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PRESSURE SENSORS AND PRESSURE TRANSMITTERS 

BACKGROUND OF THE INVENTION 

PCT/US'6/02522 

The present invention relates to the process 

control industry. In particular, the invention relates 

s to a pressure sensor in a pressure transmitter. 

Pressure transmitters inproces~ applications 

measure .pressure of ~ process ·and responsively 

communicate the info:z:m~tion .over a two-wire process 

application 19op, for e~J>l~ a 4-20 ~-,current loop. 

10 ·pressure sensors in trans!Utters tjpically comprise some 

type of a pressure responsive structure which has a 

def lectable diaphragm that moves in response to applied 

pres.sure. These structql;'!!• can be used to measu:re both 

'absolute ··and differ~ntial ~pressure. As •used here~n, a 

15 differential pres~ure.$eJ1'50r is a'sent;or wbich meas.µres 

a relatively SJIUlll P:r•ssµre di££eren~ial (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 

20 prior art transmitter, ;;to measure differential pressure, 

two different pressur$s are applied to opp9sing sides of 

the structure causing a relative deformation in the 

structure which · is measured. Measurement ~of the 

deformation, for example, can be by measuring a change 

25 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 p:ressure sensors have 

been desired. However; it ·has been difficult to obtain 

30 an absolute pressure sensor which can del~ver an 

accurate output over a wide pressure range, from O. 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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it is to mechanically couple two pressures to a 
differential pressure sensor. Additionally, an over­
pressure in a such a differential pressure sensor can 
damage the differential pressure sensor. 

5 However, it has been difficult to obtain 
absolute pressure sensors with sufficient accuracy to 
allow differential.· pressures in the O. 4 ps'i to 40 psi 

. . . 
range to be measured in a device which must withstand 
static. or line pressure extremes ··of as much as 4000 

10 psia. For exa1nple, O.Olt of 4 psid requires 0.00001% of 
4000 psia (10~ or 0.1 ppm). 

Typical known pressure sensors used in process 
applications have unit-to-unit varia:tions in sensitivity . . 
to sensed pressure as well as unit~to-unit variations in 

15 undesired responses to extraneous paramete~s such as 
temperature. This can be a particular problem when the 
outputs of two absolute or gauge pressure sensors-are 
combined to provide an output representing differential 
pressure or when the sensor is used over. a large 

20 pressure range. Additionally, mechanical stress 
associated with mounting the sensor to .. the pressure 
transmitter results in relatively large errors in 
pressure measurement. 

SYMMARY OF THE INYENTION 
25 A pressure transmitter in a pro·cess 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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integral with one another such that ther~ are no j~ints 
between the sensor structure and the support structure. 

The material and dimensions of the pressure sensor are 

·selected :such that ~e .-pr~ssu;-e related signal is itvery 

5 .accurate-~nd may b.e JiSed oveJ;' a wide- pressure rang~ or 

in pairs as differential pressure sensors,. 

10 

.!BRIEF PESCRIPTION Of ·THE DRAWINGS 

Figure 1 is a ·crofits-section~l view ot a 

;p~el!lsµr~- tr•nsmitte~. 

Figure 2 is a cut-away perspective view of ·an 

insert which carries a pressure sensor. 
Figure 3 is a cross-.• ~ctional per.apec1;iv~· .view 

of a press~r~ sensor. 
Figure ·4· .is ~ .gr .. pb which illu~trates 

15 ~~r~tion of tpe prea.ent invention. 
Figure -4A is a. graph of stress attenuat~on 

~versus L/W for a pressure· ·Bensoj;". 
Figure 5 is ,a ~isplacmnent plot of ·one-quarter 

ctf a pressux:e: :sensor where J./T equals l.O. 
20 Fi~re· c6 is a cross ;sectional ~view of another 

'e~ime.nt of the pressure ·sensor. 
Figure 7 is a cross-sectional view of a 

pressure sensor. 
·Figure ·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 1 O is a top plan view .of a bottom 

substrate of the pressure sensor of Figure 7. 
30 Figure 11 is a schenl4tic 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 13 is a bottom plan view of the sensor 
body of Figure 12. 

Figure 14 is a cross-sectional view of a 
sensor body. 

5 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 178 show two embodiments of 
10 capacitor plates. 

15 

Figure 18 is a graph of bondinq temperature as 
a percent of· meltinq point temperature versus bonding 
strength as a percent of material strength. 

