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THICK FILM PIEZORESISTOR SENSING STRUCTURE

TECHNICAL FIELD
The present invention generally relates to a thick-film

piezoresistive pressure sensor.

BACKGROUND OF THE INVENTION

There is a continuous effort to develop pressure sensors that are
lower in cost and smaller in size, yet are characterized by high reliability,
sensitivity and linearity. Sensors finding wide acceptance on the basis of

* furthering these characteristics include those that utilize semiconductor

materials with a micromachined sensing diaphragm, a notable example being
micromachined single-crystal silicon pressure transducer cells manufactured
using semiconductor fabrication processes. In the processing of such cells, a
thin diaphragm is formed in a silicon wafer through preferential chemical
etching. Jon implantation and diffusion techniques are then used to drive
doping elements into the diaphragm, forming piezoresisti\}e elements whose
electrical resistance changes with strain (this ratio being termed the “gage
factor"). As a result, deflection of the diaphragm causes a change in resistance
value of* the piezoresistive elements, which can then be correlated to the
magnitude of the pressure applied to the diaphragm.

Diaphragms of single-crystal silicon pressure transducer cells are
typically small, rarely exceeding a few millimeters in width, and are very thin,
with a thickness of often less than 100 micrometers. The ﬁse of standard
single-crystal silicon wafers and sténdard semiconductor device fabrication
processes allows many such cells to bé fabricated from a single wafer,
providing some economy of scale. However, silicon is susceptible to chemical
attack and erosion by various media, particularly in applications where 2 high-
pressure medium is to be sensed, e.g., automotive applications that involve

sensing brake fluid, oil, transm.ission fluid, hydraulic fluid, fuel and steering
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separating the sensing chip from the medium to be sensed with a metal
diaphragm, such that pressure must be transmitted through the metal diaphragm
10 and ﬂT‘il'd to the sensing chip. While achieving some of the operational
advantages of silicon pressure transducer cells, the manufacturing processes for
these sensors are relatively expensive and complicated. As a result, these
sensors are not suitable as mass-produced sensors for automotive applications.
As known in the art, alternative approaches include ceramic
15 capacitive pressure sensors and ceramic diaphragms that use thick-film
piezbresistors as strain sensing elements. However, each of thésg also have.
certain disadvantages, such as complex circuitry to detect capacitance changes,
the requirement for ceramic-to-ceramic bonds, and a maximum pressure
capability typically not exceeding about 1000 psi (about 7 MPa). For higher
20  pressures, metal diaphragms have found use as the sensing element. Because
metal diaphragms generélly deflect more for a given thickness and pressure
than ceramic diaphragms, sensing is performed by thin-film polysilicon or
metal de?aosfi:ed on the metal diaphragm. The diaphragm must first be coated
with a dielectric layer to electrically insulate the diaphragm from the thin-film
25 resistors and conductors. A thin-film polysilicon layer is thep deposited to
form the piezoresistors, followed by thin-film metallization to provide electrical
interconnects. As is conventional, the thin-film layers are typically deposited
by such processes as chemical or physical vapor deposition. The equipment
necessary for these processes is expensive, and deposition rates are extremely
30 slow. Deposition of the thin-film layers requires multiple patterning, exposure,

developing and stripping steps for the required thin-film photoresists and
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transducer cells, the manufacturing processes for t hese sensors are

rel atively ex pmrmmsaﬂm surfaes ofthe metal Aliaphragny must, bet ¢xseemely smooth to
5  avoid rough surface features penetrating through or producing discontinuities in
the deposited thin films. Finally, the resistance of the resulting polysilicon
thin-film piezoresistors can vary dramatically with temperature.
While achieving some of the operational advantages of silicon
pressure transducer cells, metal diaphragm pressure sensors of the type
10 desch%'ed above have complicated manufacturing processes that render the
sensors incompatible with mass-production applications. Media-compatible,
high-pressure transducer cells that combine a corrosion-resistant metal
diaphragm and thick-film piezoresistors have been proposed, as taught in U.S.
Patent Application Serial No. 08/xxx,xxx io Ratell et al. (Attorney Docket No.
15  H-198882). Such sensors are capable of sensing very high pressures while
being chemically and mechanically robust, readily manufacturat;l_e, and
relatively insensitive to temperature variations. At least one thick-film
dielectric layer is required to electrically insulate the metal diaphragm from the
thick-film piezoresistors. For coinpatibility with the metal diaphragm, the
20  dielectric layer applied directly to the diaphragm must be formed of a material
that will adhere to the metal diaphragm, withstand the strains induced as the
diaphragm deflects, faithfully transmit such strains to the thick-film
piezore;i‘sto;s,' and compensate for the coefficient of thermal expansion (CTE)
mismatch between the metal diaphragm and piezoresistors. A complication is
25  that metal oxide constituents of dielectric materials found suitable for this
_purpose have been found to diffuse into the thick-film piezoresistor and react
with metal oxides present in the frit component of the piezoresistor, thereby
significantly increasing the sheet resistivity of the piezoresistor, e.g., above the
3 to 10 kilo-ohm/square (k€2/[Irange typically desired. Accordingly, improved
30  performance could be achieved if diffusion between the electrical-insulating

layers and the thick-film piezoresistors was inhibited or at least controlled.
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10 It is another object of this invention that the strain-sensing
structure employs thick-film technology, including thick-film electrical-
insulating layers and thick-film piezoresistors, yielding a sensor that is capable
of sensing very high pressures while being chemically and mechanically robust,
readily manufacturable to be compatible with mass-production techniques, and

15 relatively insensitive to temperature variations.

| It is another object of this invention to inhibit difﬁxgion of glass
frit components between the electrical-insulating layers and the thick-film
piezoresistors, so as to improve the performance of the sensor.

In accordance with a preferred embodiment of this invention,

20 these and other objects and advantages are accomplished as follows.

The present invention provides a media-compatible, high-pressure
sensor that employs a thick-film strain-sensing structure. The strain-sensing
structut:? ge;ieially includes a metal diaphragm, at least one electrical-insulating
layer on the diaphragm, an interface layer on the electrical-insulating layer, and

25 one or more thick-film piezoresistors on the interface layer for sensing
deflection of the diaphragm. For purposes of compatibility with a wide variety
of media, the metal diaphragm is preferably formed of a steel, most preferably
a stainless steel such as an AISI Type 300 or 400 Series.

The interface layer and the electrical-insulating layers are

30  preferably formed by thick-film processing, as done for the piezoresistors. - For

compatibility with the metal diaphragm, the electrical-insulating layer applied
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diaphragm. thle the frit present in such an electrical-insulating layer may
contain many of the same metal oxides present in the frit component of the

5  piezoresistors, the relative proportions of a given metal oxide may be such that
interdiffusion during firing of the thick-film piezoresistors creates a third glass
composition whose impact on the piezoresistors depends on the degree of
diffusion and the proportion that the newly created frit assumes relative to the
total t_'l_'it content of the piezoresistors. It is not unusual for the new frit to be of

10  adifferent phase, relative to solidus and liquidus temperatures, with consequent |
changes in softening point, melting point, wetting and CTE as a result. It is
well documented in the industry that the foregoing properties of glass frits are
primary determinants of thick-film resistor properties such as sheet resistivity,
temperature coefficient of resistance (TCR), stability and piezoresistivity.

15  According to this invention, the intermingling of the glass frit components of
the electrical-insulating layer, as a result of diffusion, increases tl_xe sheet
resistivity of the piezoresistors and negatively affecﬁng their performance.

