output representative of the fluid
pressure; and
a mounting block lncludlng a tab connected to
. _ the rim leaving the diaphragm and
' substrate centers and the remaining rim
_ free of further solid mounting.
2. The pressure sensor of claim 1 wherein the tab
includes leads for communicating the sensor output.
3. The pressure sensor of claim 1 wherein the
diaphragm assembly is formed of a silicon-based
material. “

- oyt .
-

4. The pressure sensor of claim 1 wherein the
sensing means comprises a capacitor having a first plate
coupled to the ‘diaphragm and a second plate coupled to
the substrate.

5. ' The pressure sensor of claim 1 wherein the
diaphragm and the substrate are joined to one another by
a spacing layer along the rim.

6. The pressure sensor of claim 1 including a
second diaphragm assembly having a second cavity in
fluid communication with the first cavity wherein size

LT —



prled pressure) Is detected with erECIkerﬁﬁi#%:

conat"s 22 and 24 < These contacts are coupled to sPc ysgaq.r/e@ B)Q 1 ﬂ
(o

diaphragnms 28 and 32.”[n" one enbodi nent, these sensors ar apacitive
plates or 20 netallizations. D aphragm 28 carries a capacitive plate

and di aphragm 32 carries a capacitive plate. The capaci tance between
these two pl ates changes as they are - displaced due to applied pressure .
‘through inlet 26. In anot her enbodi ment,, el ectrical contacts 22 and 24
are 25 coupled to a strain gage on a diaphr%bn1mh|ch changes

resi stance as di aphragns 28 and 32 are deforned As shomn in

Figures 1 through 3¢ r 3G C
(di aphragns 28 an d§32§;k{% %Iﬁ%r%d cavlltty Q%; §s su \\9@: %ugl {.’8 ts?'r ess |so at ed
from 30 substrat esqunﬁn@a%tmi@hrasnomm mp@dhf%qzrqmwe pressurfhis s

because the di aphragm assenbpyai pféBénbyal pressure sensor comprising:

a first diaphragm assembly having a diaphragm
and a substrate joined along a rim and
spaced apart to form a £first cavity
therebetween; '

a second diaphragm assembly having a
dlaphragm and a substrate jOlned along a
rim and spaced apart to form a second

\ ' cavity therebetween;

P first inlet means for applying f£fluid to

. external surfaces of the first diaphragm
assembly;

. second inlet means for applying fluid to
external surfaces of the  second
diaphragm assembly;

a support structure including a first tab
connected to the rim of the first
diaphragm assembly and a second tab
connected to the rim of the second
diaphragm assembly, the first and second
tabs coupled together and in £fluid
communication with the first and second
cavities whereby volume change of the
first cavity is inversely related to
volume change of the second cavity; and

sensing means coupled to the first diaphragm
assembly for sensing diaphragm
deflection and providing an output

- representative of fluid pressure.
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8. The differential pressure sensor of claim 7
wherein the .tab includes leads for communicating the
sensor output. _

9. The differential pressure senscr of claim 7
where the first and second diaphragm assemblies are
formed of a silicon-based material.

10. - The differential pressure sensor of claim 7
wherein the sensing means comprises a capacitor having
a first plate coupled to the diaphragm and a second
plate coupled to the substrate.

11. The differential pressure sensor of claim 7
wherein the diaphragm and the substrate of the first and
second diaphragm assemblies are joined by a spacing
layer. '

k2. An apparatus for measuring a pressure,
comprising:

a plurality of substantially planar
substrates bonded together to form a
three dimensional structure;

a pressure sensor formed from the plurality
of substrates responsive to the
pressure; and

an enclosure surrounding the pressure sensor
and formed from the plurality of
substrates receiving the pressure to be
measured;.

wherein the pressure sensor is coupled to the
enclosure by a tab.

13. The apparatus of claim 12 wherein the pressure
sensor comprises a diaphragm assembly with a diaphragm
joined to a substrate along a rim, the diaphragm and
substrate spaced apart from one another to form a cavity
between them.

. . ' Thlls SIheet Has Been Rﬁ
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sifstrates 12 and 14.  This i mproves the

" neéasurenents and reduces the si zeﬁmgir{%gy%'o 82 7

accuracy o
pressure readings of the desire

required to Of

The I NV el provi des anot her advantage in that if an .over pressure
is applied i exceeds the neasurenent range of suspended di aphragm
pressure ser#®® 10, sensor 10 i s not danaged because di aphragns 28 and
32 col | apse 3 together but do not rupture. Under overpressure
conditions, ‘the material in the central areasggpf the di aphragns is in
conpressi on rather than tension. Brittle materials such as silicon tend
to have great strength in conpression, but are weak in tension. 15

Additionally, the iwention rEwi rasparaechat i &l yciahinl 13 aherkihl wieune
for operation, whi C@i%ﬁ?a@ﬁ %Vés%%ly isi'@égvﬁ%n@%ﬁg 8fi¥1osure except for
' a support tab, thereby providing stress isolation.
' ' 15. An apparatus for measuring pressure of a
process fluid, comprising:

a sensor body formed of a brittle, corrosion-
resistant material, the sensor body
responsive to pressure of the process
fluid;

a support;

a sensing element carried by the sensor body
regponsive to deformation of the sensor

Y ovaeyy .

body; and _
an elongated stress isolator extending
! between the support and the sensor body
and formed of the same material as the
sensor body, the isolator including a
conduit for carrying an electrical
conductor coupled to the sensing

. element.
16. The apparatus of claim 15 wherein the support
is formed of the same material as the sensor body.
17. The apparatus of claim 15 wherein the sensing
element is a variable capacitor.
18. - The apparatus of claim 15 wherein the support

structure} sensor body and stress isolator are formed by
substantially planar substrates bonded together to form
a three-dimensional structure.