DETAILED DESCRIPTION OF THE PREFEBRED' · EM80DIUN'l'S 

Figure 1 shows pressure transmitter so 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 

20 includes transmitter ( I/O) 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 708 and receives electrical signals 
25 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 usinq data bus 62. Inserts 67A and 678 
carry sensors 70A and 70B. A process barrier 71 forms 

30 cavity 75 and prevents pressures Pl and P2 from escaping 
sensor body 54 should insert 67A or 6·7B fail. Cavity 75 
may be a vacuum or filled with an inert gas. Feed­
throughs 73A, 738 and 73C provide electrical pathways 
across barrier 71 between circuit boards 57 and 58. 
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Figure 2 is a .cut-away perspective view of 

insert 67A which carries sensor 70A. In one embodiment, 
insert 70A comprises alumina. Additionally, sensor 70A 

should l>e· .spll r . .-1.iative to hpu,si~g 54 ~)ld-. positioned 

s relatively close to ·sensor 7.0~ to re~uce thermal 
variations and thereby ilnprove accurapy. This is 

achieved be¢au•e ·the thermal time constant ;of the s.,nsor 

is ·•ignific~tly lea_!! than :the ,t,he~al t.~e ·constant of 
tb,• Jioµsing to 1Diili,lnize ·tem_J>ex:~1;urfit ·gradients· witpin the 

10 sensing eleinent. 

Figure 3 shows sensor 70A in accordance with 
one em):>pdim,ent. Sen~or 7.0A inclµdes Q.ppe~ subs~r~~e.- 72 
a)J;d lower s~•trate 74 whi·eh f.orm cavity 76 
t~•rebetwe~Ji. Fi~e 3 !Show~ :C)VerB.ll length L, 

15 ,th,ic~~ss T, wiqtb, •W, J,ll.j.nimUJll .cavity -wiqth w of the 

deflecting ;$tructure ~f the sensing c.avity :and ce~tral 
deflection y due to applied pressure P. 

Typical prior art s~msors have a ratio. of 

. maximum to minimum .. pressure range whi.ch. can be 
20 accurately sensed of ~ut 100: l. This is primarily 

limited by non-repeat.i>le 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, 0material 
creep and relaxation. Cer.i:unic pased sensors are formed 

of ·a matrix of crystals typi~ally 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 
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sensors have also been used, however they have typically 
been placed under high tensile stress due to internal 
pressurization. Additionally, this type of sensor 
typically includes glass or metal structural elements 

5 and uses a low strength bonding material s'uch as glass 
frit, solder-or epoxy. Further, this type of sensor bas 
typically bad inadequate stress isolation. 

Additionally, typical prior art sensors have 
used an oil fill, such as silicon oil, 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 ioss of fill 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 Jilaterials 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 crystal 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 f-luid 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 
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stronger in ,t¢timpression than in , <:tension. 

configuration causes the sensor to be less sensitive to 

corrosion of the outer surface because the output is 

lefJS depepdent o~ the ,c~be .of thick,ness and more clo.ely 

5 linearly related to :thickness. Placement of the 

st~ct~r.e in the proce•s fluid improVl!i$ reliability 

:bec;au-s.-. the isolation idiaphr.•glils· and 1oil fill .are 

eliminated. ·An ;elonga~•d iShaft ,provides stress 
isolatiop and is fo:i:'inf!c;l tj)f ;Q.e ~•ante ::single crystal 

10 mat~rial :to help reduce -errors. iElectrical leads are 

provided through the elongated shaft and isolated from 

process fluid. A path through the shaft can also be 

used· to ~pply a referepce ,•pressure. In 'One embodimept, 

corrosion resi:'stant material fjuch· as ·sapphire is :used 

15 and an internal sensor is :U!il~d; whit;:J:i allows the oil ":;fill 

and isolating diaphragms to· :be eliminated. In one 

embodiment, matched sensors are used as dual sensorEt to 
measure differen~ial pressure, which helps reduce errors 
'.Common to the two sensors. Capacitance sensing is 

20 desirable because it provides a stable, low noise 
signal. ·Capa·citors 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 chang~s in a high pressure sensor 

that are encount~red 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 

bending in a diaphragm is proportional to ( ;: ) where w 
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is the effective minimwnwidth of the diaphragm and Tis 

its thickness (yoc: ;: ) • The sensor output. is therefore 

highly dependent on dimensional variations. 
It is known that deflection due to shear in a 

s diaph:ragm proportional to w2 /T. { yoc: ·~· J 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; 

15 

where: 

20 

25 

30 

v p p(·~ p( w)3 .L • rr -+r __ +rr- _ 
w '"'1 E · .. '2 G T •"3 E T Equation 1 
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"bulk". deflection .. constant ·;•for 
·material; 
sllear def le ct ion ·. constant fqr 
material; 
bending . deflection constant for 
material; 
sensor width; 
external pressure; 
central deflection of cavity 76 due 
to applied pressure P; 
width of cavity 76; 
thickness at slot 76 of sensor 70 
(for a square cross section, 
T=W/2); 
depth of cavity 76; 
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sensor length which is .. '1ch greater 

than sensor width W ,and sensor 

thickness T; 

E '= Ytn~ng'.s •11\odul~•; ·apd 

G = she.ar modulus. 