As a solution, the interface layer of this invention is formulated to
inhibit and control diffusion of the electrical-insulating layers into the

20  piezoresistors. The interface layer is characterized by particulate alumina

- (AL,O,, aluminum oxide) and particulate zinc oxide (ZnO) closely divided and
suspended ina glass matrix, forming an alumina glass ceramic, preferably a
lead-alumma-borosmcate glass composed primarily of lead oxide, alumina,
boron oxide and silica. To obtain the preferred composition, the interface layer

25  is formed from a composition that contains, in addition to a suitable organic
media, alumina, zinc oxide, and a glass frit mixture that preferably contains
lead oxide (PbO; litharge), a source of boron oxide (B,0O,) such as boric acid
(H,BO,), silica (Si0O,, silicon dioxide), and alumina. The interface layer may
also include such constituents as titania (Ti0,, titanium dioxide), cupric oxide

30 (Cu0), manganese monoxide (MnO), and cobalt oxide (CoO), the latter three

preferably being provided alone or in combination.
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- 10  Another unexpected advantage of this invention is that the detrimental effect of
the high CTE of a metal diaphragm on resistance versus temperature of a
piezoresistive sensor has been found to be largely offset by the presence of the

interface layer, thereby eliminating the need for temperature compensation

electronics as required by sensors of the past.

15 In view of the above, the present invention provides for a
pressure sensor that combines a corrosion-resistant metal diaphfa_gm and thick-
film technology, and avoids thick-film interactions to enable accurate sensing
of very high pressures, e.g., in excess of 10,000 psi (about 70 MPa). Other
objects and advantages of this invention will be better appreciated from the

20 following detailed description.

BRIEF i OF WINGS
. The present invention will now be described, by way of example,
. with reference to the accompanying drawings, in which:
25 Figure 1 is a cross-sectional view of a pressure sensing structure
that includes an interface layer in accordance with this invention;
Figure 2 is a graph showing resistance change versus strain of the
pressure sensing structure of Figure 1,
Figures 3, 4 and 5 are graphs showing, respectively, resistance
30 versus thickness of interface layers of different compositions, gage factor

- versus thickness of interface layers of different compositions, and resistance
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compositions;

Figure 6 is a graph showing normalized sensor output versus
applied pressure on pressure sensor diaphragms formed from 304 L stainless

5 steel to include insulative layer compositions ESL D-4914 and QM44, each in
combination with various interface layers;

Figure 7 is a graph showing normalized sensor output versus
applied pressure on pressure sensor diaphragms formed from 304 L stainless
steel to include interface layers providing TCGF values within about A170

10 ppml-":('l for insulative layer compositions ESL D-4914 and QM44;

Figure 8 is a graph showing the dependence of normalized gain
on temperature for pressure sensor diaphragms formed from 304 L stainless
‘steel to include interface layers providing TCGF values within about +170
ppm/°C for insulative layer compositioos ESL D-4914 and QM44;

15 Figure 9 is a graph showing the dependence of normalized gain
on temperature for pressure sensor diaphragms formed from 304.L and 430
S17 stainless steels to include interface layers providing TCGF values within
about +170 ppm/°C for insulative layer composition ESL D-4914;

Figure 10 is a graph showing normalized sensor output versus

20  applied pressure on pressure sensor diaphragms formed from 304 L and 430
S17 stainless steels to include interface layers providing TCGF values within
about +170 ppm/°C for insulative layer composition ESL D-4914;

h figure 11 is a graph showing hysteresis of normalized output

voltage after 1.8 million pressure cycles for a pressure sensor diaphragm

25  formed from 304 L stainless steel to include an insulative layer of ESL D-4914
and an interface layer of Ink #6; and '

Figure 12 is a graph showing hysteresis of normalized output '
voltage after 1.8 million pressure cycles for a pressure sensor diaphragm

formed from 430 S17 stainless steel to include an insulative layer of ESL 4914
30  and an interface layer of Ink #4.
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10 techniailes, with the remainder of the metal body forming an annular-shaped
support (not shown) for the diaphragm 12. Alternatively, it is foreseeable that

YL BN

the diaphragm 12 could be a discrete member that is permanently secured, such
as by welding, to a support. In a preferred embodiment, the diaphragm 12 is
formed of a steel alloy, and preferably stainless steel in order to achieve a

15  suitable level of corrosion resistance to the given medium. While various
grades of steel could be used, preferred alloys are AISI Type 36(} and 400
Series alloys, with Types 304, 316, 404, 430, 430 S17 and 444 being
particularly sﬁitabie as being compatible with materials suitable for the layer 14
contacting and adhered to the metal diaphragm 12, as will be discussed below.

20  However, it is within the scope of this invention to use other stainless steels, as

| well as carbon and galvanized steels and other metals.
_ The layers on the sensing structure 10 are a single thick-film

dtelectnc layer 14, a thick-film interface layer 16, a thick-film piezoresistor 18,
and contacts 20. The piezoresistor 18 is employed to sense the deflection of

25  the diaphragm 12, while the dielectric layer 14 is necessary to electrically
insulate the piezoresistor 18 from the diaphragm 12. The contacts 20 enable
the use of wire bonding to electrically interconnect appropriate conditioning
circuitry (not shown) to the piezoresistor 18. Alternatively, a chip carrying the
circuitry can be connected to the contacts 20 by known flip chip attachment

30 methods. While a single piezdresistor 18 is shown, it will be understood that |
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A preferred aspect of this invention is that the dielectric layer 14,
the interface layer 16, the piezoresistor 18 and the contacts 20 are each formed
5 by thick-film processes, though it is foreseeable that laminated tapes could be
used. As thick films, each is about 25 um (about one mil) or more in
thickness, and formed by depositing an appropriate paste or ink using a
printing technique or similar process. Consequently, the dielectric and
interfice layers 14 and 16, the piezoresistor 18 and contacts 20 are
10 distinngishablé from thin-film structures. The piezoresistor 18 is also
distinguishable from implanted and diffused piezoresistors employed with
single-crystal pressure cells. According to the invention, suitable inks for the
piezoresistor 18 and contacts 20 are known in the art. For example, a
commercially available resistive ink found suitable for the piezoresistor 18 is
‘15 available under the name ESL 3414B from Electro-Science Laboratories, Inc.,
while suitable conductor inks for the contacts 20 include silver-ﬁalladium and
gold compositions identified as 7484 and 5760, respectively, and commercially
available from E.I. DuPont de Nemours and Company, Inc., of Wilmington,
Delaware. Thick-film printing processes for depositing the inks and the
20  thermal processing required to fire such inks are generally known in the art.
Suitable resistive materials for the piezoresistor 18 generally have
sheet res1stances of about 3 to 10 kilo-ohms/square. The ESL 3414B
composmon ylelds thick-film piezoresistors within this range that exhibit a
gage factor (the ratio of the change in resistance (AR) to strain (AL/L)) of about
25 15 to 20. However, the electrical resistance of thick-film resistive materials is
known to vary with temperature, and can be permanently altered when
subjected to a hostile environment. The sensitivity of a thick-film resistor to
temperature is indicated by its temperature coefficient of resistance (TCR), as
measured in parts per million per °C (ppm/°C). Thick-film piezoresistors can
30  typically be calibrated to have a' TCR in the range of about 200 to about +100

pprh/°C when measured across a temperature range of -55°C and 125°C, which
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cl osely diviided beétsreen the metal diaphragm 12 and the thlck-ﬁlm piezoresistor 18. In

addition, the dielectric layer 14 must withstand the strains induced as the
diaphragm 12 deflects, yet faithfully transmit such strains to the thick-film
piezoresistor 18. Such problems are not generally confronted when using thin-
films employed by pressure sensors of the prior art. The present invention

15  fulfills these requirements by using at least one dielectric layer 14 that
preferably contains one or more bonding agents and a mixture of metal oxides
that, when the ink for the dielectric layer 14 is fired, provide for a coefficient
of thermal expansion (CTE) that approximately equals that of the diaphragm
12. Suitable bonding agents are those that are noncorrosive to the material of

20  the diaphragm 12. Other possible materials that could be substituted for the
metal oxides include porcelain, quartz, SiO,, Si;N,, SiC, etc. Particularly
suitable ink compositions for the dielectric layer 14 include ESL D-4914 and
ESL D-?913:B' commercially available from Electro-Science, and QM44 from
DuPont. The dielectric layer 14 can alternatively be formed with a dielectric

25 tape, such as ESL D-41030-25C from Electro-Science and HD-3 from DuPont.
These dielectric materials, though developed for static applications such as
heating elements, have been surprisingly found to exhibit suitable mechanical
properties for dynamic applications such as the flexing metal diaphragm 12 of
this invention.