19. The apparatus of claim 15 wherein the sensor
body comprises a first diaphragm and a second diaphragm
bonded together along a rim and forming a cavity

therebetween.
- ' This Sheet Has Been Reﬁllaced
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fit , suspended di aphragm pressure sensor 10 is
¥rials such 20 as single crystal S|I|con or_sap

ch fabricat ed. These nmaterial s pro ivf@ Bez" ‘
reduced hysteresis and inproved dlnen3|on

rnore, materials such as silicon, ceram c and gl ass,
fabricated 25 using known fabrication techniques.
erspective cross-sectional view = of suspended di aphragm
pressure sensor 40 i n accardance with the present

ensor 40 is formed by placing a pair of pressure sensors

30 pressure sensor 10, shown in Figure 1, together having a
not shown in Fi gur SUSPENDED DIAPHRAGH| PRESSURE sznsane 1

g between the d'aphragnqé5§f§g§iﬁ§ﬁ_1&g_g;§§LQ§HBE

' A pressure sensor (40) includes a diaphragm
assembly (54A) with a pair of diaphragms (58A,60A)
joined together along a rim and having spaced apart
centers to form a cavity (62A) between them. A pressure
input (50A) applies a pressurized fluid to external
surfaces of the diaphragms. The diaphragm assembly
(54A) is connected to a mounting block along a tab (82a)
leaving the remainder of the diaphragm (54A) free from

K solid mounting. Deflection of the diaphragm assembly

¢ (54A) is sensed and is related to applied pressure.

i



— s e e s e Ot e et
Differential pressure sensor 40 includes | ower |

gory te' 42 up:_h_: trate 44, | ower di aphragm substrate 46 ni
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pressure i nkd
The st #
di aphr agm a'ss
di aphr agm

cavities 64A and

with 20 a sealed-in qua
that as one cavity expan

“ Savampgs ..
-

4 respectively.
M aphr agm 58A and
D aphragm cavity 62A is carried in
e s coupled to pressure inlet 50A.
di aphragm assenbly 54B is simlar to that of
|1&/Fifferenti al

cavity 62A is coupled to diaphragmcavity 62B through a 15
channel not shown in Figure 4 but which is simlar to
in Figure 1. The channel

t hrough tabs that- support

64A whi ch i
bly 54A.

connecti ng

requf§ively

TowgpEen o

m 60A

pressure sensor 40,

channel 20 shown
cavities 62A and 62B extends

di aphragm assenblies 54A and 54B within
Cavities 62A and 62B are filled

fluid so

This Sheet Has Been Rerlac
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el ect¥rcal | ¥ contact the di aphragm
for .oil fidl of 30 diaphragmcavities 62A and 62B
capacitor plate
60A and 60B and coupled to cor

di aphragm substrate

carried on | ower diaphragm

and 72B,

This Sheet Has Been Reilaced
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"Cavigl y contracts.
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+dés access hol es 68A, 68B, 68C and
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M substrate 48 incl udes
T, Contact 76A couples to
to conductor 72B. Contact 76B coup

ench 74 which is shown by a dashed Iine on substrate .
¢ trench 74 is electrically coupled to capacitive plates

71A } arried on the under side ‘4/5ﬁ upper di aphragns 58A and 58B
mhlchiéfe_shgmn in :
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Bure™.  Additionally, trench 74 1658pg

con *ﬁfbéf”g”gbr; eefi” di aphragm caviti es 62A and 62B §

{8. Substrates” A6 ‘and 48 -al so include laser cut paths 80 which define
t he edges of . wpper di aphragnms 58A and 58B and | ower di aphragns 60A

and 60B. 15 During fabrication, substrates 42, 44, 46 and 48
are formed using standard batch fabricatjen etching and maski ng

t echni ques. Capacitive plates 70A and )

and 71A and 71B, are
deposited on di aphragns 60A and 60B, and 58A and 58B, respectively.

D aphragnms 58A, 20 58B, 60A and 60B are forned by etching away the back
sides (the side which is exposed to cavities 64A and 64B) of the

di aphragns to provide a nore flexible di aphragm nenbrane. Substrates
46 and 48 are joi ned

toget her such that a fluid tight bond is forned::
Thi s
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25 bond also bonds the rim of di aphragm 5

qtoom—of?os C e

A to the REALACEMENTISHEETION SG

60A, * and’H‘le 71 mggpﬁy\m ggmgﬁSB tosGhe r . ofﬁdj&aﬁh{@gm&% L, ,_,,SI' Qoed .12,
"rim fs the e qu ,.o,o.nt Qqucd ........ diphe@gm.whi ch is! j@st:beyond ai)d u-
capacitive FLlai o prka folihse@nds.” | gnicpg, 1-he bondl ng;53 g
step, diaphre 9% 32‘9 aqdnéé@ma_r_g fr;zpmbs s ’substrait I ﬂ
48 by drilling=d’) bat h 80 AT aser’e exceb ji baged ..
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SUSPENDED DIAPHRAGM PRESSURE SENSOR

ACXGRO OF TH

INVENTIO

The present invention relates to a pressure

ensor. In particular,

in
‘)l [11]

stress isolation.

the iavention relatas t3 a
iaphragm pressure sensor which is suspended tc crovads
=

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

13 Dbatch processing. It is desirable to have solid state
pressure sensors made of relatively rigid materials,
such as semiconductor materials, and yet have them "hard
mounted® which means that they have a mounting surface
:;on-resiliently mounted onto a supporting surface. It

L)
w

is qlso desirable to have the sensing element completely

surrounded by the fluid pressure being measured and to

have the entire sensor and
constructed of the same material.

supporting structure
This type of

construction will minimize errors caused by line
20 pressure variationg. In other words, the sensor will
respond to differential pressure but be insensitive to

changes in common pressure.

During operation, such

sensors are frequently subjected to strain from external
sources. Difficulty has been encountered in minimizing
25 the effects of external strain on the support surface,
which is a source of unwanted stress on the measuring
diaphragm. This provides false or inaccurate pressure’

readings.