Equation· 1 i11µstrates th~t/t sJlea~ ~d. bendi-:ng 

idefl•~ion. on ca~itty '76 are d~pe#4.,:qt on c(lvii;J 'Wid,~h -w 

.,.nd ~~nsor thickne~s ~. 
T)le t,p ... bµlk .. oqetl.ec;:ti9~ ·a.s u••d· ~her,in 

10 de~cribes- the 'K1P/E component of Equation 1, where y is 

directly proportional to width w of cavity 76. (y ex ·W) 

There~ore, bulk de~lection. is highly accµrate ~nd 

de.sirable in deterrftinirig. pressure and is substantia.lly 

indep@1.1dent of ~.aria:tio;ns in thickn•~& T such as those 

15 whic? occur witjl corros~oµ. One '1&pec1: pf th~:prf:tsj!tnt 

invf!Atiql,l includes iproviding a ;pre.sure iS$DJ,sor h•v~ng 

dimension& such that ;bulk:Jilode Q.eflection· component of 

total deflection-of tpe sensor is. incr~ased. 

Figur.!9 4 is a graph of Equ.,tion 1 which ;'Sllows 

20 tot~l deflection and its individual compon•~t~: :.bulk 

deflection, ·snea:r deflection and b~ilding defl~ct.ion. 

When w/T is between 1 and 4, sh~ar deflection 

.predQJOin~tes tot·al deflection. As w/T gets smaller, the 

contribution ·of shear deflectic;m r.elative to bulk 

25 deflection gets smaller. For w/T less than 1.0, bulk 

deflection is the pre.dominant factor contributing to 

total deflection of sensor 70.A dµe to applied pressure. 

Thus, one asp~ct 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 surfac~) 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 ~l.O. The minimum w/T value is determined by how 
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small w can be practically made and inaccuracies due to 
thermal gradients as T is made large. 

It is desirable to minimize tensile stresses 
in sensors made of brittle materials because this 

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 

15 

generally additive, the entire structure can be kept in 
compression. This occurs when w/T is less than about 
2 .·3. 

Stress isolation of sensor 70A is also 
achieved. Stress due to mounting ·sensor 70A to housing 
54 causes a force to be aerted 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 moun·ting 

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 
4A shows the ratio of the stre.ss at the mounting point 
(auoUNT) to the measured stress due to the mounting 

30 stress (aMBAStJltlll)). A change in the mounting stress 
(AaMOUNT) causes an error in the pressure measurement due 
to the change in mounting stress at the pressure sensor 
(AaMBAStJRED). In one embodiment, a O. 01% accuracy is 
required such that when measuring a pressure of 4 psi 
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the error due to mounting s·tress must' be less th•n 4xl04 

psi. A typical AauOUNT value is 400 psi such that the 

attenuation of the mounting stress must be 4xl..O"" ,psi/by 

:400 psi = 10-6. .:As .show· in Fiqure 4A, ·tnis occ:urs at 

5 ·approximately L/W ·of 4. :In an embodiment in ~which two 

sensors ;are used for differenti•l pressure 'me•surent~nt 

'and they are matchem within 10& illecur.acy, aMI!ASUUD/atiiOUNT 

is reduc.ed by a £actor 10 such chat L/W is approx,iinately 
3. 'ln :o~• eiqbodimen:t:, L/w is ·betw:•.~Jl 3· apd ~s. 

10 Figure 5 is a cross-sectional view,showing a 

displacement plot for sensor 70A. Figure 5 shows 

·OJie-quarter of tpe cross sec~ion of S~Jlsor 70A. In 
:Figure 5, sensor thi~J¢ess Tis •approxiiliately1e<jllal to 
cavity width w. An ·applied pressure P of 4·500 ;psi 

15 1displaces sensor 70A. In 1Figure 5, ,aboµt half the 

'dE!f lection is •due to shear tension and; about ·half is due 

to "bulk" deflection. This is show in 'Figure· 4 where 
shear 'and bulk :deflection meet. If sensor 7 o were 

entirely in bul·k mode compression, 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. In 

one embodiment, cavity 125 is ;square. Dimensions T, w 
'and L are also shown in •Figure'. 3. :End portion 124 

carries capacitive plate 128 °which forms a capacitor 

iWith plate 126 tarried on ·portion 122. Conductors 130 

30 and 132 connect to pl·ate 126 and 12'8:, 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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202 and lower substrate 204. Via hole 203 extends 
through substrate 202 for coupling to electrical 
conductors in · cavity 205. Figure 8 shows top guard 
conductor. 210, top. capacitor conductor 212, top guard 

5 conductor 214, bottom guard conductor 216, bottom 
capacitor conductor 218 and bottom guard· conductor 2·20. ·· 
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 

10 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. 