30 Of significance is that thick-film dielectric materials determined
to be compatible with steel sensing diaphragms contain glass frits composed of



shspended—iﬁ—gras’s"natri x, formng an alum na glass ceramc, preferably a

Iead al m,qa- hdicicat e gI ass conposed primarily of |ead oxide, alum na,
ca. To obtain the preferred conposition, the interface

Iayer ﬁﬁ Bgih&m froma conposition that contains, in addition to a

SUi ta medi a, alum na, zingioxide, and a glass frit mxture

t hat preferabl y cont ai ns | ead oxide (PbQ Ilitharge), a source of

boron oxi de (B203) such as boric acid (H3BM), silica (Si Jerr],

il di oxi d lLum na. terf | a i ncl ud
uch const |t ueetal S8des tiahiend o dBise ied e icpaursior ] dusings rind p5ge 30
(Qu9), manganegsRROK IR LM ol ihRbh, (Klifler P G)er Id¥inivihter h ee

pref erably being pr I'n conbl hat'i
-6 - diffusion of metal oxides from the frit component of the dielectric layer 14 into

the piezoresistor 18, while also being compatible with the materials for the

5 dielectric layer 14 and the piezoresistor 18. Compositions for the interface
layer 16 that have been determined to provide this function contain particulate
alumina (AL, O,, aluminum oxide) and particulate zinc oxide (ZnO) closely
divided and suspended in a glass matrix forming an alumina glass ceramic.
The glass is preferably a lead-alixmina-borosilicate glass composed primarily of

10 lead i)?:'me, alumina, boron oxide and silica. The interface layer 16 having the '
preferred composition is formed from dielectric ink compositions that contain,
in addition to a suitable organic media, alumina, zinc oxide, and a glass frit
mixture that preferably contains lead oxide (PbO, litharge), a source of boron
oxide (B,0,) such as boric acid (H,BO,), silica (Si0,, silicon dioxide), and

15  alumina. Additional glass constituents, preferably including titania (TiO,,
titanium dioxide), cupric oxide (CuO), manganese monoxide (MI_IO) from .
manganese carbonate (MnCO,), and cobalt oxide (CoO) from cobalt carbonate
(CoCO0,), the latter three being provided alone or in 'cambination, are
introduced into the glass to act as fine tuning control of thermal expansion of

20  the alumina glass ceramic and/or to add color to it. A preferred particle size
for the dry constituents is about 230 mesh (about 64um) to about 325 mesh
(about 45um), though the use of larger and smaller particles is foreseeable.

s Suitable ranges for the constituents of the ink composition of the
interface layer 16 are, in weight percent, about 15% to about 35% alumina,

25  about 3% to about 6% zinc oxide, and about 34 % to about 53% of the glass frit
materials, the balance being the organic media. Notably, sufficient particulate
alumina is present in the interface layer 16 to achieve physical properties
similar to that of alumina substrate materials. Suitable ranges for the individual
constituents of the glass frit materials are, in weight percent, about 50% to

30  about 74% lead oxide, about 10% to about 25% boric acid as a source of boron

oxide, about 8% to about 26% silica, up to about 12% .alumina, up to about
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10  shown to be effective for the interface layer 16. Different glass frit mixtures
were used in order to provide a more controlled evaluation by which a desired
CTE could be more selectively obtained for the resulting interface layer 16.
Importantly, selectively varying the relative amounts of the constituents was
shown to be capable of driving the value and direction, positivé or negative, of

15 sheet resistivity (Rs), the sensitivity to strain and/or pressure (gain), and the
response of resistance and gain (gage factor) to temperature (TCi; and TCGF,
respectively). The ink compositions and glass frit mixtures are summarized
below in Tables I and II, respectively. In each case, the organic media was a
terpineol/ethy! cellulose solution.

20
TABLE 1.
-
INK COMPOSITION (IN WEIGHT PERCENT)
25 Ink #1 __ Ink #2 Ink#3 Ink#4 Ink#5 Ink#6
ALO, 32.9 31.0 34.9 30.0 15.0 30.0
Zn0 34 4.0 5.8 5.0 5.0 5.0
Frit #1 36.3 19.0 17.3 19.0 26.5 -
Frit #2 - 19.0 17.3 19.0 26.5 -
30 Frit#3 — e e - - 38.0

Media 27.4 27.0 24.7 27.0 27.0 27.0



BRI EF DESCRMPTHON-OFTHE DRAW NGS The present invention

Wi frhlsﬂliw,’}ﬁ? g crlb d, by way of exanple, with reference to the

acc s in which: 25 Figure 1 is a .
cro Mﬂa ew of a pressure sensing structure t hat includes an
I nt accordance with this inygntion;

Figure 2 is a graph showi ng resi stance change versus strain of the
pressure. sensing structure of Figure 1; Figures 3, 4
and 5 are graphs show ng, respectively, resistance 30 versus thickness of
interface |layers of different conpositions, gage factor ver sus

t hi ckness of interface |ayers of diff®ABME Honpositions, and resistance
This is the replacenent sheet

FRIT MIXT IN WEIGHT PERCENT

5
Frit Frit Frit #3

PbO 53.3 53.3 52.8
H,BO, 15.1 15.1 15.0
Sio, 19.4 19.4 19.2

10 ALO, 8.2 8.2 8.1
TiO, 1.0 1.0 0.5
CuO 3.0 - 0.5
CoCO, - 3.0 -—
MnCO» - — — 4.0

15

The investigations performed with the above ink compositions
and glass frit mixtures for the interface layer 16 included comparative tests
performed on alumina and steel substrates and pressure sensor diaphragms, as

20  generally summarized below.

EXPERIMENT #1
Test substrates were formed of 96% pure alumina and AISI Type
300 stainless steel having thicknesses of about 0.035 inch (about 0.9 mm) and
25  about 0.020 inch (about 0.5mm), respectively. The stainless steel specimens
were prepared by first sandblasting their surfaces, then oxidizing with two
passes thyough a belt furnace at a peak temperature of about 850°C to about
950°C. Following oxidation, the steel specimens were washed to remove any
contamination and oily residue.
30 The stainless steel substrates were printed and fired with two
layers of ESL D-4914 dielectric ink and one layer of ESL D-4913B dielectric
ink to form insulating dielectric layers corresponding to layer 14 in Figure 1.
Each layer was printed with a 230 mesh screen OF 1.4 mil (about 36um)
diameter wire and 0.9 mil (abqut 23um) emulsion thickness. For firing, the
35  substrates were divided into two groups. One group was fired in a

conventional furnace having a peak temperature of about 850°C for a duration
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t hi stS conposi tions; Figure 6 is a
.grap i zed sensor’ out put versus applied pressure on
pres ﬁ’!wgﬂgphragmﬁ formed from304 L stainless 5 steel to
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Figure 9 is a graph showi ng t dence of nornmalized gain
t enper at use f @mep frogn enteance tsenit, dvaaphomgﬁfseenm@s forathe mnd graupd 430

" S17 stainless steel's tol el yde, el aG8 | YA Sobloditod il S Frinkdd UeS
and fired over the dielectric layers 14 on each of the steel substrates under the
same conditions as the dielectric layers 14. Contacts 20 were then formed by
printi_gg the DuPont 7484 ink composition on the alumina substrates and on the

10 interface layers 16 of the steel substrates with a 325 mesh screen of about 0.9 .
mil (about 23um) diameter wire and about 0.5 mil (about 13um) emulsion
thickness. The inks were dried and fired, with the alumina substrates being
divided into two groups as was done with the steel substrates, the first group of
each type of substrate being fired at about 850°C using a conventional oven and

15 the second group being fired in the IR furnace at about 915°C. Thereafter,
pairs of thick-film piezoresistors 18 oriented transversely to each. other were
formed on each specimen by printing, drying and firing the ESL 3414B
piezoresistor ink in the same manner as was done for the contacts 20.