U.S. Patent 4,612,599, issued September 16,

1986, entitled "Capacitive Pressure Sensor," shows a
30 pressure sensor formed with silicon. U.S. Patent

4,800,758, issued January 3,

1989, entitled "Pressure

Transducer with Stress Isclation for Hard Mounting"

This is the replacement shoet
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-O- - goupl ed to substrates 46 and 48 by support tabs 82A and 82B
Fol | owing t he bondi ng together of substrates 46 and 48, substrates 42
and 44 are bonded to substrates 46 and 48, respectively. The bonding
occurs everywhere 5 except in the recessed regions 62A and 62B which
define di aphragns 58A, 58B, 60A and 60B. These recesses are made as
smal | as possible so that stress during overl oad Is mnimzed. Recessed
regi ons 62A 62B typically have - a thickness of about 0.1 mils. 10

After substrates 42 through 48 are bonded t oget her, di aphragm
assenblies 54A and 54B are

describes a batch fabricated pressure sensor with stress
isolatioen.
| SUMMARY OF THE INVENTION
The present invention provides improved
5 isolation in a batch fabricated suspended diaphragm
pressure sensor and provides improved accuracy when
static pressure variations are present. A diaphragm
assembly includes a pair of diaphragms joined to one
another along a rim. The diaphragms have centers which
10 are spaced apart from one another to form a cavity
between them. Sensing means is carried on at least one
of the diaphragms for sensing its deflection and
providing an output. As pressure is applied to external
surfaces of the diaphragm assembly, the cavity changes
15 in size and the diaphragms are deflected. This
deflection is representative of applied pressure. The
. diaphragm assembly is mounted to a mounting block by a
tab connected to the rim which leaves the cavity and
remaining portion of the rim free of further solid
20 mounting.
BRIEF DESCRIBTION OF THE DRAWINGS
Figure 1 is a perspective fragmentary view of
a suspended diaphragm pressure sensor in accordance with
the present invention.
25 . 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 ig a cross-sectional perspective view
30 of a differential pressure sensor in accordance with the
present invention.
Figure 5 is an exploded perspeétive view of
the differential pressure sensor of Figure 4.

.This i3 $he replacement shoet
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preferably oil filled. Ol fill is through access hole 68C which is

coupled td oil fill inlet 78, trench 74, and di aphragm cavities 62A and
62B. Pressurized oil is 15 injected through inlet 78 to fill cavities 62A
and 62B. Inlet 78 is then sealed to prevent escape of oil. In one -
enbodi ment, inlet 78 is sealed by a gold plug i nserted into hole 68C.

I n one enbodi nent, substrates 42 and 44 are 20 "about 50 mls and -
substrates 46 and 48 are about 10 mls. The finished sensor dinensions
are 350 mls wde, 700 mls lohg and 115 m s thick.

Figures 6, 7, 8, 9 and 10 show cross-sectignal Vi ews of a nunber
of alternative di aphragm 25 configurations in accordance with the

i nvention. Figure 6 shows suspended di aphragm pressure sensor 86 which

i ncl udes spacing |ayers 88ragdr20.5 SRACI B9 LAYEESs88tional view of a
suspended diaphragm pressure sensor in accordance with
another embodiment of the present invention.

‘ Figure 7 is a cross-sectional view of a
suspended diaphragm pressure sensor in accordance with

another embodiment of the present invention.

Figure 8 is a cross-sectional view of a
suspended diaphragm pressure sensor in accordance with
another embodiment of tle present invention.

10  Figure 9 is a cross-sectional view of a-
suspended diaphragm pressure sensor in accordance with
ancther embodiment of the present invention.

' Figure 10 is a cross-sectional view of a
suspended diaphragm pressure sensor in accordance with
1S ano'r.h.gr embodiment of the present invention.

Figure 11 is a cross-sectional view of a
diaphragm pair in accordance witlg the present invention
showing system electrical capacitance.

Figure 12 is a schematic diagram of guard

20 capacitance circuitry. '

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The pressure sensor layers of the present
invention are made using batch fabrication techniques.
A silicon wafer or layer is etched in a conventional

25 manner to form the desired features and is then formed
into a sandwich construction with additional layers of
suitable material to form the sensor. After forming the
wafers or layers, they are cut up into individual
sensors. Such batch fabricating techniques in general

30 are desirable. The processing techniques presently
known include the ability to bond together élass,
insulators, metals, semiconductors such as silicon and
other suitable sgemiconductors or sapphire either by

This is the replacement sheet
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-and 90 arge used to separate t he outer substrate | ayers

fromthe

di aphragm assenbly. Figure 7 shows suspended 30 diaphragm'sensor 92 in

whi ci the outer substrates have not been etched to provide roomfor the

di aphragm

assenbly. The arrangenent shown in Figure 7 is one of

preferred enbodi nents. Figure 8-shows suspended

(V1]

[
(V)]

20

30

-4-

ancdic bending, fusion bonding or using materials wich
a glass frit. Suitable epoxies or other types of
bonding materials can also be used. In discussing the
bonding of layers of materials together, specific forms
of bonding will not necessarily be mentioned, but
include the known forms described above.

Further. the formation of thinner diaphfagm
sections in a s:.l:.con wafer, with integral rims arcund
the diaphragm edges, involves well-known etching
techniques. = The formation of openings and necks
surrounding openings in such wafers by etching or other
known techniques is within the skill of the art.

