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-THE | NVENTI ON The present invention relates to the process

control industry. In particular, the invention relates 5 to a pressure
sensor in a pressure transmitter.
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measure pressure of @ process <and responsively
communicate the information over a two-wire process
appiication loop, for iexample a 4-20 qA current loop.
Pressure sensors in transmitters typically comprise some
type of a pressure responsive structure which has a
deflectable diaphragm that moves in response to applied
pressure. These struCtgrgg can be used'to measure both
:absblnte~and.differentialgpressure. As used herein, a
differential pressure sensor is a ‘sengor which measures
a relatively small pressure differential (such as that
generated across an orifice in a flow tube or between
two different heights in a fluid filled container) over
a relatively wide absolute pressure range. In a typical
prior art transmitter, to measure differential pressure,
two different pressures are applied to opposing sides of
the structure causing a relative deformation in the
structure which is measured. Measurement :00f the
deformation, for example, can be by measuring a change
in electrical capacitance due to movement of capacitor
plates carried on the structure or by change in
resistance of a resistive strain gauge.

Highly accurate absolute pressure sensors have
been desired. However, it has been difficult to obtain
an absolute pressure sensor which can deliver an
accurate output over a wide pressure range, from 0.4 psi
to 4000 psi for example. It would also be desirable to
measure differential pressure with two absolute pressure
sensors because this is mechanically much simpler than
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PCT/ US96/ 025asolute pressure sensors with sufficient accuracy to
allow differential pressures in the 0.4 psi to 40 psi
range to be measured in a device wh:l.ch must withstand
static or line pressure extremes of as much as 4000

10 psia. For example, 0.01% of 4 ps:.d requ:.res 0. 00001% of
4000 psia (107 or 0.1 ppm).

Tpr.cal known pressure sensors used in process
applications hsve un:.t-to—um.t varlatlons in sens:.t:.v:.ty
to sensed pressure as well as unit-t6-unit variations in

15 undesired responses to extraneous _psrameters such as
temperature. This can be a particular problem when the
outputs of two absolute or gauge pre's'sure' €ensors - are .
combined to provide an output representlng differential
pressure or when the sensor is used over a . large

20  pressure range. Add:.t:.onally, mechsnlcal stress -
associated w:.th mounting the sensor to the pressure
transmitter results in relatively large errors in
pressure measurement.

s F_THE INVENTION

25 A pressure transmitter in a process control
application for transmitting pressure on a process
control loop includes an absolute pressure sensor. The
absolute pressure sensor has a cavity ‘therein in which
cavity walls deform or are placed under stress as the

30 walls respond to applied pressure. The pressure sensor
includes a support structure which provides stress
isolation. A sensor coupled to the cavity walls
provides a pressure related output signal. In one
embodiment, the sensor and support structure are
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sensor. 5 However, it has been difficult to obtain
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Figure 1 i_s a ecros__;,,s-s..,ection;l view of a
pressure transmitter.
10 Figure 2 is a cut-away perspective view of an
insert which carries a pressure sensor.
Figure 3 is a cross—sectional perspective view
of a pressure sensor.
Figure 4 is @& .graph which illustrates
15 .operation of the present invention.
Figure 4A is a graph of stress attenuation
wversus L/W for a pressure -sénsoj';.
_ Figure 5 is a displacement plot of one—quarter
of a pressure :sensor where £/T equals 1.0.
20 Figure 6 is a cross sectional wview of anotlier
‘embodiment of the pressure sensor.
Figure 7 is a cross—-sectional view of a
‘pressure sensor. _
Figqure 8 is a cross—-sectional view of the
25 pressure sensor of Figure 7. :
Figure 9 is a top plan view of a top substrate
of the pressure sensor of Figure 7.
Figure 10 is a top plan view of a bottom
substrate of the pressure sensor of Figure 7.
30 . "Figure 11 is a schematic diagram of circuitry
for measuring capacitance' of a pressure sensor.
Figure 12 is a cross—sectional view of a
sensor body.
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Figure 14 is a cross-sectESﬁhﬂJS%iQﬁ52if a

sensor body. :
Figure 15 is a bottom plan view of the sensor

body of Figure 14.

Figures 16A through 16G show cross-sectional
views of various embodiments of the invention.

Figures 17A and 17B show two embodiments of
capacitor plates. ' '

Figure 18 is a graph of bonding temperature as
a percent of melting point temperature versus bonding
strength as a percent of material strength.

ETAILED DESCRI F D EMBO. s

Figure 1 shows pressure transmitter 50 having
transmitter body 52, sensor body 54 and flange 55.
Sensor body 54 includes pressure sensors 70A and 70B
which measure absolute pressure Pl and absolute pressure
P2, respectively, of process fluid. Transmitter body 52

includes transmitter  (I/0) circuitry 60 .which sends

information related to pressures Pl and P2 over ‘a two—
wire process control loop, such as a 4-20 mA current
loop. Circuit board 57 couples sensor circuit board 58
to sensors 70A and 70B and receives electrical signals
related to pressures Pl and P2. Circuitry on sensor
circuit board 58 digitizes and processes these signals,
and communicates pressure information to  transmitter
circuitry 60 using data bus 62. 1Inserts 67A and 67B
carry sensors 70A and 70B. A process barrier 71 forms
cavity 75 and prevents pressures Pl and P2 from escaping
sensor body 54 should insert 67A or 67B fail. Cavity 75
may. be a vacuum or filled with an inert gas. Feed-
throughs 73A, 73B and 73C provide electrical pathways
across barrier 71 between circuit boards 57 and 58.
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integral with one another such that there are no joints bet ween t he

sensor struwwose2Aags the support structure. The mat eri al PEMAISI6/02522
di‘mensi ons of the pressure sensor are sel ected such that the pressure
related signal is very 5 accurate and may be used over a w de pressure
range or in pairs as differential pressure sensors.

BRI EF DESCRI PTI ON OF THE DRAW NGS . —=5— Figure 1 is a
cross-sectional view of a pressure transmtter. 10 Figure 2
is a cut-away perspectivEiguse & & a cutqewayt perepecbivee¥igwrefsure
sensor. insert 67K wi{én ?t:dﬁﬁe§rs%%'o'§:‘39bh0”ain Rﬁié%dd/ﬁnéﬁt‘?w

of a pressure sensor ure
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of anot her varhationst ahdt hcherebysudmprerveor accuracy. . ThisFikmire 7
I's a cross-sechipRghel 5¥:8is8 the tHetiall Eine"88hstant .of the sensor
is significantly less than the thermal time constant of
the housing to minijnize temperature gradients within the
10 sensing element.
Figure 3 shows sensor 70A in accordance with
one empodiment. Sensor 70A includes upper subégrg;§-72
and = lower substrate 74 which form cavity 76
therebetween. Figure 3 shows overall length L,
15 thickness T, width W, minimum cavity width w of the
deflecting ;structure of the sensing cavity :and central
deflection y due to applied pressure P.
Typical prior art sensors have a ratio of
- maximum to. minimum pressure range which can be
20 accurately sensed of:ébout 100:1. This is primarily
limited by non-repeatable errors in the structure and
noise. Further, prior art sensors are typically limited
by the use of materials with imperfect elasticity,
inadequate stress isolation and poor signal-to-noise
25 ratio of the sensing element. For example, metal based
pressure sensors have problems with hysteresis, material
creep and relaxation. Ceramic based sensors are formed
of a matrix of crystals typically bonded with silicon
glass and also exhibit these problems. Glass-based
30 sensors are subject to instability due to phase changes
and viscosity of the glass. It has been recognized that
single crystal materials have superior elastic
properties and that sensors based on such materials can
have improved accuracy.  Single crystal diaphragm



Figure 8 is a cross-sectional view of the 25 pressure sensor of Figure 7.

Figure 9 i . | an view of a top substrate -of the pressure sensor _
ongi gure ?.o%drﬁﬁsp Figure 10 is a top plan view of 3"’3@??‘89&5” :
substrate of the pressure sensor of Figure 7. 30 _ Figure 11 is a
schematic diagramof circuitry. for measuring capacitance of a pressure
sensor. Figure 12 is a cr_ggs-sectional vi ew of a sensor
body. WD 96/ 27123
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pressurization. - Additionally, this type of sensor
typically includes glass or metal structural elements
5 and uses a low strength bonding material such as glass
 frit, solder or epoxy. Further, this type of sensor has
typically had inadequate stress isolation.
Additionally, typical prior art sensors have
"used an oil f£ill, such as silicon 6‘il, for use with
10 over-pressure protection mechanisms. The oil fill is -
also used when coupling a corrosion resistant isolation
diaphragm to the pressure sensor. These sensors are
subject to failure due to loss of f£ill fluid. Typical
prior art isolating diaphragms have been form formed in
15 metal and are used to keep particles and corrosive
materials away from the pressure sensor. - These
diaphragms must be thin in order to minimize errors,
however this makes the diaphragm particularly fragile
‘and limits life of the diaphragm. Further, different
20 diaphragm materials = are required for ' different
applications and there is no metal which can be used
universally. '
The present disclosure sets forth a pressure
sensing structure formed of a single -érystal material.
25 Joints in the material are formed using fusion bonding
such that they are substantially free of foreign
materials which could lead to inaccuracies. The
structure may be surrounded by process fluid which
applies pressure to the structure. This is possible
30 because the structure is formed of a corrosion resistant
material. The brittle material is deformed by
compression which provides a higher ratio of working
stress-to-error stress and therefore a higher signal-to-
noise ratio. This results because brittle materials are



sensor body. 5 Figure 15 i-s a bottom plan view of the sensor
body of Fi JWOS622123 ‘Figures 16A through 16G shR€T/US96/02522
crioss-sectional views of various enbodi ments of the invention.
Figures 17A and 17B show two enbodi nents of 10 capacitor plates.

Figure 18 is a graph of bonding tenperat 3re as a percent of nelting.
poi nt tenperature versus bondi ng ength as a percent of naterial
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transmtter isolation and is formed ©f the game :single crystal
10 material to hélp reduce errors. ‘Electrical leads are
provided through the elongated shaft and isolated from
process fluid. A path through the shaft can also be
used to apply a reference ipressuré. In-one embodimént,
corrosion résistant material ssuch as sapphire is used
15 and an internal sensor is used which allows the oil ifill
and isolating diaphragns to be eliminated. In one
embodiment, matched sensors are used as dual sensors to
measure differential pressure, which helps reduce errors
common to the two sensors. Capacitance sensing is
20 desirable because it provides a stable, 1low noise
signal. <Capacitors have no inherent thermal noise and
they have a high gauge factor with a correspondingly
high output which minimizes the noise contribution of
electronic detection circuitry. They also have
25 excellent zero stability and very low zero temperature
coefficients. These factors make it practical to detect
the very low pressure changes in a high pressure sensor
that are encountered in a differential pressure
transmitter based on two independent sensing elements.
30 Improved pressure resolution is achieved by use of
electronic circuitry.
It is well known that the deflection y due to

3
bending in a diaphragm is proportional to (-%5) where w



circuitry 60 using data bus 62. Inserts 67A and 67B carry sensors 70A
and 70B. Ayplogepas barrier 71 fornms 30 cavity 75 and prevegbenRbg@siy €s Pl

and P2 from escapi ng sensor body 54 should insert 67A or 67B fail.
Cavity 75 may be a vacuumor filled with an inert gas. Feed-

t hroughs 73A, 73B and 73C provide el ectrical pathways across barrier 71
between circuit boards 57 and 58. - —8-\WD 96/ 27123

PCT/ US96/ 02522 L , S anhragn.a . Figure
2 is a cut-arytherebestive mindmm width gfthe diaphragn apdiRdssensor

70A. I n one ogy - : i w39rt 7QA C i.ses..al um.na. . Additional |y,
sensor 70A EEB ghgg%eﬁ% {ﬁﬁaef_at%e%[%%&lsj?%&“&4l%n&“ﬁgﬁfiolrc?ned 5
relatively Eigheyt dependent éfiBdifense6nad vhei&elions. variations and
thereby inprove accuragy., . l-crgév?n'ﬁaat deflection due to shear in a

S diaphragm proportional to w?/T. _.(y* —";—,2) This reduces
the variation in output versus sensor dimensions but
this variation can be further reduced by relying on
*bulk* deflection as defined below. -

The deflection y of cavity 76 will depend on

10 the effects of bending deflection, shear deflection and
“bulk* deflection. Assuming that W/w equals a constant
which is greater than 2, this can be expressed as
follows: .