The resulting thick-film piezoresistors 18 were then evaluated for

20  sheet resistivity, TCR and resistance change versus strain (i.e., gage factor).
Sheet resistivity (Rs) in ohms/and TCR in ppm/°C at about -40°C (“CTCR”)
and abog:: +-__125°C (“HTCR") for each group are summarized below in Table

III.
25 TABLE IIl.
Substrate Firing Rs CTCR __HTCR
- Alumina 850°C 3.5K 124 146
Alumina 915°C 2.6K 162 177
30  Stainless steel 850°C 3.3K 328 456

Stainless steel 915°C 3.1K 349 464



55Meu4_(: for insulative |layer conposition ESL D 4914;

meghget S a graph show ng nornalized sensor output versus 20 applied
° s&dre sensor di aphragnms forned from 304 L and 430 S17
to include interface layers providing TCG- values within
rr] C for insulative |layer qgmposition ESL D 4914;
'F| gure 11 is a graph showi ng hysteresis of nornalized output vol t age
after 1.8 mllion pressure cycles for a pressure sensor diaphragm 25
formed from304 L stainless steel to jnclude an insulative | ayer of ESL

D- 4914 ang thedata indigate, dhe sheet registiyify values qhtained on the stainless steel
Figure 12 is a ol tage
o tor 1.6 m 1 | PORCRP RS orbkBhA: BeE ol oihe BRENEH Wbnien, grhict
formed from 43§ a‘i]Jofyédt af Hie fivestie! Tﬁ@dlmfénuésebeweému QR v&luesofahe of ESL
4914 30 and an interface |layer of |Ink #4.
This is the repluminmansd stedl substrates are explamed by the large CTE difference between
5  alumina (having a CTE range of about 6.54 ppm/°C) and stainless steels
(having a CTE range of about 10 ppm/°C to about 18 ppm/°C, depending on

the type of steel).

Resistance versus strain data were obtained by deflecting the
substrates while supported at opposite longitudinal ends, such that one

10 piezor;sistor of each set was considered to be oriented “longitudinal” and the

remaining piezoresistor oriented “transversal” relative to the orientation of the
substrate during bending. The strain data from this test are summarized in
Figure 2, which shows that, under equivalent strain at a given temperature, the
resistance change on stainless steel is essentially the same as on alumina, which

15 is another object of this invention.

EXPERIMENT #2

Dielectric and interface layers were printed and fired on four
groups of stainless steel substrates using the same screen parameters noted
20  above as follows.

TABLE IV.
w .
ROUP ____ DIELECTRIC SEQUENCE RFACE
5 A (1) layer ESL D-4914 Ink #1
+ (1) layer ESL D-4913B
B (1) layer ESL D-4914 Ink #2
+ (1) layer ESL D-4913B
30
C (2) layers ESL D-4914 Ink #1
+ (1) layer ESL D-4913B
D (2) layers ESL D-4914 Ink #2

35 + (1) layer ESL D-4913B



- 8- ~-\'DESCRI PTI ON. OF AN EMBODI MENT OF THE | NVENTI ON
JFigure 1 represents a pressure. sensing structure 10 for a high-

Pr €S5S Ur Thisshes Bhs Bebn RGgdance with the present invention. The sensing
structur? . i ‘to be capable of deflecting in response to a
pressuref : HRilE gy a nediumto the strgegture 10. As represented in
Fi gure 1, ) ensing structure 10 includes nultiple |ayers 14, 16,
18 and 20 on a netal di aphragm 12. According to this invention, the
di aphragm 12 may_be in_the, . formof, g nonglithic netal structure
formed by e t hot Beeeh HeiRsinsing of sagh digtectric layer, the sHbswates ware fired Bra2dR ni ng
a netal body, t | ' chniaues wth the
rrg%glkﬂg: %é&aﬂ%&;@%@%% 9%%(;&& Ocl?ﬂét?dh at pedlk

remai nder of the 0 ng ah annul ar=s support (not

shown) for the Oieapbrab@diof gboudithiret Rihhté€hy/in ExpetitnehO# ES T bllsstratedtof
t he di aphragm 12 could be a discrete nmenber that is permanently secured,

such as bsachgrauprigerethensprintpd and firadwish thedDeRant d48pensduative inkt he
di aphragm 12 _is ed of a steel .all and preferably. stainless
steel in order t@%ﬁé@‘gﬂsﬁﬂ"”%‘ﬁﬁgﬁw ﬁoefgé?‘ CB?m@gPP%QFGWeg‘é@F%t ance to
the given medi uesdlittilély v ¥irilg'Was performed in an IR furnace for about three minutes at

a peak temperature of either 895°C or 915°C for a duration of about three

minutes at the peak temperature. Screening of the piezoresistive ink was done
in suc_:ll a way as to achieve thick-film piezoresistors of different thicknesses
10 accord?ng to Table V below.

TABLE V.
(0] PIEZORESISTOR P ING CO NS G

15 Al 230 Mesh/1.4 mil wire/0.9 mil emulsion 895°C

Bl 230 Mesh/1.4 mil wire/0.9 mil emulsion - 915°C

A2 325 Mesh/1.1 mil wire/0.4 mil emulsion 915°C

B2 325 Mesh/1.1 mil wire/0.4 mil emulsion 895°C

C1 " 230 Mesh/1.4 mil wire/0.9 mil emulsion - 915°C
20 D1 230 Mesh/1.4 mil wire/0.9 mil emulsion 895°C

C2 325 Mesh/1.1 mil wire/0.4 mil emulsion 895°C

D2 325 Mesh/1.1 mil wire/0.4 mil emulsion 915°C
25 o : Following firing, the thick-film piezoresistors were evaluated for

sheet resistivity, TCR and gage factor using the resistance versus strain test
method of Experiment #1. The test data were statistically analyzed to
determine the impact of print thickness, firing, interface composition, and
dielectric composition and sequence on sheet resistance, TCR and gage factor.
30  The results unexpectedly showed that sheet resistance, TCR and gage factor
were overwhelmingly determined by the interface layer composition. Figures 3
and 4 show the average sheet resistances and gage factors for piezoresistors
isolated from the dielectric layers with either Ink #1 or Ink #2 relative to

interface layer thickness, while Figure 5 shows resistance versus temperature
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15
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30

initial 15 to 20 typical for the ESL 3414B material, to about 21 to 25, a
minimum increase of 25% depending on the thickness of the piezoresistor.

Also unexpected was that the interface layer formed with Ink #2 was capable of
offset_t%ng the effect of the higher CTE of stainless steel relative to resistance ~

versus temperature, as shown in Figure 5.

EXP NT #3 |

Testing was then performed on actual pressure sensing cells using
ESL D-4914 and DuPont QM44 as the inks for the dielectric layers. The
sensing cells had diaphragms approximately eight mils (about 0.2 mm) thick
formed of AISI Type 304L stainless steel, and were prepared for printing by
bead blasting and oxidation by firing in a belt furnace with a peak temperature
of about 915°C and a duration at peak temperature of about ten minutes. Half
of the diaphragms were printed with two layers of QM44 using a 230 mesh
screen, while the remaining diaphragms were printed with two layers of ESL
D-4914 usmg the 230 mesh screen. Between printings, the diaphragms were
dried at about 150°C for about ten to fifteen minutes, and then fired in a belt
furnace having a peak temperature of about 850°C for a duration at peak
temperature of about ten minutes. The dried thickness of each dielectric layer
was about 1.5 mils (about 38um), yielding a total fired thickness of about 1.5
mils.