Figure 1 is a perspective fragmentary view of
suspended diaphragm pressure sensor 10 in accordance
wit:h_ the present invention. Suspended diaphragm

pressure sensor 10 includes lower substrate 12 and upper .

substrate 14. Lower diaphragm substrate 16 is bonded to
lower substrate 12, and upper diaphragm substrate 18 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 25
extends through upper substrate 14. Upper diaphragm
substrate 18 includes upper diaphragm 28 carried by
support tab 30.
'Figure 2 1is 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 19
taken along the line labeled 3-3 in Figure 1. Figures
2 and 3 show lower diaphragm 32 coupled toc upper
diaphragm 28. Upper diaphragm 28 and lower diaphragm 32
form a diaphfagm assembly having diaphragm cavity 34

This ia the replacement sheet
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-10- _ dlaphragn1pressure sensor 94 in which spaci ng | ayers 96,

98 and 100 are used for spaci ng rather than etching depressions into
the substrate layers. Figure 9 shows 'suspended di aphragm pressure
sensor 102 in which the upper and | ower di aphragmlayers are not
etched to form t he di aphragm cavity, but rather are oil filled to
separate the di aphragns. Additionally, the upper and - | ower substrates
are etched. Figure 10 shows suspended _diaphragm pressure sensor 104 in
whi-ch the diaphragm 10 cavity is under-fiTled with oil. This allows the
pressure sensor to operate over a different range of pressures.

w

(=}
(V)]

20

25

30

which typically containing a reference pressure applied
through 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
becween 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
2. (and therefore applied pressure) is detected with
electrical contacts 22 and 24. These contacts are
coupled to sensors carried on diaphragms 28 and 32. In
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

-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.

As shown in Figures 1 through 3, the diaphragm .
assembly which detects pressure (diaphragms 28 and 32,
and cavity 34) is substantially stress isolated from
substrates 12 and 16 which are the support structure.
This is because the diaphragm assembly formed by
diaphragms 28 and 32 is coupled to the surrounding
support structure solely through tab 30. This greatly

This is %% replacement sheet
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Def | ecti on of the suspended di aphragns in the present invention is

rel ated to applied pressure, either 15 differential or. absolute.-

By detecting this deformation, it is possible to determ ne pressure.
Thi s detection can be neasured through any suitabl e neans. In a
preferred enbodi nent, di aphragm deformation is ~ detected by nmeasuring
the change in capacitance between 20 two plates of a capacitor, one
carried on each of the di aphragns. Figure 11 is a cross-sectional view
of a suspended di aphragm 108 i ncl udi ng®tpper di aphragm 110 and

| ower diaphragn1112 whi ch carry upper capacitive pl ate 114 and | ower

capacitive plate 6, res ively. 25 P 114 and 116 m)unt ed to
di aphragns 110 x Uees a thiﬁ SRty 1of %ﬁm *f3 usea
respectively. wy Thetreegl Oﬂprié&eﬂ:cdl enhsag&ceblOI.mminﬂlZlﬁor m Ghniig y

122 which is prej“(!anr_aob‘} hef'!asl:ggracy of pressure measurements and

reduces the sgize of cavity 34 required to obtain

5 pressure readings of the desired accuracy. The

invention provides another advantage in that if an

-overpressure is applie& which exceeds the measurement

range of suspended diaphragm pressure sensor 10, sensor

10 is not damaged because diaphragms 28 and 32 collapse

10 together but do not rupture. Under overpressure

‘conditions, the material in the central areas of the

diaphragms is in compression rather than tension.

Brictle materials such as silicon tend to have great

st.rengtl'i in compression, but are weak in tension.

15 Additionally, the invention requires a relatively small

oil fill volume for operation, which also provides
improved accuracy.

In a preferred embodiment, suspended diaphragm

pressure sensor 10 is formed of brittle materials such-

20 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
25 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
30 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.

This is the replacemént shest
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Figure 11 shows capacitance CA which is the 30 capacitance between plates
114 and 116. The val ue of capacitance CAis related to the pressure
applied to suspended di aphragm 108. Therefore, by nmeasuring this
capaci tance, pressure can be determ ned. However, stray

-7-

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 S0A
and S0B. Pressure inlets S0A and S0B are coupled to
diaphragm assemblies S54A and S4B, 'respectively.
Diaphragm assembly S54A includes upper diaphragm S8A and
lower diaphragm 60A which form diaphragm cavity 62A.
Diaphragm cavity 62A ig carried in pressure inlet cavity

us

[
(8

3 64A which is coupled to pressure inlet S0A. The
structure of diaphragm assembly S4B is similar to that
of diaphragm assembly 54A. ]

‘In differential pressure sensor 40, diaphragm

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

b 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 S4B within cavities 64A and

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

20 a sealed-in quantity of a relatively incompressible

£luid so that as ‘one cavity expands due to applied
pressure the other cavity contracts.

Figure S is an exploded view of differential
pressure sensor 40. Figure 5 shows pressure tubes 66A

25 and 66B coupled to pressure inlets SO0A and S0B. Upper

substrate includes access holes 68A, 68B, 68C and 68D
which are not shown in Figure 4. Access holes 68A, 68B,
and 68D are used to electrically contact the diaphragm
assemblies and access hole 68C is for oil £ill of

30 diaphragm cavities 62A and 62B.

Lower diaphragm substrate 46 includes
capacitor plates 70A and 70B carried on lower diaphragm
60A and 60B and coupled to conductors 72A and 72B,

This ia the replacemént sheet
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capaci tangce CS1 and CS2 |nterfere mnth this measur-enent. Thi s
capaC|tance Is due to the capacitance between plate - - 114 and dlaphragm
110, ‘and plate 116 and di aphragm 112, respectively. Thi s

capacitance arises because 5 insulation |ayers 118 and 120 separate

pl ates 114 and 116 from diaphragns 110 and 112, respectively.
Therefore, it is desirable to elimnate the stray  capacitance fromthe
nmeasur enment of CA. Figure 1% shows circuitry 124 to elimnate
10 interference in the neasurenent of CA due to CS1 and Cs2.

a rcuitry'124 i ncl udes square wave driver 130 coupled to a driven si de

L CTR L PR e e
couples to conductor 72A, and contact 76C couples to
conductor 72B. Contact 76B couples to a conductive
trench 74 which is shown by a dashed line on substrate
48. Conductive trench 74 is electrically coupled to
capacitive plates 71A and 71B carried on the under side
of upper diaphragms 58A and 58B, which are shown in
dashed lines in Figure S. Additionally, trench 74
10 provides fluid communication between diaphrégm cavities
3?2A and 62B and oil £ill inlet 78. Substrates 46 and 48.
\also include laser cut paths 80 which define the edges
'0f upper diaphragms 58A and 58B and lower diaphragms 60A
and 60B.