15 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 intera.cts 

20 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 

25 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 

30 with the application of beat. Etching is with POC13 gas 
at 900 to 1100° c with an Si~ 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 
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should be made at a temperature as close as possibl'e to 

the melting point. For this reason, the electrode 

material should be .capab~e of withstanding t,he high 

fusion cl>Qnd templ!ratures. For e.l.C.ple I -:chrome I 

5 tungsten, tantalum, .platinum ~nd irid~um all<>w :1;>0nd 

temper4~ures in the 130.0° C ':to 1700° c range so ¢.bat 

bond .strt!~gtb is maximizeg, tand .healing- of 

discontinuities in tJle ,crystal r<=aA occur. ·:A ·typipal 

;jlp;ndll,g tini' i~· .pne ·hoµJ:". ~0th,er· con9.,µctors .incl-P.~e 

10 ;metal "Bilicides such -as molybdenum·silicide. 

In a differential pressure ...transmitter, a 

-t~perature q.ifference bet~~en ·~h~, two sensor.s will 

ei.u~e an error. :Ac9E!pt~le pe~to~pce will require 

t~at the difference ;be -less than about 1° ¥· and ·that the 

15 :diff,~rence be measured ·tj) a ;precision of· bet,t~r than 

•about 0.1°F and ·c0mpensated. In a typical application, 

:this ·Will require that the sensor •spacing be le15s than 

iO. s inches • 

A· .. temperature . gradient within a. -sensing 

20 element will also caul!!e an error. . Acceptable 

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 O. 25 inches will place unreasonable demands on 

sensor matching in a typical application. 

Figure 11 is a simplified schematic diagram of 

circuitry 250 for sens!ng differential .pressure using 

two absolute pressure sensors having pressure responsive 

30 capacitors C1 and C2 -carried therein. Each pressure 

sensor includes guard electrodes 252 -which form 

capacitors connected to earth ground 253 of transmitter 

SO. The housing of the transmitter thus provides a 

shield or guard to stabilize the capacitance signal and 



W096/27123 

-14-

prevent electrical noise-- from being coupled into the 
circuit. In addition, a guard electrode can be formed­
on the exterior surface of the sensor-or the interior 
surface of the ceramic inserts ·. shown in - Figure 1. 

5 Electrical isolation can be provided to acconnodate-4:_20 
mA circuits that have conne·ctions -to earth ground in 
other places. Capacitor C1 is driven 'by- -square wave 
generator 254 and capacitor--ei is driven by square wave 
generator 256. The negative ·input of low noise - -

10 differential ampJ:ifier 258 is connected to the undriven 
plates of capacitors C1 ·and Cu and the positive--input of 
differential amplifier 258 is- connected to electrical 
ground. Differential amplifier -25-8 has negative 
feedback through capacitor Cr and bas charge 4Q from 

15 capacitor Ci and <; flowing- in and out of the negative 
input. The output of' differential ampl-if ier 258 is a 
square wave representative of differential capacitance 
which is converted into-- a diqital format --by '·~A/D 
converter 260. In circuit 250, -AQ is given as: 

20 

25 

And, the amplifier output is: 

Vpp0w = AQ/C1 Equation 3 

= VPPIN(C1-~/C1) 

C1 should' be selected to be approximately 
equal to (C1-C2)/2 at maximum differential pressure, £:or .. 

30 example, 1 pF. Additionally, to compensate for 
manufacturing variations, it is desirabl-e to have 
separate gain adjustments for . each sensor. 
Additionally, circuitry should b-e included to measure 
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·Ci, .c2 or cl+c2, iii.dependently, in ·order to compensate for 

variations in output due to common mode or line 

pi;-essure.. circuitry for detecting capacitance output is 

·set :fo.rth in 'U.S. ~Pa~"nt 5,,083,091, entitled ":CAarge 

s 8~la:nc;:ep Feedbac~ :.Measu::r;-em'ept Circuit," co•only 

,assigned with the pres~t !application. 