The diaphragms printed with ESL D-4914 and QM44 were then
each divided into four grdups, with the diaphragms of each group being printed
with a single layer of one of Inks #2 through #5 using a 230 mésh screen to
achieve a dried thickness of about 1.5 mils. Drying and firing were performed
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Tmus&@ﬁﬁsge sing a Wheat stone bridge to process the output of the
A preferred aspect of this
m@% the dielectric | ayer 14, the interface |ayer 16,
or 18 and the contacts 20 arg& each forned 5 by

th| ck filmprocesses, though it is foreseeable that |am nated tapes could
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again the same as that for the dielectric layers. |
The resulting pressure sensing cells were then evaluated for

resistance. Average sheet resistance values for each group were as follows.

10
TABLE VL.
DIELECTRIC _ INTERFACE HEE TIVITY
ESL D-4914 Ink #2 6.1 kQ/0
15 ESL D-4914 Ink #3 3.2
ESL D-4914 Ink #4 5.8
ESL D-4914 Ink #5 2.7
QM44 Ink #2 | 6.0
QM44 . Ink #3 2.7
20 QM44 Ink #4 9.3
QM44 Ink #5 7.9

The sensing cells were then assembled using standard practices into pressure
sensors (minus amplification and temperature compensation circuitry) and

25 subjected to pressure and temperature testing. The pressure ranged from zero
up to about 1029 kPa, and temperature excursions were from about 25°C to -
40°C, about -40°C to 25°C, and about 25°C to 125°C. The resulting data for
normalized pressure sensor output at 1029 kPa (“Output”) and response of gain
(gage factor) to temperature at the low and high temperature extremes

30 (“CTCGF” and “HTCGF,"” respectively) were statistically analyzed using
multiple regression. R? values of very near 1.0 were obtained for each of the

following regression predictor equations:

D-4914 Dielectric Layer:



whi | e—SM—t-&bl—e—GQHd-HC—{—GJ’— inks for the contacts 20 include silver-palladium

and i old conpositions identified as 7484 and 5760, respectively, and
. conner ERSB“qu’ | able fromE.I. DuPont de Nenours and Conpany,

I nc. VI II“IH‘H“ Del aware. Thick-filmprinting processes for

dep05|t d the 20 t hermal pregessing required to fire such

i nks,;are generally known in the art. Suitable resistive

materials for the pi ezoresi stor 18 generally have sheet resistances

of about 3 to 10 kil o-ohns/square. The ESL 3414B conposition yi el ds

thick-filmpiezoresistors within this range that exhibit a

gage
factor (the ratio of the change g§R.-s908i n (AL/L)) of
about 25 15 Eq.(Bo. HOV\BM @@@Wq—(‘rggﬁ ?noce of thick-film

resistive materials is known to vary with tenperature, and can be
permanently al ter ed when subj ected to a hostile ﬁ%hkog t The
sensitivity of tﬁ% ck-fil QTEGF st Fi1615X,-701. 5X2ﬁ-é.ﬂ-§@r)% '3 i cat ed by
its tenperature coetfficient of resistance (TCR), as nmeasured in parts

per mllionsper [err]C (ppm [err]C). Thick-filmpiezoresistors can 30

typically be caljbrated to & ﬁfﬁ( LaNGK, 96779K273949 to about
100 ppn1[(§%(]3t when r#lgéﬁreﬁ acro é a terrperature range of -55[err]C
and 125[err] C, which

where: X, = weight percent alumina

X, = weight percent zirconia
10 - ' X, = weight percent Frit #1
- X, = weight percent Frit #2

M44 Dielectric Layer:

15 Eq.4) Output = 0.111X,-0.111X,+0.039X;+0.197X-9.64
Eq.5) CTCGF = 2741X,-4613X,+726X,+4833X,-165263

Eq.(6) " HTCGE = 31554X-58646X,+7667X,+55390X 1852071

20
where: X, = weight percent alumina
X, = weight percent zirconia
X, = weight percent Frit #1
X, = weight percent Frit #2
25 o

The data for the sensing cells with the ESL D-4914 and QM44 dielectric layers
are summarized in Tables VII and VIII, respectively.
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when using thin- fil essure sensors of
art. The p?esent i nvention £5L BRIk 1“&1‘:0{3-‘/ er
and an Interface Layer of:
Ink #4 nk #5
Normalized Output
Actual 1.15 1.12 1.08 1.11
Predicted 1.16 1.13 1.09 1.11
CTCGF (ppm/°C)
Actual -108 1492 -123 -31
Predicted -108 1494 -121 -30
HTCGF (ppm/°C)
Actual 450 7650 -40 2000
Predicted 453 7653 =37 2003
TABLE VIII.
QM44 Insulator Dielectric
and an Interface Layer of:
Ink#2 JInk#3  Ink#4  Ink#5
Normalized Output
Actual  1.27 1.04 1.27 1.16
Predicted 1.27 1.04 1.27 1.17
- CTCGF Lppm/°C)
Actual 6892 -169 -462 108
Predicted 6876 -188 -478 100
HTCGF (ppm/°C) _ :
Actual 89590 -110 -610 -990
Predicted 89594 -105 -606 -988

The closeness of the predicted data to the actual data for output and TCGF
shown in Tables VII and VIII demonstrates the robust relationship between the

interface compositions and the magnitude and direction of output and TCGF.

The impact on output can better be appreciated by considering Figure 6, which



15 fulfills t themlrerrents by using at |east one dielectric |layer 14

t hat ThlSSh B4 R la\éedcont ains one or nore bonding agents and a m xture of
met al ﬁ I when the ink for the dielectric layer 14 is fired,
e

provi d |ent of thermal expansion (CTE) that

appr oxi mat that of the di aphragm 12. Suitabl e bonding
agents are those that are noncorrosive to tzne mat eri al of 20 t he

di aphragm 12. O her possi ble materials that could be substituted for the
nmet al oxi des include porcelain, quartz, SiQ2, Si3N4, SiC, etc. Particularly
sui tabl e ink cdamosstratesiibatithe mt¢r£acd|la{eecompwumyé¢temnncme slope.Som914 and

ESL D-4913B co |y ai |l abl. g frqQm El ect ci ence, and, QM4 from

DuPont. The di gﬁ@% 5% oufput ting. a’llq’("egrfﬁ?’i é‘@lsé’pﬁ’e‘hf’&‘?‘?é‘ﬁ BEth a

dielectric 25 4 mﬁ?ﬁd%ﬁ) tgl?jgagffg%gllow 25C from El ectro- Sci ence and HD- 3
e iC

from DuPont . ese materi al s, though devel oped for static

applications such as It is dppatennfroml Tabiest V1l ahd\XHIIhBa’trthswmidnSMpgl y found
to exhibit suitable nechani cal properties for dynam ¢ applications
such as thd f| diffesdrom insnlagnre insslpters as gould be expactadssinggriaslaten. 30

O significanc fil e ned to
be conpati bl e %@ﬁos&@&é é@éﬁgff ? eﬁ%&ﬁ? 2%93“)%8‘% tﬁeﬁlcég@%n%xg conposed of
This is the replowe?sr At leakiane mterface composition giving acceptable output and
TCGF values within about +£170 ppm/°C has been determined for each of the
insulator dielectric compositions tested, as shown in Figure 7: Ink #4 for ESL
10  D-4917 dielectric layers and Ink #3 for QM44 dielectric layers.
Pressure sensors with TCGF (temperature coefficient of gage

factor) values within about £175 ppm/°C represent a variance in gain 2s a
result of temperature of about +1%, as shown in Figuré 8. Within this range, a
pressure sensor requires little or no temperature compensation electronics siﬁée

15 there is little appreciable error due to a loss of gain, and is therefore less costly .
to produce. Accordingly, the present invention achieves equivalent
compensation for CTE mismatch between a steel substrate and thick-film
piezoresistor through use of the interface compositions of this invention as can
be achieved with prior art approaches using temperature compensation