h

During fabrication, substrates 42, 44, 46 and
48 are formed using standard batch fabrication etching
and masking techniques. Capacitive plates 70A and 70B,
and 71A and 71B, are deposited on diaphragms 60A and
€0B, and S8A and 58B, respectively. Diaphragmé S8A,

20 588, 60A and 60B are formed by etching away the back
sides (the side which is exposed to cavities 64A and
64B) of the diaphragms to provide a more £flexible
diaphragm membrane. Substrates 46 and 48 are joined
together such that a fluid tight bond is formed. This

25 bond also bonds the rim of diaphragm S8A to the rim of
diaphragm 60A, and the rim of diaphragm 58B to the rim
of diaphfagm 60B. The *rim" is the region of the
diaphragm which is just beyond the edges of capacitive
plates 70A, 70B, 71A, and 71B. Following the bonding

30 step, diaphragm assemblies 54A and 54B are freed from
substrates 46 and 48 by drilling a path along laser cut
path 80 with a laser, except around support tabs 82A and
828 such that diaphragm assemblies S54A and S4B are

This iz ihe raplacement sheet
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15 112). A sense side of capacitor CA is coupled to the - | positive I nput.

of opanmp 132. Opanp 132 is connected- wi t h negative feedback through

i ntegrating capacitor 136. The non-inverting input to opanp 132

provi des a virtual ground. The output of opanp 132 is provided to 20
capacitive measurenment circuitry which is used to cal cul ate
pressure. _ Circuitry 124 keeps substrate 110 and substrate
112 at the "sanme potential"™ as the sense “9%lectrode 116. This is because

sense el ectrode 116 is 25 held at virtual ground by opanp 132 having
Teacur ement s due Eoubhesy FEnSuBRERREE sk ated TR simot TRE SR a1
the circuitry con8@st.ed Eaibivmtgmiﬁelbﬁndlng together ofhsubsteatesn4iés a
suspended di aphr aqRe*ds, PLGBELERLEEES arlf s Be'E0h00A ER'RRIAUIEP UM
and 48, respectively. The bonding occurs everywhere
except in the recessed regions 62A and 62B which define
diaphragms S8A, 58B, 60A and 60B. These recesses are
made as small as possible so that stress during overload
is minimized. Recessed regions 62A 62B typically have
a thickness of about 0.1 mils.
10 After substrates 42 through 48 are bonded
together, diaphragm assemblies 54A and 54B are
preferably oil filled. 0il £ill is through access hole
68C which is coupled to oil £ill inlet 78, trench 74,
and diaphragm cavities 62A and 62B. Pressurized oil is
injected through inlet 78 to £ill cavities 62A and 62B.
Inlet 78 is then sealed to prevent escape of oil. 1In
one embodiment, inlet 78 is sealed by a gold plug
inserted into hole 68C. . |
In one embodiment, substrates 42 and 44 are
20 about 50 mils and substrates 46 and 48 are about 10
mils. The finished sensor dimensions are 350 mils wide,
700 mils long and 115 mils thick.
Figures 6, 7, 8, -9 and 10 show cross-sectional
views of a number of alternative diaphragm
25 configurations in accordance with the invention. Figure
6 shows suspended diaphragm pressure sensor 86 .which
includes spacing layers 88 and 90. Spacing layers 838
and 90 are used to separate the outer substrate layers
from the diaphragm assembly. Figure 7 shows suspended
30 diaphragm sensor 92 in which the outer substrates have
not been etched to provide room for the diaphragm
assembly. The arrangement shown in Figure 7 is one cf

(V][]

-
(V)

the preferred embodiments. Figure 8 shows suspended

This i3 the replacemaént sheet
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havi ng 1 npyoved stress isolation. Arelatively small charge of oil in
the dijaphragmcavity is required which provi des i nproved accuracy.
Further, the structure _ . -12-
provides its own over-pressure protection in that if a :

-10-

diaphragm pressure sensor 94 in which spacing layers 96,
98 and 100 are used for spacing rather than etching
depressions into the substrate layers. Figure 9 shows
suspended diaphragm pressure sensor 102 in which the
upper and lower diaphragm layers are not etched to form
the diaphragm cavity, but rather are oil filled to
separate the diaphragms. Additionally, the ﬁpper and
lower substrates are etched. Figure 10 shows suspended
diaphragm pressure sernsor 104 in which the diaphragm

19 _cavity is under-filled with oil. This allows the
‘pressure sensor to operate over a different range of
pressures.

Deflection of the suspended diaphragms in the
éresent invention is related to applied pressure, either
15 differential or absolute. By detecting this
deformation, it is possible to determine pressure. This
detesction can be measured through any suitable means.
In a preferred embodiment, diaphragm deformation is
detected by measuring the change in capacitance between
20 two plates of a capacitor, one carried on each of the
diaphragms. Figure 11 is a cross-sectional view of a
suspended diaphragm 108 including upper diaphragm 110
and lower diaphré.gm 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, respectively.
The region between diaphragms 110 and 112 form cavity
122 which is preferably oil filled.
Figure 11 shows capacitance CA which is the
30 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

[V
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| arge pressure is-applied, the diaphragns coll apse together. The

i nventjon provides a three-di mensi onal structure which is batch
fabricated from pl anar mat eri al s. Al t hough the present
i nvention has been described with reference to preferred

enbodi nent s, workers skilled in the art will recognize that changes
may be made in formand detail w thout departing from21l0 the spirit and
scope of the invention. For exanple, the | tab that supports the

di aphragm assenbly coul d be split i nt o~ nunber of cl osely spaced
tabs. Furthernore, the di aphragm assenbli es can be made out of

B ctors NGRS BhS YRR CE: B GO WRSEchE IR IRE 10
si ngl e di aphr agm Thbs mammacitaice d o dua to thd icepacitiasiceabetweenepbate®
pressure. - 114 and diaphragm 110, and plate 116 and diaphragm 112,
respectively. This capacitance arises because
insulation 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 12 shows circuitry 124 to eliminate
19 interference in the measurement of CA .due te CS1 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
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
virtual ground. The output of opamp 132 is provided to
20 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

25 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 115.