·The <putput ·from· converter 260 i·s provided ·to 

interf~ce circuitry .26~~. -Inte~fA.Pe 262 i"s connected to 

·'• '4.-20 imA. ·curr,en1:· loop, p~t .provide' th~ •.di9.'ital {Signal 

10 from A/D converter 260to current loop 264 in either a 

digital or analog format. Interface 262 also provides 

power to circuitry 250· :~:from lpop .2~4. Interface. 26~· is 

also capable of receiving commands, such as those 

·puJ:'suant to the HART• coJDJl'l~ications standard. 

15 :Figures 12 and· 13· ;)Show -ailotb,er ~odimenj: 

having :sensor body 300 ·Wh~qp· carries pressure sensors 

200A :and 2008. Fi·gure ·12 is ·a side .cross-sectional view 

of sensor body 300.and Figure 13 is a bottom plan view 

of body 300. Bc;>dy 300 includes circuit boards 57 and 58 

20 ·connected by wires through feed-throughs 73A, 738. 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 eXt:ends 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 2008 are seated in alumina insert 

314 which also carries ASIC chip 316. ASIC chip 316 

performs the same functions as circuit board 5 7 • Groove 

318 provides stress isolation for insert 314 and sensors 
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200A and 200B. Process barrier 320 seals shell 312 and 
provides a second barrier to process fluid. Cavity 322 
in shell 312 may carry ·a vacuum or inert gas. Feed­
throughs 324 provide a path for electric connections 

5 from ASIC chip 316 to· circuit board 326 • The design 
shown in Figure 3 allows the sensor assembly · to ·be 
tested prior to welding shell 312 into sensor body 310. 
High temperature operations (such as brazinq the sensor 
to the alumina insert) can be conducted before mounting 

10 the sensor assembly in the housing. 

15 

20 

In one embodiment, a pressure sensor of the 
invention has dimensions as follows: · 

Dimension size (Range) Pref erred 
T 0.02 to 0.2 inches 0.05 inch 
L . 0.15 to 1.5 inches 0.6 inch·. 
w 0.02 to 0.2 inches. 0.1 inch·· 
w 0.01 to 0.1 inches o.os inch ... 

Cavity 5xl0~ to lxlO"' 
Thickness t inches 0.000020 inch 

y (gap deflection) 2x10~ to Sxl0..5 
at 4500 psi. inches 0.000012. inch 

25 A typical capacitance for the sensor is 42 pF at zero 
psi. 

30 

In one embodiment, parameters of a pressure 
sensor are as follows: 

' 
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~ABLB 2 

PROPl~TY ;zERO , F .. UJ:,L SCALE ·SPAN · . ('O ·psi) " {4500 ·psi) (45'00 ·p·ii) i ~ 
., 

" 

5 
Gap' (At 'Center) '.20 11.25 a·. 75 

; 

i . ' 

' f JJ ;Iri:che·s ) 
' 

~ ·' 
'. ;;~p (Effective ' ~20 12.37 7.63 ~ 

.Averag19); .• f 
·~ :(,., Incheif) .. · ~ 
' .. 
1 .. ·•. ;_,~ :·.... \.f.,; I.''" 

.. 
!Sensor· 42.·2 .' 

>6~.2 26.:o· . 
.\ ' 

i 

Capacitance 10 
(No Parasitics) 

(pf) 
i 

\~,irasitic 1.97. l .i9'94: ().o~-~ ' ; 

tclcacitor 
l 

., 
!(w o·: iGuard~ ' i 

j ? 

'Shield' and ~ . 
assumes! '0 • f; ' 

\ 
i 

inch: length)· ; . 
15· 

(pf)· " .. ' r 

20 •Sensor: ' i: t 
f. 

Temperature 
Coefficient .. 

(PSI/C) -0.059 ,Q .534 0.593• 
\ J. 
; ~ 

25 [ppm/CJ -13.1 118.6 131.7 
'" 

., ·•·. 

Figures 16A through li6G snow :Cross-sections of 

a pressure sensor in accordance with one aspect of· the 

invention. Figure 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 th~ouqh 16D·~re convenient structur•s 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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rounded portion 342 is coupled to a rectangular portion 
344. Cavity 346 is formed in rectangular portion 344. 
Figure 16F shows another embodiment inwhic~ the cavity 
is formed in the rounded portion. Various alternatives 

s are also available including rounciinq both portions, 
such as shown in Fiqure 16G. A round cross section is 
desirable because it can be closely fit int.:> a round 
hole and can be sealed with a round o-ring. It can be 
fabricated by machining a square structure with a 

10 diamond qrinding wheel. 
Fiqures 17A through 17B show example· 

conf iqurations of the electrodes for capacitive plates. 
Electrode instability causes errors in capacitive 
pressure sensors which have small gaps~ Residual stress 

15 causes the pressure sensor structure to warp. ·Further, 
dimensional changes in the electrode s·urface. change the.· 
gap dimension t. These changes can be .. caused by.'· 
oxidation and reduction or migration of atoms on the 
opposing surfaces. Fiqures l 7A and l 7B show eXamples. ·of·. 