20  circuitry. Therefore, when formulated to have low TCGFs, the interface
compositions of this invention advantageously achieve both cost effectiveness
and rehablhgy in pressure sensing applications without any compensation

whatsoever

25  EXPERIMENT #4

Further experimentation was performed using stainless steel
diaphragms of 304 L and 430 S17. As in Experiment #3 above, the thickness
of the 304 L diaphragms was about eight mils (about 0.2 mm), while the
thickness of the 430 517 diaphragms was about six mils (about 0.15 mm). For

30 this experiment, the diaphragms were not oxidized or surface treated before

printing with thick film materials. The insulator layers for this experiment
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retal oxides that tend to diffuse into the piezoresi stor 18 during firing
of tmi[;'s}leetﬂasBefmil*eﬂ1 ric ink. According to this invention, the interface

layer i di ffusion of nmetal oxides fromthe frit conponent
of "t hHm\ ayer 14 into t he piezoresistor 18, while al so
bei ng npatible with the materials for thes 5 dielectric layer 14 and
t he piezoresistor 18. Conpositions for the interface | ayer 16 that

have been determ ned to provide this function contain particul aée (200
alumina (Alferr m n oxi de) and particul ate zinc oxide (Zn
cl osely ( w%%ﬁ%éb%*éﬂiﬁ?ﬂﬂ@ﬂ&%c@@%‘s%ﬁm 18k #Hand Ink #n al um na

01 ass composeaty e i TuoiRind bbb o Rl uft Whr TpREERY " ©

gl ass conposed primarily o ~dl _

silica. The i n#%r The sedshgaselld WebPassartiblel @sing standardl frh@tice® thts pradyet i on i s

formed fromdielectric ink conpositions that contain,
sensors (minus amplification and temperature compensation circuitry) and

5  subjected to pressure and temperature testing. The pressure ranged from zero
to abou_t 1200 kPa, and temperature excursions were from about 25°C to about
- 40°C, about -40°C to about 25°C, and about 25°C to about 150°C. Resulting
temperature related data are summarized in Figure 9 and show variations in
gain relative to texhperamre were within about +1% for all steel and interface

10  material combinations. Resulting data for normalized output in response to
pressure are shown in Figure 10 for the same steel and interface combinations.
The apparent highei' output or gain indicated for the 430 stainless steel cells
was attributed to their thinner diaphragms. Representative cells from each of
the four combinations were pressure cycled from about 0 to 300 psi for 1.8

15 million cycles. After cycling was completed, the cells were checked for output
and linearity at 25°C over pressures of about 0 to 1200 kPa. Following this,
the cells were subjected to -40°C and then returned to 25°C, upon which output
and linearity were again measured over the 0 to 1200 kPa pressure range.
Typical output, linearity and hysteresis data for each stainless steel are shown

20  in Figures 11 and 12. The apparent high degree of linearity accompanied by
very low hysteresis following the harsh testing sequence inclusive of 1.8
million iero.;t(?-300 psi pressure cycles demonstrated the robustness of the
dielectric layers to faithfully transmit strains induced as the diaphragms were
deflected by pressure to the thick-film piezoresistor.

25 While our invention has been described in terms of a preferred
embodiment, other forms could be adopted by one skilled in the art. For
example, those skilled in the art will realize that various electrical-insulating
compositions could be used to form the one or more dielectric layers 14 to
appropriately match the CTE of the material of the diaphragm 12, which can

30  differ from those alloys noted abbve. Furthermore, laminated tapes couid be

substituted for the inks and printing methbds described above.



in addition To a suttable organi c nedia, alum na, zinc oxide, and a gl ass
frit ThisShee{ﬁa?éhHJn‘?{etlQa preferably contains | ead oxide (PbO, litharge), a

sour ce ' “Bxi de (B[err]derr]) such as boric acid (H3B®X), _
silica ( m ”ﬂ”ﬂﬂlcon di oxi de), and 15 al um na. Additional glass
constitu , ly including titania (Ti Q2, titani um di oxi de),

cupric oxide (CuO), nmanganese nonoxi de (MQ from manganese
carbonate (MhCXB), and cobalt oxi de (CoO %%om cobalt carbonate
(CoCderr]), the latter three being provided alone or in conbination, are
i ntroduced i nt oCLAIMS ass to act as fine tuning control of thernal

expansi on of 20 the alum na glass ceramc and/or to add color to it. A
preferred particle size for the dry constituents is about 230 nmesh

(about 64[err]m to abouy B%Egtgﬁfgs%pggégé%lﬁglff)}isidﬁg[aesruﬁlﬂté (It ),ogt Qas% he use

of larger and smaller parti

Sui t abl xi ' f ' n'ihf}
ui tabl e rapgesoredledtfical Gfsutting Uyt 714 od e gﬁ%ﬁa&‘}gﬁ&%&h{a&?fa@ lagg‘e(}/g)

interface |ayer 16 are, in weight percent, pout
alumna, 25  aebthe electicalrinshlating dayer ¢14)camixa thick-filng pitboresisdé h8) @nakout 53

% of the gl i terials, the bal bei ng the organjc nedia.
Notably. sufti cisREeplaver (e iftertice Iayer i fbaving s easapmsition QoMBrISER f ace
| ayer 16 to achy ' LES,: . |1 . t of m na
substrate nat orl o QREUn ol ARAELEing ouide Sty Blyided dudShpadl T 01, ¢

of the glass fré glassanatrixa e inteeface laye(16) sepafitiag the piebsretistoPY08) froa®  about
74% | ead oxide, about, 10% to about 25% boric gc?d ag a sourcgbggf bor on

oxi de, abodd goth¢ glestsical-inslating layery(14)and inhibiting diffasion inteithepiezqresisfonbout
(18) of constituents in the electrical-insulating layer (14). |

2. A sensing structure as recited in claim 1, wherein the glass

matrix is a lead-alumina-borosilicate glass.

3. A sensing structure as recited in claim 1, wherein the glass
15 matrix comprises lead oxide, alumina, boron oxide, silica and one or more *
oxides chosén from the group consisting of -titania, cupric oxide, manganese

monoxide and cobalt oxide.

4. A sensing structure as recited in any of claims 1-3, wherein
the electrical-insulating layer (14) has a composition comprising metal oxides.
-«
20 5. A sensing structure as recited in any of claims 1-4, wherein
the substrate (12) is a steel alloy.

6. A sensing structure as recited in any of claims 1-5, wherein
the interface layer (16) is fired from an ink composition comprising, in weight
percent, about 15% to about 35% alumina, about 3% to about 6% zinc oxide,

25  and about 34% to about 53% of a glass frit mixture, the balance being an

organic media.

*  C L M ] *




%%ltanl a, and up to 8 %of cupric oxide, nenganese
manganese nonoxi de, and/or cobalt

, 'carb /
.carb ﬁﬁﬁ LEI ce of cobalt oxide. More particul ar ranges for
the tituents are, in weight percent, about 0.5%to
about 3.0% cupric oxide, about 0.5%t @ipbout 4.0% nmanganese 5

carbonate, and about 3.5%to about 4% cobalt carbonate. A suitable organic
hough ot her vehijcles such

media is a terpineol/ethyl cel)ul ose solution,, t
as butyl carbi t of - &&nalng/sggmq@sqeggﬁmm ereiache glass

During the i nvgsigald Hddaihd)3h we tkgtckﬁg]aﬁ)élﬁ%@% tc# :ﬂm@??}}@rﬁea&s

i nk corrp05|t|ons contal nl ng one ree gl as es wer e
10 shown t o abeutcf0f% td about 26% bérec Adid @S & s6rcé 85/ Boroadxide, hbkit 3% :ogl ass frit
m xt ur es

about 26% silica, up to about 12% alumina, up to about 3% titania, and up to
5 8% of at least one material selected from the group consisting of cupric oxide,
manganese carbonate as a source of manganese monoxide, and cobalt carbonate

as a source of cobalt oxide.