The invention is a suspended diaphragm

30 pressure sensor well suited for batch fabrication, and
having improved stress isolation. A relatively small
charge of oil in the diaphragm cavity is required which
provides improved accuracy. Further, the structure

(V]
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13- CLAI Ms: 1. A pressure sensor, conprising:

§

-12-

provides its own over-pressure protecticn in thac if a
large pressure 1is applied, the diaphragms collapse
together. The invention provides a three-dimensional
structure which is batch fabricated £from planar
materials.

(V1)

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 f£rom
the spirit and scope ofw the invention. For example, the
tab that supports the diaphragm assembly could be split
into a number of closely spaced tabs. Furthermore, the
diaphragm assemblies can be made out of sapphire.
Sapphire also reduces stray capacitance in comparison to
semiconductors because it is less conductive.
Additionally, a single diaphragm can move relative to a

. £ixed substrate to measure pressure. '

)
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"a first diaphragm assenbly with a di aphragm

joined to a substrate .

along a rimof the di aphragm- t he di aphragm and substrate
havi ng centers spaced apart from one anot her to forma first
cavity between internal surfaces of the di aphragm-and substrate,;
inlet means for applying a pressurized fluid to ext erna

di aphragm and substrate surfaces which are o etéhshsnR agedna
surf aces; sensi ng neans di sposed an ¥.he di aphragm w ﬁ
sensing its deflection and prOV|d|ng an outpu

the fluid pressure; and a mounting block including a tab

connected t0 aymAT Ig czefnqﬁtvg)ortlon of the rimleaving the

dlaphragn1and Substrare centers and a second

A pressure sensor, comprising:

a first diaphragm assembly with a diaphragm
joined to a substrate along a rim, the
diaphragm and substrate having centers
spaced apart from one another to form a
first cavity between them;

inlet means for applying a pressurized fluid
to external diaphragm surfaces;

sensing means disposed on the diaphragm for
sensing its deflection and providing an
output representative of the fluid
pressure; and

a mounting block including a tab connected to
the rim leaving the diaphragm and
substrate centers and the remaining rim
free of further solid mounting.

2. The pressure sensor of claim 1 wherein the tab
includes leads for communicating the sensor output.
3. The pressure sensor of claim 1 wherein the

diaphragm assembly is formed of a silicon-based
material.

4. The pressure sensor of claim 1 wherein the
sensing means comprises a capacitor having a first plate
coupled to the diaphragm and a second plate coupled to
the substrate.

5. The pressure sensor of claim 1 wherein the

. diaphragm and the substrate are joined to one another by

a spacing layer along the rim.

6. The pressure sensor of claim 1 including a
second diaphragm assembly having a second cavity in
fluid communication with the first cavity wherein size

* c L M S *
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renalnlng portion of the rimfree of further SO|Id nount i ng. 2.

The pressure sensor of claim1l wherein the nounting bl oc

a pas'sageway extending fromthe cavity through the tab to provide a
reference pressure to the cavity. 3. The pressure sen Fsbétmkmefm%laced

wherein the tab includes |eads for conmuni cating the sensor HH"H”HH

The pressure sensor of claim1 wherein the dlaphragn1asse
a silicon-based

ncl udes

I

of the first cavity changes inversely to size of the
second cavity in response to a differential pressure.
7. A differential pressure sensor comprising:

a first diaphragm assembly having a diaphragm
and a substrate joined along a rim and
spaced apart to form a first cavity
therebetween;

a second diaphragm assembly having a
diaphragm and a substrate joined along a
rim and spaced apart to form a second
cavity therebetween; ) |

first inlet means for applying £fluid to
external surfaces of the first diaphragm
assembly;

second inlet means for applying £fluid to
external surfaces of the  second

_ diaphragm assembly;

a support structure including a first tab
connected to the rim of the first
diaphragm assembly and a second tab
connected to the rim of the second
diaphragm assembly, the first and second
tabs coupled together and in £fluid
communication with the first and second
cavities whereby volume change of the
first cavity is inversely related to
volume change of the second cavity; and

sensing means coupled to the first diaphragm
assembly for sensing diaphragm
deflection and providing an output
representative of fluid pressure.

{0 A R - e =2 JUL
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mat eri al . 5. The pressure sensor of clain11'mherein t he
- 14 - v

This Sheet Has Been Reﬂ
8. The differsncial pressure sensor of claim 7

wherein the tab includes leads for communicating the

sensor output.

3. The differential pressure sensor of claim 7

where the f£irst. and second diaphragm assemblies are

formed of a silicon-based material.

10. The differential'pressure sensor of claim 7

wherein the sensing means comprises a capacitor having

a first plate coupled to the diaphragm and a second

plate coupled to the substrate.

11. The differential pressure sensor of claim 7

wherein the diaphragm and the substrate of the first and

second diaphragm assemblies are joined by a spacing
- layer.

2. An apparatus for measuring a pressure,

comprising:

a plurality of substantially planar
substrates bonded together to form a
‘three dimensional structure;

a pressure sensor formed from the plurality
of substrates responsive to the
pressure; and

an enclosure surrounding the pressure sensor
and formed from the plurality of
substrates receiving the pressure to be
measured;

wherein the pressure sensor is coupled to the
enclosure by a tab.

13. The apparatus of claim 12 wherein the pressure
sensor comprises a diaphragm assembly with a diaphragm
joined to a substrate along a rim, the diaphragm and
substrate spaced apart from one another to form a cavity
between them.