Lrimgq)milT)

15 ‘Equation 1
where: _ o : y
K, .= . "bulk" deflection. constant .for
_ ‘material; o
20 K, = shear deflection :constant for
material; ' '
K, = bending deflection constant for
material;
w = sensor width;
25 P = external pressure; :
y = central deflection of cavity 76 due
- to applied pressure P;
W = width of cavity 76;
T = thickness at slot 76 of sensor 70
30 (for a square cross section,
T=W/2);

t = depth of cavity 76;
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mnimze tenperature gradients within the 10 sensing el enent.

Fi gure 3 shows sensor 70A in accordance with one enbodi nent. Sensor
70A incl udes upper substrate 72 and |ower substrate 74 which form
cavity 76 t her ebet ween. Figure—9 shows overall length L, 15

thickness T, width W nmininumcavity width w of th ef |l ecti
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of about 100:1. This is primaril fed by non-repeatable errors in
t he structure and Boi se= FurYoung’ pr*mgduéﬂﬁrséﬂgors are typically

limted by the usegof nmterighgapi hBah a8, fect elasticity,
madequat% stress i sol ?

ion and poor. signal -to-noi s 25 f..the
sensing el ement. For egmtéonngtﬂallmes é{ﬁ'aé: ?é%tsm%lﬁ\%

probl ems Wthd&ﬁééﬁiahsmr@&ﬂtil?s are:rtﬁgmmhﬁ Srevcavity widtinwe based
sensors are forned of r|x of crystals typically bonded with

silicon gRRdSSERE0E §B1€;$HPﬁFt these probl ens. d ass- based 30
sensors are subject to fhst e&uﬂmtybﬂﬂk“tdqﬁMMngss used. herein

10 describes the K,P/E component of Equation 1, where 'y is
directly proportional to width w of cavity 76. (y o« W)
Therefore, bulk deflection is highly accurate Aand
desirable in determining pressure and is substantially
independent of wariatiofis in thickness T such as those

15 which occur with corrosion. One aspect of the present
invention includes jproviding a pressure sengor having
dimensions such that bulk mode deflection component of
total deflection of the sensor is increased.

: Figure 4 is a graph of Eguation 1 which shows

20 total deflection and its individual components: bulk
deflection, shear deflection and bending deflection.
When w/T is between 1 and 4, shear deflection
predominates total deflection. As w/T gets smaller, the
contribution of shear deflection relative to bulk

25 deflection gets smaller. For w/T less than 1.0, bulk
deflection is the predominant factor contributing to
total deflection of sensor 70k due to applied pressure.
Thus, one aspect of the invention includes pressure
sensors having a ratio of w (cavity width) divided by T

30 (thickness from an outer surface to an inner surface) of
less than or equal to about 1.0. For shear deflection
to exceed bending deflection w/T should be less than
4.0. In one embodiment, the ratio of w/T is: 0.05 <
w/T <1.0. The minimum w/T value is determined by how



and viscosity of the glass. It has been recogni zed t hat single crystal
materi al s uperior elastic properties and that g - sed on
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al so been used, however they have typicpjly been pl aced under high
tensile stress due to internal pressuri zati on. Additionally, this

type OL sensongn w dwiveﬁﬂghdga@aqquahalsanar ihﬁBEahlrslziéﬁtaﬁé:ct_Slen’ents
5 and uses ow strengt h bonding material, such as gl ass rit,
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sensors have j5 gditts? ' nabk Tof! brSHH L &S malleri81s0' bech@beUSEnybth

5 reduces the possibility of failure due to cracking of
the sensor. One aspect of the invention includes
surrounding the sensor with the measured pressure and
suitably dimensioning the sensor such that the
hydrostatic compressive stress can be made to exceed the
10 tensile bending stresses. Since the stresses are
' generally additive; the entire structure can be kept in
compression. This occurs when w/T is less than about

2.3. ' o ' '
Stress isolation of sensor 70A is also
15 achieved. Stress due to mounting sensor 70A to housing
54 causes a force to be exerted on the sensor (in
addition to the force due to applied pressure) and
introduces an error into pressure measurements. - The
elongated structure reduces the effects of mounting
20 stress to provide accurate measurement of differential
pressures and -a wide operating span. Generally,
mounting stress attenuates distal to the mount as sensor
length L increases. Any mounting stress errors must be
sufficiently attenuated over length L to achieve the
25 desired pressure error. Figure 4A is a graph which
shows a relationship between stress attenuation and L/W
for the sensor of Figure 3. The vertical axis of Figure
47 shows the ratio of the stress at the mounting point
(Omount) tO the measured stress due to the mounting
30 stress (Oypsmmmp)e A change in the mounting ' stress
(AOyounr) Causes an error in the pressure measurement due
to the change in mounting stress at the pressure sensor
(ACypasumen) - In one embodiment, a 0.01% accuracy is
required such that when measuring a pressure of 4 psi



10 over-pressure protection nmechanisnms. = The oil fill is al so used

when coupl i WO 96/2702% 0Si on resi stant isol ation di aphr agm POT/US$6/02522
pressure sensor. These sensors are subject to failure due to | oss of
fill fluid. Typical prior art isolating diaphragns have been form
formed in 15 metal and are used to keep particles and corrosive

materials away from the pressure sefder. These di aphragns nust
be thin in order to mnimze; gerrors, however this nmakes the dia 9hragn1

particul arly fthgierror duerp mounting miress Rass Behlegm thant 410
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stress and thegef ogg ‘angl H%Bdmf@ftw is betwéen 3 and 5.

10 Figure S is a cross-sectional view showing a
displacement plot for sensor 70A. Figure 5. shows
one-quarter of the cross section of sensor 70A. In
Figure 5, sensor thitkiless T is :approximately iequal to
cavity width w. An applied pressure P of 4500 psi

15 displaces sensor 70A. In ‘Figqure 5, about half the
‘defléction is:due to shear tension and about half is due
to “bulk* deflection. This is shown in Figure 4 where
shear and bulk deflection meet. If sensor 70 were
entirely in bulk mode compréssion, sensor 70 would

20 ‘retain its rectangular shape as pressure was :applied.
The shape distortion is due primarily to shear
deflection.

Figure 6 is a cross sectional view of
sensor 120 including elongated portion 122 and end

25 portion 124 which form cavity 125 having width w. 1In
one embodiment, cavity 125 is square. Dimensions T, W
and L are also shown in Fiquré¢ 3. End portion 124
carries capacitive plate 128 -which forms a capacitor
with plate 126 ctarried on portion 122. Conductors 130

30 and 132 connect to plate 126 and 128, respectively.
Pressure P causes cavity 125 to deform, thereby changing
the capacitance between plates 126 and 128.

Figure 7 is a cross—sectional view of pressure
sensor 200. Pressure sensor 200 includes top substrate
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conductor 214, bottom guard conductor 216, bottom

capacitor conductor 218 and bottom guard conductor 220.

Figure 9 is a top plan view of substrate 202 in which
electrical conductors on the under side of substrate 202
are visible therethrough. Figure 9 shows capacitor
plate 222 connected to conductor 212 and surrounded by
guard 224 which connects to conductors 214 and 210.
Figure 9 also shows vias 203 and 226 which extend
through = substrate 202 to conductors 210 and 212,
respectively. _

~ . Figure 10 is a top plan view of bottom
substrate 204 in which electrical conductors carried on
the underside of substrate 204 are visible ,therethrough.
In the example, substrate 104 is sapphire. Figure 10
shows capacitor plate 228 which capacitively interacts
with capacitor plate 222. Plate 228 is surrounded by

electrical guard 230 and temperature sensor 232. Guard

230 shields plate 228 from stray capacitance and
temperature - probe 232 changes resistance based upon
temperature. This provides temperature measurement of
sensor 200, and allows compensation of pressure
measurements based upon temperature for increased
accuracy. Bonding is preferably fusion bonding, also
known as direct fusion bonding, or wafer bonding in
which flat, polished surfaces are mated and are bonded
with the application of heat. Etching is with POCl, gas
at 900 to 1100° C with an SiO, mask. It is desirable to
align the crystal structure of the substrates such that
the resulting crystal structure is substantially
continuous after bonding. Further, the fusion bond

10



corrosion resistant material such as sapphire is used 15 and an internal

sensor is uUygYeMsiash allows the oil fill and isol ating WCXPIR9638321t 0

be el i m nat ed. I'n one enbodi nent, matched sensors are used as dual
sensors to nmeasure differential pressure, which hel ps reduce errors
comon to the two sensors. Capaci tance sensing is 20 desirable because
it provides a stable, |ow noise stipral . Capacitors have no inherent
t hermal noi se and t hey have a high gauge factor with a correspondingly
hi gh out put whihould biermade Btcanbemperatiurebasi 6hose as PogsERlfcHPC
detection ci il UhdiringTBdintl °0 pdiVEnis eedd pntneerolecobode!y and

Vo teteot | matemialy shonpdcReCABMRIBo0n MLHTGTPRIaTe fie RhERT T
o, | nependeniiasnt] Mol B Rt o e T ea0d Bore
achi evedplg’y UMSten'ge @ggsgﬁﬁ‘c %&%‘iﬁ%’gvﬁﬁdmfﬁfﬂ&rgﬁﬂo Ullt ISQ%?F known
that 't he def| asmperatukes tin thebdd@PfgQ rEa H7@Phr Bgmangey e otbabnal to
( Lerr]) Mherﬁx%&i strength is maximized- iand -healing of
discontinuities in the .crystal can occur. -A typigcal
bonding time is one hour. -Other conguctors jinclude
10 metal silicides such as molybdenum ‘silicide.

In a differential pressure +transmitter, a
temperature difference between the: two sensors will
cause an error. ‘Accéptable pérformance will require
that the difference be less than about 1° ¥ and that the

15 difference be measured to a precision of better than
about 0.1°F and compensated. In a typical application,
this will require that the sensor ispacing be less than
0.5 inches. - S - _

A  temperature gradient within a sensing

20 element will also cause an -error. _Accéptable
performance will require that the temperature difference
between the inside and outside of the sensor be less
than about 0.001°F and that the sensors be closely
matched. A sensor width or thickness of greater than

25 about 0.25 inches will place unreasonable demands on
sensor matching in a typical application.