20 a solution to this problem in which the capacitor plates 
are broken apart into strips having widths and spacings 
which result in a capacitance that is substantially 
equal to . a solid electrode. For example, if the 
substrate has a dielectric constant of lO·times the qap 

25 dielectric constant, then the spacings couldbe about 10 
times the qap 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. front surface 
effects .and will provide a stable cap~citance even if 
the inside surface changes dimensions. Figures l 7A and 



W0,6127123 PCl'/US'6/0.2522 

-19-

17B show two e:lt~ple -configurations wh'ith increase the 
amount of flux emanating from the back side of the 

electrodes. Variations on this embocliment include 

:providing. guard :elec~roa~$ ( 29~ > •hich overlie i.each 

s .plate -i:electrode •nd- ··:Shield -each plat~ .electr,qde. 

::Althoµ.9h these .plat·.;s .,are ~pac~d ;4pi;lrt, they are similar 

~to 'a contibuous ·capa~itor •plate b}!eause. of ~lieir spacing 

~m::l relative siz.e. 
In lone' r~dµj\~~t, th~:- -c.~p-cito'° •lectrddes 

10 ~re implanted into the surface >C'f· ;the substrate. This 
;provides electrode stability by protecting the electrode 

. and helping to re~uce the am9un,t of th_e 'change in. the 
~c:,.pacitance <over 'ti.Dr~·. A 1sa~?hires· "B~strat~ is 
lin~lanted with "I ions :at a· :Qose ,of 1Xl011 ions/cm2 an"Ci: a:n 

15 'energy level .pf 200 acev. This -c~-~9-s. =the~ iresistivit.'y· 
:of the ·isapphire from ·very highly resistant to -&bou't lS, 

·:C>hnis/sq. The implanting process concentrat;.es ·most of 
the:V approximately 1000 1 beneath the originil sapphire 

surface. An example of -an implanted ·electrode 300: is 
20 shown in phantom in ,FigU:re 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 
25 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 . 

30 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 68t of the 

melting point absolute temperature. In one embodiment, 

bonding temperature should not exceed about 95% of the 
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~el ting point temperature. The des:i;:~.li fusion bond as 
. ' 

used herein is a bond having· .a strength which is 
substantially the same as the strength o~ the underlying 
crystal material, and is formed by · the applicatic:m of 

5 heat with substantially no foreign material in the bond. 
Although the present invention has been 

described with reference to preferred embodiments, 
workers skilled in the art will reco~ize that changes 
may be made in .form and detail without.departing from 

10 the spirit and scope of the invention. Single crystal 
materials include sapphire, silicon, quartz, ruby and 
diamond. Generally, these are materials with low 
hysteresis which are highly stable thereby providing 
little creep. In general, materials with higher melting 

15 points will be more stable thus, sapphire is one 
preferred material. The cavity of the 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 



---··---·--------
REPLACED SHEETS SG 

W096/27123 

-21-

PCT/US96/02522 
D ~cription : pet),~::! .::: .•• to paged .:: •••• 

,,2('"Cla!m(s) : paGnu • ~ L to paged ~ ~ .. 
D Drawing{s) : paged .. ::-... to paged .: .... 

D Abstract : paged ..• :: •• to paged .::: ... 

WH1'T IS ·CJ.l\I~D IS: 

1. A pressure transmitter in a process control 

system for transmitting. pressure on a process control 

lop,P, the ;tr.~nsmitter <=~».;:is;i.ng: 

I/P cirqu;i.try· .coupling t.o t;be loop for 

tr~,~;i.tting infotmationQn the io9p; 

coJl!P•n•&.tibri :c.,;r~~~ty receiving ~- ;pre~sure 

related signal :and res_p9nsively 

cq:p.t~o;l.lir,119 .. the :'I,/P .1=ircuit;ry to 

:trans~ t ,:p:z;essurf!:- in~o~ation on ¢he 

loop; 
a transmi,t~er h.o:usipc;;J .co:p.~aiping the, I/O 

c;i.._tcui,t~ :$Dd :~h~ .comp~nE?a1;ion 

circu;tf.y; 

:a 'lll9un~ing tportic;>n in. the hq.µsi?sr formed of a 

:mountinf pc>rtion •terial; 

a :process b8.rrier in the 'hoµsing -which 

isolates the I/O circuitry and· the 

compe.n•~tion circuitry from the mounting 

portion; 
an·elongated,~~r formed $ubstantially 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 

11111111111111 11111 1111111 1111 
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portion and a feed-through in the 
process barrier, 'Wherein the sensor and 
electrical connection are isolated from 
process fluid by the elongated member. 