This ia the replacement sheet
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sensi ng nmeans conpri ses a capacitor having a first plate coupled to the
dlaphragnland a second plate coupled to the substrate. ‘6. The pressure

sensor of claim1 wherein the di aphragm and the substrate are joinred—toone
anot her by a spacing |layer along the rim 7. The pressure sensor thmm

claim1l including a second di aphragm assenmbly having a sewmn
fluid communication with the first cavity wherein size of t
changes inversely to size of the second caV|t% in response
differential pressure.

- The apparatus of claim 13 wherein the
diaphragm assembly is free from the enclosure except Sor
a support tab, thereby providing stress isolation.

18. An apparatus for measuring pressure of a
process fluid, comprising:

a sensor body formed of a brittle, corrosion-
resistant material, the sensor body
responsive to pressure of the process
fluid;.. .

a support;

a sensing element carrxied by the sensor body
responsive to deformation of the sensor
body; and

an elongated stress isolator extending
between the support and the sensor body
and formed of the same material as the
sensor body, the isclator including a
conduit for carrying an electrical
conductor <coupled to the sensing

element.
16. The apparatus of claim 15 wherein the support
is formed of the same material as the sensor body.
17. The apparatus of claim 15 wherein the sensing
.element is a variable capacitor.
18. The apparatus of claim 15 wherein the support

structure, sensor body and stress isclator are formed by
substantially planar substrates bonded together to form
a three-dimensional structure. |

19. The apparatus of claim 15 wherein the sensor
body comprises a first diaphragm and a second diaphragm -
bonded together along a rim and formxng a cavity
therebetween.
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8. The pressure sensor of claim1l wherein the sensing neans conprises a

strai n gage. 9. The pressure sensor of claim1l wherein the substrate:

conprises a second di aphragm 10. A differential pressure sensor

conpri si ng: a first diaphragm assenbly having .a first

di aphragm and a first substrate joined al ong arimof the first
di aphragm and spaced apart to forma first cavity therebetween;
a second dlaphragn1assenbly havi ng a seconrd.7- di aphragm and a

second substrate joined

SUSPENDED DIAPHRAGM PRESSURE SENSOR
ABSTRACT OF THE DISCLOSURE
A pressure sensor (40) includes a diaphragm
assembly (S4A) with a pair of diaphragms (S8A,60R)
. joined together along a rim and having spaced apart
centers to form a cavity (62A) between them. A pressure
input (S50A) applies a pressurized fluid to external
surfaces of the diaphragms. The diaphragm assembly
(541-\) is connected to a mounting block along a tab (82A)
leaving the remainder of the diaphfagm (54A) free from
solid mounting. Deflection of the diaphragm assembly
(S4A) is sensed and is related to applied pressure. )

FIGURE 4
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al'ong a rimof the second di aphragm and spaced apart to forma

second,cavity , t her ebet ween; first inlet nmeans for applying
fluid to external surfaces of the first diaphragm assenbly;
second inlet neans for applying fluid to external surfaces of the
second di aphragm assenbl y; a supporlt structure including a first tab

0
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_ 15 - - connected to the-rimof the first diaphragm

assenbly and a second tab connected to the -rimof the second

di apht agm assenbly, the first and second tabs coupl ed toget her

and in fluid comuni cation with fhe first and second

cavities whereby volume change of the first cavity is inversely
related to vol une _ change of the second cavity; and sensi ng
means coupled to the first diaphragm assenbly for sensing

di aphragm defl ecti on and providing an output representative of

fluid pressure. » ’ :
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11. The deferentlaI pressure sensor of claim 10 wherein the support
structure further includes a passageway extending fromthe cavities through

the tabs to provide a reference pressure to the cavities. 12. The
differential pressure sensor of claim10 wherein the at | east one of tabs
i ncl ude | eads for communicating the Sensor out put. 13. The differential

pressure sensor of claim 10 where the first and second di aphragm assenbl i es
are formed of a silicon-based material.
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14. The differenti al pressure sensor of claim 10 wherein the sensing neans
conprises®a capacitor having a first plate coupled to the diaphragns and a
secomd plate coupled to the substrates. 15. The differential pressure
sensor of claim 10 wherein the diaphragm and the substrate of the first and
second di aphragm assenblies are joi neg by a spacing |ayer.
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- 16 - 16. The differential pressure sensor of claim10 wherein the

sensi ng freans conprises a strain gage. 17. The differential pressure
sensor of claim 10 wherein the substrates of the first and second di aphragm
assenbl i es conprise di aphragns. 5
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18. An apparatus for neasuring pressure of a process fluid, conprising:

a sensor body forned of a brittle, corrosi on- reS|stant mat eri al ,

t he sensor body responsive to the pres u1c?¥h }ﬂﬁ“M —

process fluid; a support; a sensing eIannt carrTéﬁ\%y°Y?ﬁﬂ%en§h&
body responsi ve to deformation of the $egsor e ‘body; ~and.....
an el ongated stress isolator extending,petween . ° - the suppo?t ‘andad a7
t he sensor body and forned % the samne; naterlal as the- sensotga .....
body, the i solator including a conduit} f@r ‘garryi ng an. 243 paged ...

el ectrical coggaaiv. coupled to the sensing
| DATE OF RECHIPT.. w4y

1. A pressure sensor, comprising:

a first diaphragm assembly with a diaphragm
joined to a substrate along a rim of the
diaphragm, the diaphragm and substrate |
having centers spaced apart from one another
to form a first cavity between internal
surfaces of the diaphragm and substrate;

inlet means for applying a pressurized fluid to
external diaphragm and substrate éurfaces
which are opposite the internal surfaces;

sensing means disposed on the diaphragm for
sensing its deflection and providing an
output representative of the fluid pressure;
and

a mounting block including a tab connected to a
first portion of the rim leaving the
diaphragm and substrate centers and a second
remaining portion of the rim free of further
solid mounting.

2. The pressure sensor of claim 1 wherein the
mounting block further includes a passageway extending
from the cavity through the tab to provide a reference
pressure to the cavity.

3. The pressure sensor of claim 1 wherein the tab
includes leads for communicating the sensor output.

4. The pressure sensor of claim 1 wherein.the

diaphragm assembly is formed of a silicon-based
material.