Figure 11 is a simplified schematic diagram of
circuitry 250 for sensing differential pressure using
two absolute pressure sensors having pressure responsive

30 capacitors C, and C, carried therein. Each pressure
sensor includes quard electrodes 252 which form
capacitors connected to earth ground 253 of transmitter
50. The housing of the transmitter thus provides a
shield or guard to stabilize the capacitance signal and
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- 8- wo se/d7iigs ef fective m nimum wi dt h of the di aphragm Ef/"
its thickness [err] .The sensor output is therefore "Eﬁg‘?ﬁ %éf)endent .
on di mensi onal vari at i ons. X It is known that deflection due

to shear in a 5 diaphragmproportional to wferr]/T. [err] This reduces
the variation in output versus sensocsi4h nensi ons but this variation
can be further reduced by relying on "bul k" defl ection as defined

bel ow. prevent elegqtricl] aoﬁ.'sé‘ﬁ firomf h@ia@yc&ﬁp%hl idreenghen 10 the

i " efl ection.
ifsfsﬁﬁit ﬁgoz hat w equz;* Sﬁglgfg'r?s an rﬁd% Ch1'sS greaoﬂetf bﬁ%ﬁ“‘zg this can
be express&R dehe extexpiop.surface of the spaspr or the interior

surface of the ceramic inserts shown in Figure 1.
5 Elec¢trical isolation can be provided to accommodate 4-20
" mA circuits that have connections to earth ground in -
other places. Capacitor C, is driven by square wave -
generator 254 and capacitor-C, is driven by square wave
generator 256. ' The negative input of low noise -
10 differential amplifier 258 is connected to the undriven
Plates of capacitors C, and C,, and the positive-input of
differential amplifier 258 is connected to electrical
ground. . Differential amplifier 258 has negative
feedback through capacitor C; and has charge AQ from
15 capacitor C, and C, flowing in and out:  of the negative
input. The output of differential amplifier 258 is a -
square wave representative of differential capacitance
which is converted inte- a digital format - by A/D
converter 260. In circuit 250, -AQ is given as: :

20
- AQ = Vo:(Ci—C,) : ' © - ' Equation 2 -
And, the amplifier output is:
25 Vour = A0/C; S S Equation 3

= Ve (C1—C,/Cy)

C, should be selected to be approximately

equal to (C,~C,)/2 at maximum differential pressure, for

30 example, 1 pF. I{dditional'ly, to-;" compensate for
manufacturing variations, it is desirable to have
separate  gain adjustments for - each ' sensor.
Additionally, circuitry should be included to measure



wher e: Klerr] = "bul k" deflection constant for

materi al; 3009627123 Klerr] = shear deflection c@®CTGHG/O22Yr
mat eri al ; ' Klerr] = bendi ng deflection constant for
mat eri al ; W - sensor wi dth; 25 P =
external pressure; y = central deflection of cavity 76
due to appl | edl%f essure P w =
wi dth of cavity 76; = t hi ckness at slot 76 of sensor
70 30 Cys C; or GGy, ll(ﬂependﬁn%lmarlél ogdgsstosgempepsate for

;E:\'I/'\; 6)89 6/ 025 érfrlat:mnsI in “outpttP! Budl €8ViE¥mién mode P 9Pi1ne123

pressure. Circuitry for detecting capacitance output is
set forth in U.S. Patent 5,083,091, entitled “Charge

5 Balanced - Feedback Measurement Circuit," commonly
assigned with the present .application.

The output from converter 260 is provided to
interface circuitry 262.. Interfate 262 is connected to
:a4-20 mA current loop.iand: providés the ‘digital isignal

10 from A/D converter 260 to current loop 264 in either a
digital or analog format. Interface 262 also provides
povwer to circuitry 250 :from loop 264. Interface 262 is
also capable of receiving commands, such as those
‘pursuant to the HART® communications standard.

15 ' Figures 12 and 13 phow another #mbodiment
having ‘sensor body 300 which carries pressure sensors
"200A ‘and 200B. Figure 12 is a side cross—sectional view
‘of sensor body 300 and Figure 13 is a bottom plan view
of body 300. Body 300 includés circuit boards 57 and 58

20 ‘connected by wires through feed-throughs 73a, 73B and
73C through process barrier 71. Sensors 200A and 200B
are carried in alumina insert 302. Process barrier 71
forms chamber 75 which may be a vacuum or filled with an
inert gas. A groove 304 ektends around alumina insert

25 302 and provides thermal and stress isolation. Mounting
holes 306 are used to couple body 300 to a conduit (not
shown) . In another embodiment, a bond between the
sensor and the transmitter body is a fusion bond.

Figures 14 and 15 show sensor body 310

30 including middle shell 312 which carries alumina insert
314. Sensors 200A and 200B are seated in alumina insert
314 which also carries ASIC chip 316. ASIC chip 316
performs the same functions as circuit board 57. Groove
318 provides stress isolation for insert 314 and sensors



-9- L = sensor length which is nuch greater

t han sens W and sensor t hi ;

E $éung ggnodulus and 5 G = sheaﬁkﬂggﬁﬁﬁggz
Equatlon 1illustrates that shear and bendi ng defl ection on cavity 76
are dependent on cavity width w . and sensor thickness T.

The term "bul k" deflection as used In 10 describes the K err]P/ E
conponent of Equation 1, where y is directly proportional to width w

of cawtty 7(?001( M@rzro]ow) proceztaebaieaar bybksésiéeagépr 3§% ha&hﬂty .
B o o baord baSeins b BoaBRea  iSadl davippsatt 2 Y, |
corrosion. iMmeslshic312f maireqamem vacuun neeninenti galsudesFeedvi di ng a
Component - ofthtoudhe 924 prptilBCH duif £dr UlbcBiss MnCEEiGHS ' O
Figure 4 is fxoy ARG cELPaBilen to wHingwighdheard 326+ 4 Thef (desigm and its
individual coRefhSFiire 3 allows the sensor assembly to be

tested prior to welding shell 312 into sensor body 310.

High temperature operafions (such as brazing the sensor

to the alumina insert) can be conducted before mounting

10 the sensor assembly in the housing. '
In one embodiment, a pressure sensor of the
invention has dimensions as follows:

15 | ' preferred
| T  |0.02 to 0.2 inches| 0.05 inch
| L .. |0.15 to 1.5 inches| 0.6 inch.
i W ~ .]o.02 to 0.2 inches| 0.1 inch-
I __10.01 to 0.1 inches| 0.05 inch.
20 ,ﬂ Cav1ty  |5%10% to 1x10* J
Thickness t inches ) 0. 000020 lnch
iy (gap deflection)|2x10* to 5x10° '
at 4500 p31

25 1A typical capacitance for the sensor is 42 pF at zero
psi.
- In one embodiment, parameters of a pressure

sensor are as follows:

30



defl ection, shear deflection and bendi ng defl ecti on. VWen w T is

between 1 englgghmishear defl ection predom nates total defPETUSHMNZSIE W T
gets smaller, the contribution of shear deflection relative to bulk 25
defl ection gets smaller. For W T |less than 1.0, bulk deflection is the
predom nant factor contributing to total deflection of sensor 70A due
to applied pressure. Thus, one aspd@t of the invention includes
pressure sensors having a ratio of w (cavity width) divided by T 30
(thi ckness from an outer surfiace to an inner surface) of | ess than or
equal to about 1.0. For shear defleogngi; 2 to exceed bendlng deflectlon
w T shoul d be [gsgﬁ[han _ 4 n_gpe enbodigpnt L b W T i s:
0.05 [err] ¥ k 1. 0. Thedgﬂalnuﬁ\gﬁi z#gﬁgif det ed uy how
| ROE | ¥oLu ggg“
WO 96/27123.& _ E | _¢0 psi) - (4500 SQ@@@ Bi
Gap (At ‘Center) | 20 | 11.25 8.75 5;
5 :\ (p Inches) 1| | iﬁ
't ‘Gap (Efféctive | 20 - 12.37 7.63 ¥
i . Average) \ 1 _
‘A (p Incheé) o i
4  ‘semsor’ 42,2 68.2 26.00 &
10 | Capacitance : ' 1
1(N0-Parasitics) 'w
| (p£) _ . :
Parasitic - 1.97 1.i994: 0.024
) : {Capdcitor ' I
15 {w/o -Guard: 8§
I Shield and 4
”” ‘assumes: 0.6 1
- inch length) 1
20 ‘Sensor: : . . H o
Temperature | ' B . ?L
. Coefficient .| B 1 |
(PSI/C) -0.059 0.534 - 0.593 b
25 |  (ppm/C) -13.1 118 6 131.7__ |

Figures 16A through 16G show cross—sections of

a pressure sensor in accordance with one aspect of the
invention. Figqure 16A shows a rectangular structure in

30 which all interior angles are 90°. Figure 16B shows a
hexagonal sensor structure in which all interior angles:

are 60°. A rhombus structure is shown in Figure 16C in
which two inner angles :are 60° and two angles are 30°.
Figure 16D shows a triangular structure in which all

35 interior angles are 60°. The structures shown in Figure
16A through 16D are convenient structures for sapphire
because they tend to lie along planes of a sapphire
crystal. Figure 16E shows a sensor 340 in which a



-10- small w can be practically nmade and i naccuracies due to

thermal gred®nyizsas T is made |arge. It is Pb 6{
mnimze tensile stresses in sensors nade of brittle rraterl a ecause

this 5 reduces the possibility of failure due to cracking of t he

sensor. One aspect of the invention includes surroundi ng the sensor
wi th the neasured pressure and stig-abl y di nensi oning the sensor such
that the hydrostatic conpressive stress can be nade to exceed the 10

tensil e bendiaipdad oxdsion 34g; neecoupledr'eesasrac'eangulagepm’eiduyh
t t nt r t is occurs
addi tive, thyy@entidf i 1; ‘#‘461 % Cﬁhge“d kigP récrtangulé\zogg ess | 348 a1 on of

when W T is _|ess than about

sensor 70AFigure, 16§ shovwg apether empepdimentein hbehithe cavity 70A to

housi ng iS4 ormedicinather e6uhQed &(eiéﬁd Warivus A ¥rddtives
i ntroduces an error

| i d .
"o pr Bssu bl cabiLeB18N AT S Gathg, poch, mbrisRes | ne

ef fects of ek iasgy smwnstnmfs.gurepm deAammt TS WedTtn ;ﬁfes Al
%Laterﬁgt!s?bggslraatb?%ﬁ%%s cﬁ ﬁgl Q?W gﬁe rmun 9 rﬁs%ngggb R’ und 4
hole and can be sealed w.1th a round O-ring. It can be
fabricated by mach:.nlng a square structure with a
10 diamond grinding wheel. _

Figures 172 through 17B show_ 'e'xampl'e-'
configurations of the electrodes for capacitive plates.
Electrode in‘stability causes errors in ;'cap_acitive'
pressure sensors which have small gaps. Residual stress

15 causes the pressure sensor structure to warp. Further,
dimensional changes in the electrode s'urféce.,-chahge the-
gap dimension t. These changes can be. caused. by
oxidation and reduction or migration of atoms on the
opposing surfaces. Figures 17A and 17B show examples of-