8. A sensing structure as recited in claim 7 , wherein the glass
frit mixture further contains, in weight percent, about 0.5% to about 3.0%
10 cupric oxide, about 0.5% to about 4.0% manganese carbonate, about 3.5% to

about 4% cobalt carbonate, alone or in combination.

9. A sensing structure as recited in any of claims 1-6, wherein
the glass frit materials are formed from a combination of two glass frit
mixtures.

15 - 10. A sensing structure as recited in any of claims 1-9 wherein

the sensing structure is characterized by a gage factor of at least 20.

_ 11. A sensing structure of a pressure sensor, the sensing
structure comprising:
-« :. a steel alloy diaphragm (12);
20 at least one dielectric layer (14) on the diaphragm (12),
the dielectric layer (14) having a composition comprising metal oxides;
| an interface dielectric layer (16) on and contacting the
dielectric layer (14), the interface dielectric layer (16) comprising particulate
alumina and particulate zinc oxide closely divided and suspended in a glass
25 matrix comprising lead oxide, alumina, boron oxide and silica; and
a thick-film piezoresistor (18) on the interface dielectric

layer (16) for sensing a deflection of the diaphragm (12);

A




wer-e—-uset—n—order—to provide a nore controlled eval uation by which a

desi chheet asBee uI d be nore selectively obtained for the resulting
i.nt e | mportantly, selectively varying the relative
anmoun EI]IH tltuents was shown to be capable of driving the
val ue , positive or negative, 2¢f 15 sheet resistivity (Rs),
the sensitivity to strain and/or pressure (gain), and the response

-of resistance and gain (gage factor) to tenperature (TCR and TCGF,

respectively). The ink conposi ty gin%ﬂedm rﬂ%@dﬁ}e’iéch‘lmai? rugg %mmarl zed

below in Tables I and Il, respec veI n-each case ani ¢ nedi a was
a t er pi ph@bﬂeﬁkﬂﬁyll&fﬂ'dxﬂ khbscﬁel&ﬁh!dtlayeﬁ 149Gind inhibits diffusion into the

TABLE | | NK OSI TI ON (I N VEI GHT PERCENT)
25 piezoresipter {18) of constingents in|thediglectric lager£44). I nk #5  Ink #6 -
Alferr]Jerr] 32.9 31.0 34.9 30.0 15.0 30.0
ZnO 3.4 4.0 5.8 5.0 5.0 5.0

12. A sensing structure as recited in claim 11, wherein the
5 interface dielectric layer (16) is fired from an ink composition comprising, in
weight percent, about 15% to about 35% alumina, about 3% to about 6% zinc
'oxide, and about 34 % to about 53% of a glass frit mixture, the balance being

an organic media.

—
——nn -

13. A sensing structure as recited in claims 11 or 12, wherein
10  the ink composition comprises one or more glass frit mixtures chosen from the
group consisting of first, second and third glass frit mixtures, wherein:
the first glass frit mixture contains, in weight percent,
about 53.3% lead oxide, about 15.1% boric acid as a source of boron oxide,
about 19.4% silica, about 8.2% alumina, about 1.0% titania, and about 3.0%
15 cupric oxide;

. the second glass frit mixture contains, in weight
percent, about 53.3% lead oxide, about 15.1% boric acid as a source of boron
oxide, about 19.4% silica, about 8.2% alumina, about 1.0% titania, and about
3.0% cobalt carbonate as a source of cobalt oxide; and

20 the third glass frit mixture contains, in weight percent,
about 52 8% lead oxide, about 15.0% boric acid as a source of boron oxide,
about 19.2% silica, about 8.1% alumina, about 0.5% titania, about 0.5%
cupric oxide, and about 4.0% manganese carbonate as a source of manganese

monoxide.

25 14. A sensing structure as recited in claim 13, wherein the ink
composition comprises, in weight percent, about 32.9% alumina, about 3.4%
zinc oxide, about 27.4% of the organic media, and about 36.3 of the first glass

frit mixture.
_—
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9.0
his ek Has Bl Rbnlgesd 17.3 19. 0 26.5 .- 30 Frit #3
.---I_J",I ]mmu”ll --- --- 38.0 Medi a 27.4 27.0
27.0 27.0 '
This is the replacenent sheet 26

_ 13 -

15. A sensing structure as recited in claim 13, wherein the ink
composition comprises, in weight percent, about 31.0% alumina, about 4.0%
zinc oxide, about 27.0% of the organic media, about 19.0% of the first glass

frit mixture, and about 19.0% of the second glass frit mixture.

5 16. A sensing structure as recited in claim 13, wherein the ink
composition layer comprises, in weight percent, about 34.9% alumina, about
5.8% zinc oxide, about 24.7% of the organic media, about 17.3 of the first
glass frit mixture, and about 17.3 of the second glass frit mixture.

-
——

17 A sensing structure as recited in claim 13, wherein the ink

10  composition comprises, in weight percent, about 30.0% alumina, about 5.0%
zinc oxide, about 27.0% of the orgahic media, about 19.0% of the first glass
frit mixture, and about 19.0% of the second glass frit mixture.

18. A sensing structure as recited in claim 13, wherein the ink

- composition comprises, in weight percent, about 15.0% alumina; about 5.0%

15  zinc oxide, about 27.0% of the organic media, about 26.5% of the first glass
frit mixture, and about 26.5% of the second glass frit mixture.

19. A sensing structure as recited in claim 13, wherein the ink
composition comprises, in weight percent, about 30.0% alumina, about 5.0%
zinc oxig.e, about 27.0% of the organic media, and about 38.0% of the third
20  glass frit mixture.

20. A sensing structure as recited in any of claims 11-19,
wherein the sensing structure is characterized by a gage factor of greater than
20. o

* c L ] S *



TABLEII. : FRIT M XTURE (I N VEI GHAT PERCENT)
Frit #1 Frit #2 Frit #3 PbO 53.3 '
538.3 52.8 : H3BO3 - 15.1 15.1
15.0 Sigerr] 19. 4 19. 4 19.2 10
A1203 8.2 8.2 8.1 Ti Q2
1.0° 1.0 0.5 cwo ¥ 3.0 .-
0.5 CoCG ¢ - 3.0 ]
MiCJ err] C-qlei%k& - - 4.0 15
The investigations performed with the above ink conpositions and
glass frit mxtures for the interface |ayer 16 i ncI uded conparative tests
performed on al um na Bl FHM BUEAOREY IS O, NG STRU B di aphr agns,
as 20 general ly summari zed bel ow.
s ABS CT
A thick-film strain-sensing structure (10) for a media-compatible,
high-pressure sensor. The strain-sensing structure generally includes a metal
diaphragm (12), at least one electrical-insulating layer (14) on the diaphragm
10  (12), an interface layer (16) on the electrical-insulating layer (14), and at least
one thick-film piezoresistor (18) on the interface layer (16) for sensing
deflection of the diaphragm (12). The interface layer (16) and the electrical-
insulating layers (14) are preferably formed by thick-film processing, as done
for the piezoresistors. For compatibility with the metal diaphragm (12), the
15 electrical-insulating layer (14) has a CTE near that of the diaphragm (12). The
interface layer (16) is formulated to inhibit and control diffusion of the
electrical-insulating layers (14) into the piezoresistors (18). For this purpose,
the interface layer (16) is formed from a composition that contains, in addition
to a suitable organic media, alumina, zinc oxide, and at least one glass frit
20  mixture comprising lead oxide, a source of boron oxide such as boric acid,
silica and alumina. Additional constituents of the interface layer (16)
preferably include titania, cupric oxide, manganese carbonate as a source for
mangangse n_lqnoxide, and cobalt carbonate as a source of cobalt oxide.
25
TR

5



EXPERI MENT #1  Test substrates were formed of 96 % pure

alum na and Al SI Type 300 stainless steel having thicknesses of about
0.035 inch (about 0.9 M) and 25 about 0.020 inch (about 0.5m),
respectively. The stainless steel specinens were prepared by first
sandbl asting their surfaces, then oxidizing with two passes through a

belt furnace at a peak tenperature ofl/8bout 850[err]C to about
950[ err]C. Follow ng oxidation, the steel specinens were washed to renove

any contam nation and oily residue. 30 The stainl ess
steel substrates were printed and fired wth two | ayers of ESL D4914
dielectric ink and one | ayer of ESL D-4913B dielectric ink to form

insulating dielectric |ayers corresponding to layer 14 in Figure 1.