5. The pressure sensor of claim 1 wherein the

S
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el ement.. 19. The apparatus of claim 18 wherein the sensor body conprises
a di aphragm assenbly with a diaphragmjoined to a substrate along a rim of
the di aphragm the diaphragm and substrate spaced apart from one another to
forma cavity between them 20. The apparatus of claim 18 wherein the
support is forned of the sane material as the sensor body. 21. The
apparatus of claim 18 wherein the sen§iﬂg glenent Is a variabl e capacitor.

sensing means comprises a capacitor having a first
plate coupled to the diaphragm and a second plate
coupled to the substrate.

6. The pressure sensor of claim 1 wherein the
diaphragm and the substrate are joined to one another
by a spacing layer along the rim.

7. The pressure sensor of claim 1 including a second
diaphragm assembly having a second cavity in fluid
communication with the first cavity wherein size of
the first cavity changes inversely to size of the
second cavity in response to a differential pressure.

8. The pressure sensor of claim 1 wherein the
sensing means comprises a strain gage.

9. The pressure sensor of claim 1 wherein the

substrate comprises a second diaphragm.

10. A differential pressure sensor comprising:

a first diaphragm assembly having a first
diaphragm and a first substrate joined along
a rim of the first diaphragm and spaced
apart to form a first cavity therebetween;

a second diaphragm assembly having a second
diaphragm and a second substrate joined
along a rim of the second diaphragm and
spaced apart to form a second cavity
therebetween;

first inlet means for applying f£fluid to external
surfaces of the first diaphragm assembly;

second inlet means for applying fluid to external
surfaces of the second diaphragm assembly;

a support structure including a first tab

LU
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- 17 : 22. The apparatus of claim 18 wherein the support, sensor body and
stress isolator are forned by substantially planar substrates bonded
t oget her.

- 15 -

connected to the rim of the first diaphragm
assembly and a second tab connected to the
rim of the second diaphragm assembly, the
first and second tabs coupled together and
in fluid communication with the first and
second cavities whereby volume change of the
first cavity is inversely related to volume
change of the second cavity; and

sensing means coupled to the first diaphragm
assembly for sensing diaphragm deflection
and providing an output representative of
fluid pressure.

11. The differential pressure sensor of claim 10
wherein the support structure further includes a
passageway extending from the cavities through the
tabs to provide a reference pressure to the cavities.

12. The differential pressure sensor of claim 10
wherein the at least one of tabs include leads for
communicating the sensor output.

13. The differential pressure sensor of claim 10
where the first and second diaphragm assemblies are
formed of a silicon-based material.

14. The differential pressure sensor of claim 10
wherein the sensing means comprises a capacitor having
a first plate coupled to the diaphragms and a second
plate coupled to the substrates.

15. The differential pressure sensor of claim 10
wherein the diaphragm and the substrate of the first
and second diaphragm assemblies are joined by a
spacing layer. '
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'23. The apparatus of claim 18 wherein the conduit provides fluid

communi cati on between the sensor body and the support. 24. The appar at us
of claim 18 wherein the sensor body conprises a first diaphragm and a
second di aphragm bonded together along rinms of the first and second

di aphragm and form ng a cavity therebetween. 25. The apparatus of claim
18 including an encl osure surroundi ng the sensor body and el ongated stress
i sol ator which receives the pressure"oﬂ he process fl uid.

16. The differential pressure sensor of claim 10
wherein the sensing means comprises a strain gage.

17. The differential pressure sensor of claim 10
wherein the substrates of the first and second
diaphragm assemblies comprise diaphragms.

18. An apparatus for measuring pressure of a process
fluid, comprising:

a sensor body formed of a brittle,
corrosion-resistant material, the sensor
body responsive to the pressure of the
process fluid;

a support;

a sensing element carried by the sensor body
responsive to deformation of the sensor
body; and

an elongated stress isolator extending between
the support and the sensor body and formed
of the same material as the sensor body, the
igolator including a conduit for carrying an
electrical conductor coupled to the sensing
element.

19. The apparatus of claim 18 wherein the sensor body
comprises a diaphragm assembly with a diaphragm joined
to a substrate along a rim of the diaphragm, the
diaphragm and substrate spaced apart from one another
to form a cavity between them.

20. The apparatus of claim 18 wherein the support is
formed of the same material as the sensor body.

21. The apparatus of claim 18 wherein the sensing
element is a variable capacitor.

S
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"26. The apparatus of claim25 wherein the enclosure, support and el ongated
stress isolator are forned fromtwo substantially planar substrates bonded
t oget her.

- 17 -

22. The apparatus of claim 18 wherein the support,
sensor body and stress isolator are formed by
substantially planar substrates bonded together.

23. The apparatus of claim 18 wherein the conduit
provides fluid communication between the sensor body -
and the support.

24. The apparatus of claim 18 wherein the sensor body
comprises a first diaphragm and a second diaphragm
bonded together along rims of the first and second
diaphragm and forming a cavity therebetween.

25. The apparatus of claim 18 including an enclosure
surrounding the sensor body and elongated stress
isolator which receives the pressure of the process
fluid.

26.° The apparatus of claim 25 wherein the enclosure,
support and elongated stress isolator are formed from
two substantially planar substrates bonded together.
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SUSPENDED DIAPHRAGM PRESSURE SENSOR
ABSTRACT OF THE DISCLOSURE

A pressure gensor (40) includes a diaphragm
assembly (54A) with a pair of diaphragms (58A,60a)
. joined together along a rim and having spaced apart
centers to form a cavity (62A) between them. A pressure
input (S0A) applies a pressurized £fluid to external
surfaces of the diaphragms. The diaphragm assembly
(S4A) is connected to a mounting block along a tab (82A)
leaving the remainder of the. diaphragm (54A) free from
solid mounting. Deflection of the diaphragm assembly
(S4A) is sensed and is related to applied pressure.

FIGURE 4
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