20 a solution to this problem in which the capacitdr plates
are broken apart into strips hav:.ng widths and spac.tngs )
which result in a capacitance that is substantially.
equal to a solid electrode. For example, if the
substrate has a dielectric constant of 10 times the gap

25 dielectric constant, then the spacings could be about 10
times the gap dimension and the widths could be less
than about the gap dimension. This reduces the amount
of material available to warp the sensor structure.
Further, the strips can be confiqured so that most of

30 the electrical flux emerges from the back side of the
electrodes. As the back side of the electrode is in
contact with sapphire, it is protected. from surface
effects and will provide a stable capacitance even if
the inside surface changes dimensions. Figures 172 and



|l ength L increases. Any nounting stress errors nust be sufficiently
attenuat ed wueoerdrezoth L to achieve the 25 desired pressure BCTAIS96/02522

Fi‘gure 4A is a graph which shows a rel ationship between stress
attenuation and L/'W for the sensor of Figure 3. The vertical axis of
Fi gure 4A shows the ratio of the stress at the nmounting point

([err]) to the measured stress due to TH@ounting 30 stress ([err]).
r.,r]) causes an.error jn the pressure
Prtigiratis: MdsT, iRarsane ult ¢

change in the_ppunting stress.. .
measur ement d&éB show; swp,gxample.

sensor
such t hat 1
PCT/ US96/ 02529
4x10[ err]
5

10

15

20

25
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(Bmbaht. of | flare emdmeiimnt fremO. e backr &ide sof theequired

t he “error 0 noun %_s eSS Nnus
providing guard electrodes (298) which overlie sach

plate ©lectrode atid shield #ach plate -electrode.
Although these plates .are ispaced apart, they are similar
to a cc;htiﬁuous.- capatitor plate beécause of ‘their spacing
and relative size.

In one €ibodin&nt, thé .capacitor electrddes
‘are implanted into the surface of the substrate. This
;provides electrode stability by protecting the electrode
.and helping to reduce the amount of the change in the
«capacitance :wover  ‘tiine. A isapphire ’'substrate is

implanted with ¥ ions @t a dose of 1X10" ions/cm® and: an

:energy level of 200 :KeV. This chdndes ‘the resistivity
iof the :sapphire from very highly resistant ¢o -about 15
‘Ohnis /sq. The implanting process concehntrates most of
the V approximately 1000 } beneath tlhe originél sapphire
surface. . An example of an implanted electrode 300 is
shown in phantom in Figure 17B.

Figure 18 is a graph of bonding temperature as
a percent of melting point temperature versus ‘bond
strength as a percent of material strength. For maximum
stability and accuracy, it is desirable to have the bond
strength as close as possible to the material strength
so that the sensor structure behaves as a unitary body.
In one embodiment of the invention, bonding temperature
is the range indicated at 350 in Figure 18. Sapphire,

quartz or silicon can be used in forming a pressure

sensor, and their melting points are 2050° C, 1723° C
and 1415° C, respectively. The desired range 350 shown
in Figure 18 is from a temperature of about 68% of the
melting point absolute temperature. In one embodiment,
bonding temperature should not exceed about 95% of the

whel ) TRRsULRRY @ NESUfoml 4rPStnis enbdBdie’Bitrude



psi. A typical [err] value is 400 psi such that the attenuation of |
t he nount i we ogkyRsS NMust be 4x10[err] psi/ by 400 psi =

shown in Figure 4A, this occurs at 5 approximtely L/ W of Pﬁﬁ?&ndzgﬁfs
enbodi ment in which two sensors are used for differential pressure
measur enent and they are matched within 10% accuracy, [err] IS
reduced by a factor 10 such that L/ W12&9approxi mately 3. In one

enbodi nent, L/Wis hetween 3 and -5. 10 o e i
CroSs- sect | dh%}tm%ﬁ%%ﬂn%eratur% spTBRt SREATSH

Figure 5 is_a

4l s ion et agon
Figure 5 showeed heredia- qiar ter bond hbavings sestrength sehieh 704\ I'n
Figure 5, sefgy | he | p | ug| ' wi dth w.
An applied presstugrﬂéi%{)&}g;gohgglé %%%(ﬁrgﬁgéggﬁsgks%ﬁeﬂe?fy%ﬁ%i gure 5,
about hal f tff¥stal makerialormid scformedehy thesiappldwmatimmutohalf is

dug u ksfjoffféatl !w'itﬂeﬁhﬁﬁthﬁ?%alﬂ?iﬁoif?g%l@mmh'&eﬁi_ﬁllr Sn_“*ll:li‘@%&bd.l ) _sgear
compressi on,  sensor 70N, HE HLPACRE | SAVERIHER St BRSTr cssur o
was appl i eddescribite withpereflesencei oto iprefbrredr iembodimerts, shear
Sehor 100 weskers, skilied, tn, SOUL U SR AL RL S,
f orm cavi t y meys heamade vinltfoxm angd detail without departing from
10  the spirit and scope of the invention. Single crystal
materials include sapphire, silicon, ':quart__z , ruby and
diamond. Generally, these are materials with low
hysteresis which are highly stable the_rebjr- providing
little creep. In general, materials with higher melting
15 points will be more stable thus, sapphire is one
preferred material. The cavity of. thé sensor can be a
vacuum or filled with a fluid or gas. The electrodes
can include conductors such as metals, metal oxides or
doped semiconductors and can be protected with __,:,?_'an
20 insulating dielectric material such as quartz. :"_,In
another embodiment, the stress isolation structure is
formed of a polycrystalline material. Further, the
bonding can be formed with or without _the. use of
pressure. | | |
25

30
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one enbodi nent, cavity I25 .1 s square._ Dimen |onsREPL)ACED SHEETSar e SGso
shown in Fl\gummﬁzs ﬁ.g{lsﬁ},gmabaan aced  carrlies capaC|t|ve p|PETAISEB2SER| C

forns a capacitor carrie PHIOTP2E2D -~ Co MURASED k- <-+1 BO
30 and 132 connect tomwwg 128, r eldd&uimisel y: page u..@}emspagedﬁﬁ..
e

—a

causes cavity 125 to d reby changi naa orawik Geagi.tan ween
pl ates 126 and 128. Fi gur-@l? i ﬁ:l‘ib [ 9 eeh 6&5[ o %\?v&é'f_:'" R
pressure sensor 200. Pressure sensor 'n %tages toé Subst a?a@ ed .. ...
WO 96/ 27123 WHAT IS CLAIMED IS: PCTTUSOET U257
Eﬁrzbugh substzfqzzit 2nc210I20¥v§r 1{1%&: lmt%ﬁ Iilﬁl ° gﬁ-b iy

or cou to electrica angpc cavi t
205.  Fi gur e Sys&ednE ’Eﬁféé) t'l%.ng PEREERES, 9218 BESH capaé(': %?611 Y

conductor 21230bpR &W d::l:__a_nsmrt_ter comprising:
1/0 circuitry coupling to the 1loop for
transmitting information on the loop;
cofipensation circuitry receiving & pressure
related signal and responsively
controlling the I/0 gircuitry to
transmit -pressure information on the

loop; o

~a transmitter housing conta:.m.ng the 1/0
circuitry cjax_;d. the compensation
circuitry;

a mounting portion in the haus:.ng formed of a
_ mounting portion material;

a process barrier in the ‘housing wh:.ch
isolates the 1I/0 circuitry and- the
compensation circuitry from the mounting
portion;

an elongated member formed substantially of a
brittle, corrosion~resistant material
which is different than the mounting
portion material coupled to the mounting
portion at a proximal end and having a
passageway extending therethrough;

a pressure responsive portion at a distal end
of the elongated member for immersion in
a process fluid and deforming in
response to process fluid pressure; and

a sensor coupled to the pressure responsive

 portion and having an electrical
connection to the compensation circuitry
through the passageway of the elongated

* [ L M H *



5 cohductor 214 bottomguard conductor 216, bottom capaci tor

conduct or wé e84 ld‘wét or 220. éﬁﬁ@ﬁﬁ%zpl an
vi ew of substrate 202 mﬂi‘ ! el ectri cal conductors on e under side

of substrate 202 - herethrough Fi gure 9 shows capacitor
10 plate 222 connecte o conductor 212 and surrounded by -~ guard 224
whi ch connects to conductors 214 and 24%.- . . Figure 9 also shows vias 203
and 226 whi ch extend t hr ough substrate 202 to conductors 210 and 212,
respecti-vely. 15 pordiilch LGnd aatoneahaahrbarghof ot tewe

substrate 204 in which electrical .¢ nductors arri. t he upnder si de

of substrate 204 are visi bl PHORESR d‘r? ‘whenel ré’eefzﬁﬂ:ﬁ strate
104 is sapphire. Figure 10 electrsioals commesittion @xe am&m dfrom

capacitively interacts 20 ] q.'thee
uard% arllygJ %2"'%

surrounded by electric erat e sensor 2 Quard

230 shields @-ate 228 mlmpﬁqs@mz,eapﬁﬁwwetmdof claimngdemhenaiprobe 232
changes resi ghahed ohyatéed Rehber delfiMed’ Al WatritiithdtiedH Henmerature

measur enent of séensor_ 200 and all ensat i on pressure
measur enent s'ﬁ’éé’&“r?pﬁnr? % RTesENTS gEr'élé ar}pessurd% 83¥fhding i s
preferably fstrecthredi ng, al so known as -direct fusron bondlng or
wafer bonding in  phe pressure transmitter of claim 1 including
a second elongated member coupled to the mounting
portion and carrying a second pressure responsive
- portion having a second sensor coupled to the
compensation circuifry, wherein the pressure information
relates to a differential pressure.
4. The pressure transmitter of claim 1 wherein
the elongated member and presSu}e responsive portion
include bonds which are substantially free of foreign
material. -
5. The pressure transmitter of claim 1 wherein
the elongated member and the pressure responsive portion
have a width w and a thickness T, and w/T is less than -
about 4.0. -
6. The pressure transmitter of claim 5 wherein
the elongated member and the pressure responsive portion
have a width w and a thickness T, and w/T is less than
about 2.3. ' .
7. The pressure transmitter of claim 6 wherein
the elongated member and the pressure responsive portion
have a width w and a thickness T, and w/T is less than
about 1.0.
8. - The pressure transmitter of claim 1 including
electrical conductors implanted in the elongated member
and providing the electrical connection between the
sensor and the compensation circuitry. h

L
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which flat, polished surfaces are ted andare bonded 30 wth the

applicati orwobsmm ThEIShé“ﬂtH POCl [fer ] gas at 9PCT{USa/A2522 er I |
Cwith an Siqerr] rras “ ble to . align the crystal structure
of the substrates such esulting crystal structure is
substantial ly conti nuous after bondi ng. Further, the fusion bond

WD 96/ 27123 -23- PCT/ US96/ 02522

- 13- shoul d be made at .a.tenperature as cl ose as_possible to t he

melting point9. For thither pressurendrananitiry of GRaiM 4 VHRRRIN be

capable of w t e f WSt Ng, elkpdRRIdR ity gor
exanpl e, chr%ﬁ% ggghggﬁhgt gt%hﬂtggn%xgsu% l%?g;gn%?a'and I ridi %?aolcf‘%sw bond
r e

t enper at ur es £duide 31@00? GWWO*"H’GG‘ o tHBt'greatsg, Fhaf ongt h

I S maxi m zegpogds.bgal i ng of discontinuities in the crystal can
o.ccur. A typl Sal A pressure sensor in a jpressure transmitter,
comprising:

a pressure responsive structure of a bEittle,
corrosion resistant material comprising
more +than one substrate of :single
crystal imaterial bonded to at least a
second substrate of single crystal
material;

a capacitance sensor ccoupled to the pressure
responsive = structure providing a
icapacitive output in Tesponse <o
deformation of the pressure responsive
structure due to an applied pressure;
and .