2. The pressure transmitter of claim 1 wherein 
the elongated member defines a cavity therethrouqh for 
applying a reference pressure to the pressure responsive 
structure. 
3. The pressure transmitter of claiin 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 circuitry, wherein the pressure information 
relates to a differential pressure. 
4. The pressure transmitter of claim 1 wherein 
the elongated member and pressu·re responsive portion 
include bonds which are ·substantially free of foreign 
material. 
s. 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 wand a thickness T, andw/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. 

111111111111111111\ \11\I \\ \II\ 
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9. The ~f~ssure transmittei:' ·Of claim 1 ·wherein 

the elongated member has .a length L exposed to process 

fluid and a ,~imum ,)F.j.d~h w and L/w is greater than 

;about 3.0. 

10. A presa~re· :e•nsor in a ;press-~~e transJ11itUr, 

com.prising: 

a pressure responsive struct\:&r~ of a b~i~tle, 

cpr;rosiqn ~~sis1:;~p.~ mater,i·al comp;ri@ing 

more thAA o;q~ s~.$tr:At.~· of. ~•in.gle 

crystal {J;DateriaI bonded ·to ·at least a 

second substrate of single crystal 

'lllfl~eria,l i 

a ·C~~acitan9e· ··~~sor :coupled to the '.pressure 

r•sponsive. s1;;tuet"Qre providing a 

capaci;~iv~ ou:t;put in response .to 

deformation, of· t;ti~ pr•ssure respon~ive 

.structure due to an applied pressure; 

anct· 
wherein the bond·, between the substrates is a 

:fusion bond which ;has a bond strength of 

crystal s'Q.bstantially equal to the 

single crystal ·material strength and is 

formed •t ,a temperature •between about 65 

percent and ·95 percent of an· absolute 

temperature corresponding to a melting 

point .of the material. 

11. The ·pressure·- seJlsOr of claim 10 wherein the 

.•pressure responsive structure' ·has a cavity width wand 

·a thic1tness T, and w/T is less than about 4.0. 

12. The pressure s•nsor of claim 10 wherein the 

pressure responsive struct:.ure includes a passageway 

therethrough -itor ·Provid.ing a reference pressure 

proximate the·capacitance sensor. 

\ \11\11\ \\\I\\ Ill\\ \\1\1 \\ \II\ 
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13. The pressure sensor of claim 10 wherein the 
pressure responsive structure includes electrical 
conductors extending therethrough able to withstand a 
temperature us~d to form the bond. 
14. The pressure sensor 6£ . claim 13 wherein the 
electrical conductors are implanted in the pressure 
responsive structure. 
15. ·The pressure sensor of claim 13 wherein the 
material comprises sapphire. 
16. A pressure sensor in a pres11ure transmitter, 
comprising: 

an elongated pressure responsive structure of 
a single crystal, corrosion-resistant 
material, the·. elongated structure having 
a pressure sensor ·width w and a 
thickness T; 

a capacitance sensor coupled to the pressure 
responsive structure providing a 
capacitive output in response .·· to 
deformation of the pressure responsive 
structure due to an applied 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 6·5 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 

l lll\11\ \l\11\ 1111\ \11\I \I \Ill 
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cavity extending tb.erethrough 'for pt'oviding a reference 
pressure proximate the c~pacitance sensor. 
19. '.rhf! :pressure sensor of claim 16 including 

•electrical ·Conductox-.s impl{l~ted in· the pressure 
,respon~ive structµre. 
2·Q:. The pr~.~sure sense>r of claim 17 including 
~lectr~cal •conductors in 'tb~ :·pressure responsive 
structure .h.-vingt· ,a me.lting tpoint greater than the 

~A.~ing ·t~m~r-.tu:re. 