- wherein the bond: between the substrates is a
fusion bond which has a bond strength of
crystal substantially equal to the
single crystal material strength and is
formed at a temperature ‘between about 65
percent and 95 percent of an absolute
temperature corresponding to a melting
point of the material.

11. The pressure sénsor of claim 10 wherein the
‘pressure responsive structure has a cavity width w and
a thickness T, and w/T is less than about 4.0.

12. The pressure sensor of claim 10 wherein the
pressure responsive structure includes a passageway
therethrough #£or providing a reference pressure
proximate the capacitance sensor.

[
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bonding time is one hour. Qher conductors include 10 netal silicides

such as naggbgerwn g Shderifas Been Replaced In a differentia, preasuiHh
transmtter, a ference bet ween the two sénsors Wl |
cause an error. Acce [Hﬁi mance wll require t hat the

di fference be |ess th and that the 15 difference be neasured
to a precision of better than abouly4Q. 1[err]F and conpensated. In a
typi cal application, this wll reqU|re that the sensor spacing be |ess

than 0.53nches. . The pressure/ﬁéd53¥”6§L%£h1ﬂr§d'%ﬁbrd@ﬁ'ﬂﬂb a
sensing 20 elenent. w

per f or mance RFPFSPEﬁU|H§qHﬂﬁS%Wﬁatiﬁﬁﬂﬁ%ﬂfﬁe ﬁPF%BFEﬁceéiecqﬁ&W%kn t he
i nsi de and ocbatddetofst extendimg theérsthrough tablebtot with@tandnd t hat t he

sensors be c e n lh or thickness of greater than
25 about 0. %gﬁﬁ Egrﬁ| F39|ggeé3%@e§§%na e "demands on sensor

mat chi ng in &4typ|cal Epplpcassawe sensor of clajmglBewheredny themlified
schematic di agée&@.&al cdilducidry 428 fiipransdd9idli fre e predlsurieessur e

usi ng two absol pressure sensors haV|ng pressure responsive 30
capaci tors CfSFP?nﬂﬁHeCPEFPFtBﬁPrled t her ei n. Each pressure sensor
i ncl udes guansg.el ectrothe Présshireh semsor of oammtmswneﬁa&nt e¢thel 0 earth

ground 253 Oﬁagégfifléaﬁbrlses sapphire.

16. A pressure sensor in a pressure transm;tter,
comprising: '
an elongated pressure responsive structure of
a single crystal, corrosion-resistant
material, the elongated structure having
a preééure sensor width w and a
-thickness T; :
a capacitance sensor coupled to the pressure
responsive structure providing a
‘- capacitive output in Tresponse - to
" deformation of the pressure responsive
structure due to an &pplied pressure;
and
wherein w/T is less than about 4.0.
17. The pressure sensor of claim 16 wherein the
pressure responsive structure includes more than one
substrate and a bond between substrates is a fusion bond
which has a strength substantially equal to the single
crystal material strength and is formed at a bonding
temperature between about 65 percent and about 95
percent of an absolute temperature corresponding to a
melting point of the material.
18. The pressure sensor of claim 16 wherein the
elongated pressure responsive structure includes a

S —
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50. The housing of thﬁ A an 'éte Earcn.és prroi\'fi des a shield or guard to
stabilize tWOSGREHUEIta ’j]] ﬁr “’ﬁﬁ 0 WO 96/ 27123 PCT/US96/02522
I ym ILto t he

PCT/ US96/ 02522 -14- pr event
el ectrical noise fromb circuit. In addition, a

guard el ectrode can be forned- on the exterior surface of the sensor
or the interior surface-of the cer2%+c inserts shown in Figure 1.
5 El ectrical isolation can be provided to acconmpdate 4-20 mA

circuits that ®avityewkending therethrough fier providing,ahseiprenss.

Capaci tor ( erplesguré ! yroxiatdUeheé d@y&citanceISE/BESLOT 254 and capacitor
Cerr] is driven by square wave ener at or 25@. . ge.negat l,ve i nput
of low noise 39 diffcFRft PResERRe ($eRsorgafs claimckfy LBSLRGiBAdri ven

plates of capagléOtBiéAr' rroadictbes |  implharnted point i tthe nppresbure
responsive structure.
20. The pressure sensor of claim 17 including
ielectrical conductors. in ‘the pressure responsive
structure having .a melting ;point greater than the
bonding temperature.
21. The .pressure sensor -of claim 16 wherein the
pressure responsive structure is coupled to a pressure
transmitter housing by a stress isolating structure of
22. The jpregsure :geénsor -of iclaim 21 wherein the
joint between the jpressure sensing structure and the
pressure transmitter ‘housing is a fusion bond.
23. The pressure sensor ‘of claim 16 wherein the
«capacitance sensor includes conducting-electrodes formed
of conducting strips on opposing surfaces of a cavity
gap. '
24. The pressure sensor of claim 23 wherein the
conducting strips have width and spacing substantially
equal or less than a cavity gap spacing.
25. The pressure sensor of claim 21 wherein the
pressure responsive structure and stress isolating
structure are surrounded by and directly exposed to
process pressure fluid. '
26. . The pressure sensor of claim 16 wherein the
material comprises sapphire.
27. A pressure ‘sensor in a pressure transmitter,
comprising: |

a pressure responsive structure;

I
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differential anplifier 258 is connected to electrical gr ound.

D fferenti %Qﬂ'ﬁ; | frﬁ§5he§5§s§@§R gg,at I ve f eedback t citor
Cerr] and a ed (Fjl‘yc[errﬁﬂi i

as c rge capacitor Cerr] oW ng
in and out of the neg E GM[MF The out put. of dlfferentlal
anplifier 258 is a representatlve of differentia

capaci t ance which 1is converted LBa a digital format by A/D
converter 260. In circuit 250, [err]Q is given as: 20 [err] Q =
Vierr](Cerr]-Cerr]) a first capacitor plaEBUdavimc? a back Aide the

Egﬁgifgﬁr3°UtpUt i s: 25. attefgfk %%erFfLeré%g%%hfgrrffsP°n51ve

Clerr] shoul d be sel ected tosbeuepprexandtelﬁront sddeal to

b hddi t1onal [y toh Senad cHpdtict HIAY favidy & back IS %
is desirable to have septtached ghen thSdJB§Fﬁ§HF§ regponsdyen
sensor. ' structure and a front side, the first

- and second capacitor plates positioned

" to provide relative deflection

therebetween in -reépon§e- to pressure
applied to the pressure responsive
structure; and '
wherein the electric field between the first
and second capacitor plates emanates
substantially between the back sides of
the first and second capacitor plates.
28. - The pressure sensor of claim 27 wherein the
pressure responsive structure includes a cavity and the
capacitor plates are positioned on oppos:.te sides of the
cavity. _ '
29. The pressure sensor of claim 28 including a
plurality of first capacitor plates:on a first side of
the cavity adjacent the first capacitor plate and a
plurality of second capacitor plates on a;second side of
.the cavity adjacent the second capacitor plate.
30. The pressure sensor of claim 29 wherein the
first capacitor plates are laterally offset relative to
the second capacitor plates. . '
-31. " The pressure sensor of claim 27 wherein the

pressure responsive material comprises sapphire.
32. The pressure sensor of claim527 wherein the

pressure responsive structure comprises first and second
portions fusion bonded together  and .forming a gap
therebetween which carries the first and second

capacitor plates.

I



Additionally, circuitry should be incl uded to measur e WD 96/ 27123
PCT/ US96/ 0A¥®36/27123  This Sheet Has Been Reﬁ!aced T 16 Clrernisoshiss I |

or CJerr]+(err], |nde rder to conpensate for vari ations
I n out put due to' comm‘ pressure. Circuitry for detecting

capaci tance output is in US. Patent 5, , 083, 091, entitled
“Charge 5 Bal anced Feedback Measueggent Circuit, commonl y

assigned with the present application. The out put from
converter 2603Bs provi dfhet préssurensensare of relatmy226@heretier ftdee 262 is

connect o0 L9 rpapdnd, SRsEpp IR YRR yRECH, Sndtlf bl 3 anal 10
anal og f or natmowuRting a@ETAZOM| Qudprmvﬁmlng ppohient @%1¢¢m$qlr3tQ50 from
l'oop 264. | nbpséidécadesifed stress isolatibn.

34. A transmitter for providing:an output related

to a differential pressure, comprising:

a transmitter ‘body;

a first pressure responsive structure formed
isubstantially of & single :crystal
material coupled to a first process
pressure;

& first senging imeans -coupled té ‘the first
préssure responsive structurg having an
output related to the respfise of the
first pressure regponsive structure to
the first process pressire;

a first stress isolation member coupling the
first pressure responsive structure ‘to
the transmitter body, the first stress
isolation member formed substantially of
the single crystal material;

a second pressure responsive structure formed
substantially of a single crystal
material «coupled to a second procéss
pressure; _

a second sensing means coupled to ithe second
pressure responsive structure having an
‘'output. related to the response of the
second pressure responsive structure to
the second process pressure; '

a second stress isolation member coupling the
second pressure responsive structure to
the transmitter body, the second stress

* c L M S *



al so capabl e of receiving conmands, such as those pursuant to the

HART[ err] ?MfatﬁhﬁmﬁeesmaMehﬂd lack5 - Fi gures 12 @ffsok2eow
anot her g@% I ment or body 300 which carrlég pressﬁ?%
sensors 200A and 12 is a side cross-sectional view

of sensor body 300 an gure S a bottom plan view of body 300.
Body 300 includes circuit boards 57 ang-58 20 connected by wi res through
feed-t hroughs 73A, 73B and 73C through process barrier 71. Sensors
200A and 200B are car n.isadattioad malnbarl ﬁﬁﬁ&éd%sﬁmﬁﬁﬁliﬁéﬁfl er 71

forns chanber 75 which may _be a va rofial | Inert gas. A
groove 304 extends around n1&§q F&s}gl n%%f g pfgv*des t hermal and
stress isol ation. Mustitpgt meanhohest&@Gtaﬂaﬂmmatan)hnﬂxﬂqpﬁpi@d300 to a
condui t (not shown) . st.emiﬁﬁb”EQEona ol SeL t he

sensor and the transmtter gbdy |s a ftusion_bond I gures 14
and 15 show sensor body 31de¥eTmining,khe) ¢ibErrenee| An3PregRwLe carries

al um na insert 314. Sg@&%gnzoepeeamiﬁym&aae g;@@égmi iproddgd na insert

314 which also carries ASIC ch|§F316 ASI C_chi per f.or t he sane
functions as circuit boar dP5#858FE8ye a0 QEQVSF&%%es“‘%t r @RS ot on

for insert 314 and sensorsrelated to a differential pressure
‘therebetween. :

3s. The transmitter of claim 34 wherein the first
and second pressure responsive members are exposed
directly to the process fluid and the single crystal
material is substantially resistant to corrosion due to
the process fluid. ' o
36. - The ' transmitter of claim 34 wherein the
sensing means comprises capacitor electrodes and the
output is a capacitance related to pressure.
37. The transmitter of claim 34 wherein the first
and second pressure sensing structures are coupled to
first and second reference pressures. and the preséure
sensing structures  are responsive to a difference
between a reference pressure and a process pressure.

38, The transmitter of claim 37 wherein the
reference pressures are coupled together and are equal.
39. The transmitter of claim 38 wherein the

reference pressures are substantially independent of

process pressure. :
40. The transmitter of claim 37 wherein the

reference pressure is substantially a vacuum.
41. The transmitter of claim 37 wherein the
reference pressure is transmitted via a gas.
42. . The transmitter of claim 34 wherein the single

crystal material is sapphire.

* 4 L M s *



WO 96/ 27123 e PCTIUS96/ 02522

-16- woosRrHed 200B. Process barrier 320 seals shel| 31PCER§96/02522
provi des a second barrier to process fluid. Cavity 322 in shell 312
may carry a vacuumor inert gas. Feed- t hroughs 324 provide a path
~for electric connections 5 fromASIC ¢chip 316 to circuit board 326. The
desi gn shown in Figure 3 allows tiig¢%ensor assenbl y to be tested

[ t | di.ng shel | 2 i.nto. dys 340 44 wineH
bper at ons.(sdan as br adheg SERBEBEREEF B2 N1gIR 2 wperbilh BTG D |
conduct ed bef and secondrprdgsuré erespohmives sbrbryurast see makntajined
|0 one embodi eNLyy3eRLETSYTG ££4 WiimebehBerature By e ¥rditnte@asi Ons

as foll ows:
‘housing.

44. The transmitter of claim 43 wherein the
pressure responsive strug¢tures :are spaced apart such
that they maintain a température differential -within a
predetermined rangé over a predetermined temperature
:;gradiént in the transmittér housing.

‘45, The transmitter of claim 34 wherein a jprocess
;pressure range is greater than 1000 psi and a
differential pressure range is less than 30 psi.

46. The +transmitter of <claim 34 wherein -each
pressure responsive structure is ‘maintained at a
substantially uniform temperature ithroughout.

47. '~ The tran_qirf;l;l,ttef of claim 34 wherein there are
joints between the pressure responsive structure &and the
stress isolating means and the joints are :substantially
free of foreign material.

48, The transmitter of claim 47 wherein the joints
-are fusion bonds.

' This Sheet Has Been Replaced
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TABLE 1 15 D nensi on Si ze” ( Range) Preferred

T 0.02 to 0.2 inches 0. 05 inch o L 0.15 to
1.5 i nchewo 9sB7f23i Nch W . 0.02 to 0.2 PREMS252Y) 1

i nch w 0.01 Fp10/11i6ches 0.05 inch 20

Cavity 5x10[err] to 1x10[err Thi ckness t I nches

0. 000020 i nch flection x10[err] to 5xl0[err at
4500 psi I NG 0N 2 Mn 5\ A \ C iqt ance
for the sensor pF at zero psi . In o di ment ,
paranmeters of g esqure sensorm'%wo 06/ 27123

PCT/ US96/ 02522 52
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-17- TABLE 2 PROPERTY ZERO
FULL SCALEwO 96/8P2N (0 psi) (4500 pPCRrUspEBSe2 psi)
Gap (At Center) 20 11. 25 02/ 8|6‘§3 5. ([err] Inches)

Gap (Effective 20 12.37 7. : Aver age)

([err] Inches) Sensor 42.2 68. 2 26.0 10
Capaci t ance (No Parasitics) (pf) Parasitic

1.97 1.994 0. 024 Capaci tor 15 (w o Guard

b

< e
\/ "7': =

" he o8 P
4 oo w® .

et
sen %y




Shield and assunes 0.6 i nch | engt h) (pf) 20

Sensor  wesn7i@nper at ure Coefficient (Pg&.&m s - 0. 059
0.534 0.593 25 [ ppni C] -13.1 118. .7

Fi gures 16A through 16G shom1crossosic[ibdi of a pressure sensor in
accordance wth one aspect of the i nvention..Figure 16A shows a
rectangul ar structure in 30 which all interior angles are 90[err]. Figure
16B shows a hexagonal sensor structure in which all interior angles

are 60[err]. A rhonmbus structure is shown in Figure 16C in whi ch two
inner angles are 60[err] and two angles are 30[err]. Figure 16D shows a
triangular structure in which all 35 interior angles are 60[err]. The
structures shown in Figure 16A through 16D are convenient structures
for sapphire because they tend to lie along planes of a sapphire
crystal. Figure 16E shows a sensor 340 in which a

&

|
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WD 96/.27123 ' PCT/ US96/ 02522

- 18- FEMMMEquortlon 342 is coupled to a rectangul ar pecrivess/n2s22

344. Cavity 346 is fornmed in rectangular ortion.344. Fi gure 16F
shows another enbodi ment in which thd Vfﬂy , Is formed in the rounded
portion. Various alternatives 5 are also available including rounding
both portions, such as shown in Figure 16G A round cross section is
desirabl e because it can be closely fit into a round hol e and can be
sealed with a round O-ring. It can be fabricated by machi ning a square
structure with a 10 dianond grindi ng wheel . Figures 17A
through 17B show exanple configurations of the el ectrodes for
capacitive pl ates. El ectrode instability causes errors in capacitive
pressure sensors which have small gaps. Residual stress 15 causes the
pressure sensor structure to warp. Further,




di mensi onal changes in the el ectrode surface change the gap di nension

t. Thegw sgpap3es can be caused by oxi dati on and reg%%_
a 32%78 show

m gration of atonms on the opposi ng surfaces. Figures
exanples of 20 a solution to th 5plobl&n1L@ whi ch the capacitor plates
are broken apart into strips having w dths and spaci ngs whi ch result
in a capacitance that is substantially equal to a solid electrode.
For exanple, if the substrate has a dielectric constant of 10 tines
the gap 25 dielectric constant, then the spacings could be about 10
times the gap dinension and the widths could be |ess t han about the gap
di nensi on. This reduces the anount of material available to warp the
sensor structure. Further, the strips can be configured so that nost of
30 the electrical flux energes fromthe back side of the el ectrodes.
As the back side of the electrode is in contact with sapphire, it is
protected from surface effects and will provide a stable capacitance
even if t he inside surface changes di nensions. Figures 17A and
{0
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WD 96/,27123 .

-19- VAPeiRd t wo exanpl e confi gurations whi ch increasecrisosns2?
amount of flux emanating fromthe bagi_ssi}i %1; t he el ectrodes.
Variations on this enbodi ment includ %p vi di ng guard el ectrodes (298)

which overlie each 5 plate electrode and shield each plate electrode.
Al t hough these plates are spaced apart, they are simlar to a
~continuous capacitor plate because of their spacing and rel ative size.
I n one enbodi nent, the capacitor electrodes 10 are inplanted into the

surface of the substrate. This provi des el ectrode stability by
protecting the el ectrode and hel ping to reduce the anount of the
change in. the capaci tance over tine. A sapphire substrate is
inplanted with Vions t a dose of 1X10[err] ions/cnferr] and an 15 energy
| evel of 200 KeV. This changes the resistivity of the sapphire from
very highly resistant to about 15 Chns/ sq.  The inplanting process
concentr at S0t the Myannroxipgately 1000 A beneath tQ% ori gi na
sapphire
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surface. An exanple of an inplanted electrode 300 is 20 shown in phantom

i n- Fi gur ewo 9827123 Figure 18 is a graph of bon .@ﬁu pelat ur e
as a percent of nelting point 6er'7anperature ver sus bong‘l' gﬁ'@?&r&ngth as
a percent of material strength. ForUnbd iuf " stability and accuracy, it

is desirable to have the bond 25 strength as close as possible to the

mat erial strength so that the sensor structure behaves as a unitary
body. I n one enbodi nent of the invention, bonding tenperature is
the range indicated at 350 in Figure 18. Sapphire, quartz or silicon
can be used in formng a pressure 30 sensor, and their nmelting points are
2050[err] C, 1723[err] C and 1415[err] C, respectively. The desired
- range 350 shown in Figure 18 is froma tenperature of about 68% of the
mel ti ng point absolute tenperature. In one enbodi nent, bondi ng
tenperature shoul d not exceed about 95% of the WD 96/ 27123
PCT/ US96/ 02522
P P 120
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-20- mel ti ng point tenperature.f The desired fusion bond as used

herein is syoesmnsavi ng a strength which is subst ant i aPICI/USRE02523e as
the strength of the underlying crystal material, and is fornmed by the
application of 5 heat with substantially no foreign material in the bond.
Al t hough the present invention has been described with reference to
preferred enbodi nents, vvorkers’()iggd_/ I1e3 in"the art will recognize that
changes may be made_in.form and detail” without. departing from10 the
spirit and scope of thegjinventlion. Single crystal materi al s include
sapphire, silicon, quarfjz, ruly and di anond. Generally, these are

materials wth | ow
provi di ng little
poi nts w | i be [e
The cavity 'OK.Lhe.-s
gas. The el ecYrodes

oxi des or doped

hyst efesis which are highly stable thereby

eep. IIn general, materials with higher nelting 15
|l e thbs, sapphire is one preferred material.
can he a vacuumor filled with a fluid or
can ijncl ude conductors such as netals, netal

i condyctors and can be protected with an 20

insul ating di §eCITTTlinht eri alf such as quartz. I n anot her

enbodi nent, tme stres sol atifon structure is formed of a

pol ycrystal l'i pe materid] . Fyrther, the

»
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bondi ng can be forned with or w thout the use of
A pressure transmtter for

CLAIMS WO09627123
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conpensation circuitry receiving a pressure related signal and responsively
control li ngudbgasdO circuitry to transnmit pressure informat RETER6/02532| oop;
a transmitter housing containing the I/O circuitry and the conpensation
circuitry; a nnunting1ﬂ&r1ibdiin the housing forned of a
nmounting portion materi al; a process barrier in the housing
positioned between the I/Ocircuitry and the

conpensation circuitry which isolates the I/O circuitry from the
conpensation circuitry and the nmounting portion; an el ongat ed
menber formed substantially o {-OTITCTe; I esistant materia

which is different fromthe|nmoufiting pérti': and is coupled to the
nmounting portion at a proxiral @nd.and hajd jgeway ext endi ng

t her et hr ough; a ptjessurerr tion at a distal end
of the el ongated nenber for | FOERENE rsion in a fluid which
is at a pressure related to|thejjprocess’t pressure
and deformng in response tq pr@cess flui and a

sensor coupled to the pressyre flesponsive

onsi and having an el ectri cal
connection to the conpensatifon ¢i-rcuifiy |t

'_therassagemay of the

el ongated portion and a sealjed fjeed-throu .t)je prjocess barrier, wherein
the sensor and el ectrical cqnnegtion-are’ frgqm process fluid by the
el ongat ed nenber; Wherei.n_j-he 0 gatéd menber and pressure
responsi ve portion include flusig SRR | RN | B bonds which are
substantially free of foreidgn mygterial. " |}™ s | I The pressure
transmtter of claiml]l erein=1he_élpngaﬂ§g nﬁnﬂer defines a cavity
& NN g '_,...._' - : . ': " o :
A o. ‘.‘:-: . .:z~...\:-...
SEPARNCYEO 1R
FE 0_-.-" ...._ ..' N
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t heret hrough for applying a reference pressure to the pressure responsive
portion. weesnr123 3 The pressure transmtter of Al

i ncluding a second el ongated nenber coupled to the nounting portion and
carrying a second pressure respendi ¥e/p§r§i on having a second sensor
coupled to the conpensation circuitry, wherein the pressure information
relates to a differential pressure. 4, The pressure
transmtter of claim1l wherein the el ongated nenber and the pressure
responsi ve portion have a wwdth w and a thickness T, and W T is |ess than

about 4.0. 5. The preSs: tra@nsmtter of claim4 wherein the
el ongat ed nenber and the pressure e p§%si e portion have a width w and a
thickness T, and W T is Less_than bdout 2. . 6. The pressure

“transnitter of claimb5 where 3 renber and the pressure

¥l N
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responsive portion have a wwdth w and a thickness T, and W T is | ess than
about” 1.0. wo%627123 The pressure transmtter of cl aipoTiusean2szei ng
el ectrical conductors inplanted in the el ongated nenber and providing the
el ectrical connection between the.sdn2o/ 48 the conpensation circuitry.