21. The :Pr~ssure sensor ,()f claim 16 wherein the 
pressure responsive structure is coupled to a pressure 
,tr~~smit~er :~ousipg'. by .. a stress isolating structure of 
cq; (f;j"1fte· m~n9le ·ctf~tal, -e9rrosion-resistant 11\aterial. 
22·. :The 9pi::,eS.:sµre ~••nsor '.Of iclaim 21 wherein the 
joint b~tween the· . .p~essure -sensing structure and. the 
.pressure .transmitter 'housing is ·a :fusion· :bond. 
23. The pressure· sensor :>of claim- 16 wherein the 
;capaci·tance sensor includes ;conducting 'electrodes formed 
of conducting strips 'OD opposing surfaces of a ·cavity 
gap. 

24. The pressure sensor of claim 23 wherein the 
·copducting strips have width and :~pacing substantially 
egµal or less than -a cavity gap spacing. 
25. The pressure ·sensor of claim 21 wb.ereifi the 
pressure responsive structure and stress isolating 
structure are surrounded by and directly exposed to 
process pressu~e 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; 

\ \11\11\ \\\I\\ Ill\\ \\1\1 \\ \\I\ 
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a first capacitor plate ha:~ing a back side 
attached to the pressure responsive 
.struc~ure and a front :side; 

a second capacitor plate having a back side 
attached to the pres· sure responsive 
structure and a front side, the first 
and second capacitor plates positioned 
to provide relative deflection 
therebetween in response 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 oppc)site 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 claim, 27 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 lllllll llllll lllll I/Ill I/ llll 
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33. The pfissure sensor of claln( 27 wherein the 
pressure responsive structure has a length between a 
mounting portion and a sensing. portioJI selected to 
provide. a ~esir~ :stre11s i·solati'q~. 
34. A tr.an•rili.tter .for i1»rov~aing: en- .ol!tpu,t related 
to a diffe~.ential pr.e•sure, -compti•i,.ng: 

·a tran•mitter -:body; 

;a .. first ·press.l;\re r!!spa~siv•, ;s~rgcture formed 

rsub•t•ntial.ly o~·' l&· sing~' icrystal 
material coupled ~o ·a first process 
_pressure; 

~~· first sena,!pg: imean~; ·coupled tp: ·t:tie ~fi~st 
·P:t4!•tsure ·re.pensive. ,s·tructur~ having an. 
output ·r~lated to t?te :r•sp.~se- of the 
first prellsure· t'e~~oi'l'isive ;stbicture ¢:.o 
the first p:toceas" ~pressure; 

a first .a.tress isolation. ·m~r· coupling the 
first pressure responsiv- structure :to 
the transmitter body, thE!" first stress 
isolation 1Dember ~ormed ·substantially of 
the •ingle crystal material; 

a s'1cond ·pressure responsive structure formed 

substantially of a single crystal 
mat'erial .coupled to a. second process 
pressure; 

a second sensing means coupled to fthe second 
pressure responsive ·structu~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 
secpnd pressure responsive· structure to 
the transmitter body, the second stress 

111111111111111111111111111111 
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isolati~n member formed substantially of 

the single crystal material; and 

output means in the transmitter body coupled 

.to the first and second sensors for 

determininq the difference in pressure 

between the first and ·second process 

pressures and providing an output 

related to a differential pressure 
·. therebetween. 

35. 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. 
36. The · transmitter of claim 34 wherein the 
sensinq 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. sensinq structures · are couple~ .. to 
first and second reference pressures .. and the pressure 
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 pressur~s 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 qas. 

42. The transmitter of claim 34 wherein the single 
crystal material is sapphire. 

1111111111111111111 1111111 1111 
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43. 'l'he tri,nsmitte:r; .of claim 34 ·-,wherein the £irst 

,and second pressure respoJisive structures are maintained 

at substantially the same temperature by the transmitter 

rhousing. 

44. ·The tr~nsmitt~;;' of· cliiim ·43 -wherej.n- •the 

ipres$µre responsive str~~~:;ures iare spaced aparl: 9:Uch 

that they maintain a t.-pE?~~ture differential 'Within -a 

_predetermined range over a predetermined tempetature 

:gradi.nt in the transmitt•r ,housing. 
1•s. The transmitter ·of claim· 34 wherein a rprocess 

;pre·ssure range is greater than 1000 psi .and a 

differential pressure range is less than 30 psi. 

'4.6. ·The ·transini tter of -c~aim 34 wherein each 

,pressure responsive 'StrU~ture is 11\aintained at a 
substantially unifoJ;'ll\ teD!peratur~ (throughout. 

4 7. The transmitter .of claim 34 wherein there ar.e 
. ;·,··.. . . . .· 

joints between the··pres.s)lre :;respona;;ive strue:ture ,a.ild the 

str~ss isolating means ,•nd :the joints are isubstantially 

free Of foreign material. 

48. The transmitter of claim 47 wherein the joints 

.. are fusion bon4s. 
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