8. The pressure transmtter of claim1l wherein the el ongated
menber has a length L exposed to process fluid and a maxi nrum wi dth W and
L/ Wis greater than about 3.0., 9. A pressure transmtter for

use in an industrial process control systemfor transmtting a process
variable related to pressure on a process control |oop, conprising:
an el ongated stress isol ated pressure responsive structure of a brittle,

corrosion resistant material conprising a first
substrate of single crystal nmateri al fﬁﬁ bonded to a
second substrate of single crg2 al Wogi ng a

passageway extending through &
a capacitance sensor coupl ed g
pressure : !

. SN IAIAL
output I n response to I ’
Bbbired !

AU T C 7B
174
NAEC S G148

responsi ve portion due to an, froma

I

process fluid; and s




transmtter circuitry coupled to the sensor adapted to neasure the process
vari abl e wo 9627123 related to the appl I ed press#éﬁpgy
o352 e

responsively transnit the process SwK var
process control | oop; eJeﬁn the bond between the substrates

I's a fusion bond which is substantially free of
foreign material and has a bond strength substantially equal to the

single crystal material strength and is forned at a tenperature between
about 65 percent and 95 percent of an absolute tenperature correspondi ng

to a nelting point of the material. 10. The pressure
transmtter of claim9 wherein the pressure responsive structure has a
-cavity formed therein with a width wand a thickness T, and W T is |ess

t han about 4. 0. 11. The pressure transmitter of claim9 wherein
t he passageway provi des a reference pressure proxi mate the capacitance
sensor.

r
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12. The pressure transmtter of claim9 wherein the pressure
responsi ve Wowerde i ncl udes el ectrical conductors extendi ngcrivsssd2szough

able to withstand a tenperature used i% 1:()r1n_bt he*bond. 13. The
pressure transmtter of claim 12 wherei it t'h® el ectrical conductors are
inplanted in the pressure responsive structure. 14. The
pressure transmtter of claim9 wherein the material conprises sapphire.
15. A pressure transmitter for use in an industrial process
control systemfor transnmitting a process variable related to pressure
of a process fluid progess, contr ol , conprglsing: an
el ongated pressure %ﬁ%ruct ure %smﬁ crystal,

corrosi on-resi stant o 13y £] > the elongated structure
having a width w and a thickness T for ' coupling to a
process fluid, - 24-




a capaci tance sensor coupled to a distal end of the pressure responsive

-

structurgy, providing a capacitive outp dEsppnse to
def ormat i on%'? ?he di stal end of the ggis‘%ﬂre
responsive structure due to an applHeh bdissgje froma

process fluid; and transmtter circuitry coupled to the sensor
adapted to neasure the process vari abl e related to the
applied pressure and responsively transmt the process

vari abl e on the process control | oop; wherein w T is |ess than

about 4.0 and the el ongated pressure responsive. structure
i s bonded together by fusion bonds which are substantially free of foreign
mat eri al . 16. The pressure transmitter of claim 15 wherein the
pressure responsive structure includes nore than one substrate and a bond
bet ween substrates is a fusion bond which has a strength substantial ly
. equal to the single crystal > >e~at a bondi ng

t enper at ure bet ween about Y an absol ute
tenmperature correspondi ngfto a neltlng p0|nt of the materjal. 17.
The pressure transmtter Jof clal R d pressure
responsi ve structure inclhey g g@ough for providing
a reference pressure prox




18. The pressure transmtter of claim 15 including electrica
condlct or s wopbgne®ed in the pressure responsive structure. PCRUS96/02522

The pressure transmtter of clain113.énzgrqéng'electrical conductors in the
pressure responsive structure havi ng t®ng point greater than the
bondi ng tenperature. 20. The pressure transmtter of claim15
wherein the pressure responsive structure is coupled to a pressure
transmtter housing by a stress isolating structure of the sane single
crystal, corrosion-resistant nmaterial. 21. The pressure
transmtter of claim20 wherein the joint between the pressure sensing
structure and the pressure transmtter housing is a fusion bond.
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22: =7 The pressure transmtter SG -Efance '
seénsor includes conducting el ectrodes fiofp -_:: UG LI W5 - !
opposi ng surfaces of a cavity gap. 2% o AT pressuy gt Lanpmitter
of claim22 wherein the conducting stiijpy 'fi;%% """ .
subst @it ipVky equal or less than a cavift gdp‘”sbam Hg’»"“"" Pagee «.... The
pressure transmtter of claim 20 whereiln the pressure reZpI)rAﬁ(,\/Bsatchture
‘and stress isolating structure ar? surromwmﬁﬂﬁmrecu ...exposefl to
proceds preéssur ¢ fPEFRYre trapgmitter for : B

use o r systent | far m

15 wherakRidiRe pPRERE ! Atransmtter

RYEBLS! HtroP

T

for use in an industri 1Eprocess cont rHesystem rocﬁomp;%r(xjs\l/rf%l ng an out put
related to. a di fIV@roammtad cquptiag uo eheofoop fpr casssitinglinfornenivnrdnsthedoop;

a transmtter body a first pressure responsive structure
f or med subst ant &9%?%%“% Sirpyir¥ fecyiying a pressure related signal and segpensivgly

coupled to a first progess iy B3SHY Qircuitry to transxin r%re%sﬂré inrféxrma?l%ﬂso'nntge fhgirent

coupled to the first pressure responsive st OP:

output rel ated tothismittes horaey aj‘mahmofthé §O giratgyand ltlﬁsami;sdqmmtdimtw e
to the first praqcess pressure;
a mounting portion in the housing formed of a mounting portion material;

a process barrier in the housing positioned between the I/O circuitry and the

compensation circuitrty which isolates the /O circuitty from the

compensation circuitry and the mounting portion;

an elongated member formed substantially of a brittle, corrosion-resistant material

which is different from the mounting portion material and is coupled to the

mounting portion at a proximal end and having a passageway extending
therethrough;

a pressure responsive portion at a distal; end of the elongated member for-
immersion in a fluid which is at a -pressure related to the process fluid
2fessure and deforming in response to process fluid pressure; and

a sensor coupled to the pressure responsive portion and having an electrical

connection to the compensation circuitry through the passageway of the

elongated portion and a sealed feed-thfough in the process barrier, wherein

the sensor and electrical connection are isolated from process fluid by the
elongated member;

wherein the elongated member and pressure responsive portion include fusion

bonds which are substantially free of foreign material.

2. The pressure transmitter of claim 1 wherein the elongated member defines a cavity

therethrough for applying a reference pressure to the pressure responsive portion.
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afirst el ongat ed stress isolation nenber extending be nd_coupling
fhe first . pressurf responsi ve stﬁ%ﬁ@’fﬁﬁ QHEET
transmtter body, the first stress -22- : . 1solation

2"7"R6 1988
formed substantially of the single crystal material; _ ? i
second pressure r?ﬁ@ﬁﬂ@%ﬂ@uﬁﬁﬁﬁ&éﬂ%ﬁl{iﬂ{ m1&g9€ h30dndl élé(négjged%érhggl coupled
crystal mat er . coupled To a second process

pr essurte;the mounting portion andicarding a secend pragswrk egspohsicopaitiod having hsesaiastsor
pressure r onsive structure | ) ) havi ng an out put
el at e uBleRE Ut CopRetAN irruitsgcuhereio be SisseuTRdnfmatigR relates t0 2 differential
struct Usressufe.t he second process pressure; a second
el ongated stress isol ati on nenber extendi ng between and coupling the
second pressure responsive structure to the transmtter body, the second

| sol ati f i al f th i ngl I '
rsr;[ :? ;s £ ofation ﬁggrggsurg trrgnesgma%gosft c?argztnl Iawl'lgrel% thg 5@(;?@23 g}ee]rrgqc r#/ ;.qtnf,lthp Prespare

{ransi fely@insiRPoriot Rhia WRdthNF ahil e thickBEs L CRNAC Bolelthan abput 40.

el enents Tor determning the difference I n pgressure between t
second process pressures and providing an output related to a differenti al

ressurg therebetyeen; . . .
P f__ the pressure transmitter of claim 4 wherein the elongated member and the pressure -

responsive portion have a width w and a thickness T, and w/T is less than about 2.3.

6. The pressure transmitter of claim 5 wherein the elongated member and the pressure

responsive portion have a width w and a thickness T, and w/T is less than about 1.0.

7. The pressure transmitter of claim 1 including electrical conductors implanted in

the elongated member and providing the electrical connection between the sensor and the

compensation circuitry.

8. The pressure transmitter of claim 1 wherein the elongated member has a length L
exposed to process fluid and a maximum width W and L/W is greater than about 3.0.

5. A pressure transmitter for use in an industrial process control system for

transmitting a process variable related to pressure on a process control loop, comprising:

an elongated stress isolated pressure responsive structure of a brittle, -corrosion

resistant material .comprising a first substrate of single crystal material
bonded to a second substrate of single crystal material and having a
passage_way extending through a pressure responsive portion to a distal end;

a capacitance sensor coupled to the pressure responsive portion of the pressure

responsive structure providing a capacitive output in response to
deformation of the pressure responsive portion due to an applied pressure

from a process fluid; and

I
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wherein the pressure responsive structures and the el
fsol ation menber%3| ncl uded are ﬁﬁmtﬁﬁéﬁr at es
coupl ed toget her by fusion bond$ which a

~substantially free fromforeign material. 27. The elné%t%
of cl ai m 26 wher ainfhshiffer/difcitAQhpRAGE Ik RIS Hlafte 35 RAASIY Snd BHEDSS Spiffe

eXposed di rectl Yy +o—trre PTH-0€€eSs T tt-aft—rre—S+gree—ey-Star—frarefrt+ar—
substantial |y resi st anteldted ¢orthesapplied predsard land prespomsivelyl tiadsmit tB8. process
The transmitter of claim?26 wherein the Ti rf and second sensing el ements
conpri se capacitor el '?Ea%‘lét}ﬁjl’fpﬁ%ssrﬁquﬂ %OR: a capacitance related to
pressure.  29.  wherein the bbAd 5&@%%@5%5&3&5%532{ st leﬁr@hf&g i guﬁ#@ﬁﬁll?nd
second pressure responsive structures are coupled to first an
ref erence pressures anfre¢ b’éfqreggmtmalmmﬂrh:g asbondcdtneng& &abstamtédhyoaqaiam the a
di fference between a reference press l'gﬁ%é rocess ressure.

étr? PBRd

The transmitter of cl a?‘ﬁgfgirﬁﬁélr@iaﬁr ﬁﬁ'%ée‘&P%‘a@B% plagen
together and are equal gpgy 83 ercent and 9% F%&ttcffaaﬂsdﬁ‘sélh@ tefperaht Borespdh@RET N

the reference pressur es are stan
toa meltmg point of the matenal

10. The pressure transmitter of claim 9 wherein the pressure responsive structure has

a cavity formed therein with a width w and a thickness T, and w/T is less than about 4.0.

11. The pressure transmitter of claim 9 wherein the passageway provides a reference

pressure proximate the capacitance sensor.

12. The pressure transmitter of claim 9 wherein the pressure responsive structure
includes electrical conductors extending therethrough able to withstand a temperature used to
form the bond.

13. The pressure transmitter of claim 12 wherein the electrical conductors are

* implanted in the pressure responsive structure.
14. The pressure transmitter of claim 9 wherein the material comprises sapphire.
15, A pressure transmitter for use in an industrial process control system for

transrmttlng a process variable related to pressure of a Erocess fluid on a grocess control loop,

comprising:

an elongated pressure responsive structure of a single crystal, corrosion-resistant
material, the elongated structure having a width w and a thickness T for
coupling to a process fluid;

T



i ndependent of process pressure. i " The transni r fr% aim
29 wherein the reference pressures are ﬁubstantlal ly a \ﬁﬂ\gﬁéﬁﬁif gHEE

- 27 - 33. ’ The transmtter clal m 29 wherein the refer?nze 1939
pressures are transmtted via a gas. - : The transmtte fAUG '

claim 26 wherein .nal.e r i ' '

The transmitter %Q@a@itﬁ% er eaﬁle gfch&g el éﬁ E mberrgg;gonswe structure
responsi ve structures pro®idiig afcapa&&ﬂzeaiut;anbﬁtrespbnﬁé toydefftienasion®f tig distabénd e
by the transm tter housing The transmtter of Cclarm 35

wherein the pressure m&ﬁtﬁmeﬁ%@ﬁ?aﬁe@%vee§tra¢%resé%&an applied pressure from a_
process fluid; and

transmitter circuitry coupled to the sensor adapted to measure the process variable

related to the applied pressure and responsively transmit the process

.variable on the process control loop;

wherein w/T is less than about 4.0 and the elongated pressure responsive structure

is bonded together by fusion bonds which are substantially free of foreign

material.

16. The pressure transmitter of claim 15 wherein the pressure responsive structure
includes more thén one substrate and a bond betiveen substrates is a fusion bond which has a
strength substantially equal to the single crystal material strength and is formed at a bonding
temperature between about 65 percent and about 95 percent of an absolute temperature

corresponding to a melting point of the material.

17, The pressure_transmitter of claim '.liwhetein the elongated pressure responsive

structure includes a cavity extending therethrough for providing a reference pressure proximate
the capacitance sensor,

18. The pressure_transmitter of claim 15 including electrical conductors implanted in

the pressure responsive structure.

19. The pressure transmitter of claim 15 including electrical conductors in the pressure

responsive structure having a melting point greater than the bonding temperature.

20. The pressure transmitter of claim 15 wherein the pressure responsive structure is
coupled to a pressure transmitter housing by a stress isolating structure of the same single crystal,

corrosion-resistant material.
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apart "such that they maintain a tenperature ‘differential within a

prfedet ernmi ned range over a predeterm neiistterrperature gr adi enBERLACEMENT SHEET
transmtter housing. 37. ' ransmitter of claim 26 vvhere% mug 1998
process pressure range is greater than 1000 psi and a differential pr B

range ig |ess t ha’f‘h&?‘&e&ﬁ'e transiitter of claxm 20 Jlﬁ?elfl 'il?eDt%mt bt S’eex? {hegr@ %?

wher ei meach pressure res al ne starfs"ﬁﬁl
uni f or ratiuetyre aed theeprebsuce) trhmamhitter housmws%ﬁﬁﬂm%nd. PCT / U896/ 02522

- 28- i sol ati on nmenber forned substantially of

the single crystal material; and output means in the transmtter
body copmpl ed

The pressure transmitter of claim 15 wherein the capacitance sensor includes

conducting electrodes formed of conducting strips on opposing surfaces of a cavity gap.

23. The pressure transmitter of claim 22 wherein the conducting strips have width and

spacing substantially equal or less than a cavity gap spacing.

24. The pressure transmitter of claim 20 wherein the pressure responsive structure and

~ stress isolating structure are surrounded by and directly exposed to process pressure fluid.

25. The pressure transmitter of claim 15 wherein the material comprises sapphire.
26. A transmitter for use in an industrial process control system for providing an

output related to a differential pressure of a process fluid, comprising:

a transmitter body;

a first préssure responsive structure formed substantially of a single crystal
material coupled to a first process pressure;

a first sensing element coupled to the first pressure responsive structure having an
output related to the response of the first pressure responsive structure to
the first process pressure;

a first elongated stress isolation member extending between and coupling the first

pressure responsiv_e structure to the transmitter body, the first stress
isolation member formed substantially of the single crystal material;

a second pressure responsive structure formed substantially of a single crystal
material coupled to a second process pressure;

a second sensing element coupled to the second pressure responsive structure
having an output related to the response of the second pressure responsive

structure to the second process pressure;

[



to thé first and second sensors for : ‘ det er mi BEPKACEMENT SHEET

difference in pressure between the first and- secon r ﬁa
pressures and providi ng an out put -26- related to a dif efeﬁ-ﬁf
pressure t her ebet ween.  35. The transmitter of claim

34 wherein the fi . re d
ety Tl re! o Sosd WhRBRAE.S SSRGS o GRAPRIoAEIIRGLED BloCeotieg B
substantial Iy resistandecond peassias irespotisioe tsﬁucthfeetoptl@mmittdﬂibddy, the .second
The transmitter of claim 34 wherein the sensing nmeans conprises capacitor

el ectrodes and the ouftfsst isolatign aagmaher dormed supstantiallyof the eisglgcaystal gaterial;
The transmtter of cla 34 wherein the first and second pressure sensing
structures are coupl ed first and second reference pressures and the

pressure sensi ngompuwatcwigf imtiee tresspeitsd b@iyt cmq:ldi fd theefirseand sdcond Berdin
reference pressure and a process pressure. The transmtter of

claim 37 wherein the clepentsdar detsraining e daﬂf%ree%m RIgSSUpyRetesn %cﬁratr@d
equal .~ 39. The t §é%iaﬁﬁr1p}c§c§£s péL cfﬁl'é[g dﬁP ;ﬁ@vﬁ‘ﬁh " gl S'u 6mlatédetfoea{ Giffefential

pressures are substantially*in proc ss pr
pressure therebetween;

wherein the pressure responsive structures and the elongate i i

members included are formed by substrates coupled together by fusion

,bonds which are substantially free from foreign material.

27. The transmitter of claim 26 wherein the first and second pressure responsive

members are exposed directly to the process fluid and the single crystal material is substantially

resistant to corrosion due to the process fluid.

28. ' The transmitter of claim 26 wherein the first and second sensing elements comprise

capacitor electrodes and the output is a capacitance related to pressure.

29. The transmitter of claim 26 wherein the first and second pressure responsive
structures are coupled to first and second reference pressures and the pressure sensing structures

are responsive to a difference between a reference pressure and a process pressure.

_30. | The transmitter of claim 29 wherein the reference pressures are coupled together
and are equal.

31. The transmitter of claim 29 wherein the reference pressures are substantially

independent of process pressure.

32, The transmitter of claim 29 wherein the reference pressures are substantially a
vacuum. -
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40..> ° The transnmitter of claim37 wherei'n the reference presstire is

substantially a vacuum  41. The_ 4yansmtter of cl og CEMENT GHEET he
"reference pressure is transnmitted via a gas. 42. T '

ransmtt i1 1998
claim 34 wherein the single. crystal material is sapphire. V\DQ%WZ%PEB '

PCT/ US96332522 The transmitter of claim 29 wherein the refence prébaures are tranbfifted via a
transmtter of claim 34 wherein thé Tirst and seco‘r?d—p‘r‘e?sn?e responsi ve

struct ur®8- are mai nt ai ned at substantially the sane tenperature by the
transmtter housi ng. 44, The transmtter of claim43 wherein the
pressure responsive structures are spaced apart such that they maintain a

tenperat3d.e differfid transoyittéhbficlaim 26 wherein the single crystal material is sapphire.

35. The transmitter of claim 26 wherein the first and second pressure responsive

structures are maintained at substantially the same temperature by the transmitter housing.

36. The transmitter of claim 35 wherein the pressure responsive structures are spaced
apart such that they maintain a temperature differential within a predetermined range over a

predetermined temperature gradient in the transmitter housing.

37. The transmitter of claim 26 wherein a process pressure range is greater than 1000

psi and a differential pressure range is less than 30 psi.

38. The transmitter of claim 26 wherein each pressure responsive structure is
maintained at a substantially uniform temperature throughout. '
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; !
predeterm ned rande over a predeterm ned tenperature gr adi entP e
transmtter housing. 45. The transmitter of claim 34 whihis Rl 3G 930 6088.-
priocess presPCH' range WORLDGNERALEETUAL TYORGANIZATON and 4
differential pressure range i's'|ess URSN™0BY . 46. The
transm (INGERBATIONALARPLIGAZION RUBLISHED VIRER (THE PATRNTUERORERATIONCIREATY (RET)

nai n i"tﬂﬂrmﬁﬁalrﬂemcﬁuﬁ&m-l ally upifo LSiRGHLaL Ruglout .

The )r@@l‘s{%%g%m 34 wherein t‘ﬁeﬁhare Joﬁlbtﬁ?h%et ween t he IOres!'sure23
respansu d the stregs’i pai)aiwragioimmmaehe qsbpm&rmee(osm%)
subspFaftieat :“ f+ee—of—foret o1 reterta 48— FHre—trarrsnrttet
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{57) Abstract

First capacitance pressure sensor (70A, B) has a fusion bonded single ) TRANSWTTER CUTPUT
crystal structure: (sapphire: with cavity). Second one (70A, B) has an 3 52
clongated and thick single crystal structure. Third one (70A, B) uses the 0 : i I g
electric field emanating from the back sides of the capacitor plates. First I s -
differential pressure transmitter uses a process barrier (71) and-an elongated CIRCITRY )p
member as a sensor (70A, B). Second differential pressure trangmitter uses .

single crystal structures with stress isolation members as sensors (70A,
B). Basically thick slab cavity capacitance sapphire sensors are directly i~
exposed to a process fluid. Slab: 15x3x2 cubic mm, cavity cross section: o~

Imm x 0.5 micro m, capacitance; 42 pF.
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