Each | ayer was printed with a ZBO'égr reen OF 1.4\ | (about 36[err]m

dianeter wire and 0.9 m | (about 23] | enul si on ¢hi ckness. For firing,
the 35 substrates were divided into two gil8upsf¢a group was fired in a
conventi onal furnaceigmvz a peak tenperature o abé)ut 850[err]C for a

duration 14
12
9
0.30[ Fig.2.
s 0.20f
Z
w 0.10f
- Z
~ S 0.00f
3
Z-0.10r %7 LONGITUDINAL RESISTOR
0
2 02 I _E TRANSVERSAL RESISTOR
| <
_0.30 | | | | 1 | | | | |

-1.0-0.8-0.6-0.4-0.2 0.0 0.2 0.4 0.6 08 1.0
RELATIVE STRAIN



14 -
cycle tine,

at or
from

second group was fast-fired
peak tenperature of about 915 err]C for a
peak:tenperature of about three mnutes. Total

near the peak tenperature of about ten m nutes.

Tot al
entrance to exit, was about forty-five mnutes. The
inan infrared (IR) furnace having a
duration at or near the

5 from

cycle tinme,

entrance to exit, was about fifteen n2utes for the second group.

An interface |ayer
fired over the dilQ@e®MO
t he sanmeyxrondi t
then forned by 2

al um na substr s and
substrates with\a 325
di ameter wire a¥d abodl
The i nks were d

& ed an
divided into two gr@«d

16 of the Ink #l_gonmpQsition was then printed

and
—+Cc |ayers 1 @ ch of the steel substrates under
ons as the dievectric layers 14. Contacts 20 were
brinting the DuPont 7484 ink conposition on the

on the 10 interface layers 16 of the steel

mesh screen of about 0.9 INKI #2bout 23pm)
%@%Mé_@_g&%%ﬁ t hi ckness.

l fired, with the al um na subst¥a ei ng

5- as was done with the steel substrates, the first

group of L(')J _

Z < A INK #1
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L
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each type of substrate being fired at about 850[err]C using a conventional
oven and 15 the second group being fired in the IR furace at about

915[err] C. Thereafter, pairs of thick-filmpiezoresistors 18 oriented
transversely to each other were formed on each speci nen by printing,
drying and firing the ESL 3414B | ezoresi stor ink in the same nmanner
as was done for the contacts 20. 3/% The resulting

thick-filmpiezoresistors 18 were then evaluated for 20 sheet

resistivity, TCR and resistance change versus strain (i.e., gage factor).
Sheet resistivity (Rs) in ohnms/andeCR iR ppni[err] C at about -40C ("CTCR")
and about ¢4 125[err]C ("HTCR") for ligq koup are sunmarized below in Table

111, 25, 1.300 - TABLE 111. Substrate
Firing QR CZER ESL MOTR INK§#2 Al umina
850[err] C 3. §K B 12E5L 4914 INKG3 Al umi na /
915[ err] Clg 1.2806% —A-16ESL 4914 II\WO St ai nl ess st ee
850[ err] C 3. 3K ¢3ESL 4914 Stainle eeI_
915[ err] c(, 3.]11K X QM3440 INK#2 464
< 1.200 | -8 QM 44 INK#3
= A QM 44 INKi#4
9 >~ QM 44 INK#5
- 1.150 = 4
D
o & a
‘_-
K./ 8 1.100 — % =
& ,/"" —
wl - =
g 1.050 / /
< /5/
Z 1.000 — ' !
CZ> O 171 343 51 4 686 857 1029

PRESSURE (KPA)

Fig.7.
& QM44,INK#3,TCGF—110ppm/ °C
_a ESL 4914,INK#4,TCGF—40ppm/ °C

18.0 -

U

E14.0 -
S12.0
=10.0
8.0
6.0
4.0
2.0
0.0

uT

DELTA MILLIVOLT

0 171 343 514 686 857 1029
PRESSURE (KPA)




As the data indicate, the sheet resistivity values obtained on the

st ai nl ess st eel substrates cl osely approxi mate those obtained on the
al um na substrates, which : is an object of this invention. The

di fferences between the TCR val ues of the al um na and st eel
substrates are explained by the |arge CTE di fference between 5 al um na
(having a CTE range of about 6.54 ppgHB[err]C) and stainless steels

(having a CTE range of about 10 eph] C to about 18 ppnmi[err]C,

dependi ng dn100 the type of ?ﬂ ).g. Resi st ance
versus strdi.09@utier were obt ai ned by “deflecting the substrates while
supported gtQ&@qsi te | ongitudi nal ends, such that one '

1.070  —a— ESL 4914,INK#4,TCGF—40ppm/ °C

1.060 - —e— QM44,INK#3,TCGF—110ppm/°C

1.050
1.040
1.030
1.020 -

1.010 -
1.000 |
0.990 -

0.980 |-
0.970 |-
0.960 |-
0.950
0.940 |-
0.930
0.920 |-
0.910 |-

] ] |
O'90(140 25 85 125

TEMPERATURE C
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10 pi ezoresi stor of each set was considered to be oriented "l ongi t udi nal "

and the remai ni ng pi ezoresistor oriented "transversal" relative to
thé ‘orientation of the substrate during bending. The strain data
fromthis test are summari zed in Figure 2, which shows that, under
equi valent strain at a given tenperature, the resi stance change on
stainless steel is essentially the &#6e as on alunmina, which 15 s
anot her object of this invention. EXPERINqﬁq ZJL() :
Dielectric and interface |layers were printed and fli rfigg- our - groups
of stainles m@e_subst;ﬁt}es usi ng t he sape screen_paraneters noted 20
above as $bl1ows. 304L/4 14;INK 4 TCGF=0 TABLE | V.
GROUP ?BHE RL.C SEQUHMCE30S17/4914/INKFERAGGF 25-56 A (1)
e e _mr 304 #4914 /INK#6,TCGF=64 *+ (1) |3yer ESL

<1.080. - _# 430S17/4914/INK#6,TCGF=80
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B (1) layer ESL D- 4914 | nk #2 + (1)

| ayer ESL D-4913B 30 C (2) layers ESL D-4914 I nk
#1° ° + (1) layer ESL D 4913B D (2)

| ayers ESL D-4914 I nk #2 35 + (1) layer ESL

D 4913B Thi s
is the replacement sheet 6/6
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0% o5 7/ 1 66 ZG 61 LALIWITA 2 -!‘.LLVU 1
Bet ween the printing of each diel ec’t?N‘\‘? "PEV)&r t e substrat es:a .fl red |n
an IFR furnace with a peak tenperature of dbatd [BrE JJ
duration at peak tenperature of about thrde i PRIBEZS’ Page Ex;f@ﬁ?
#1. The substrates of each group were thed p""mﬁsd @rg; Pagedd M&)Wmtsru
the DuPont 7484 conductive ink 5 anli-the ESL 34X 20y spesied v gondosed 1
form contacts and piezoresistors, respectilvel Y¥S Fi SILTFHSQANHINAD G4

’
i

in an IR furnace wa ' TORBENSING PRREENpEer at ur € of
either 895[err]C or 915 err]|]C for a duration of about three

at the peak tenperature

in such a

§ thick-filmpiezoresistors of different
-t o Table V bel ow.

m nut es

Screeni ng of the piezoresistive ink was done

230 Nbshi 1 BTt Taleh Bttty R oA e e

pléorddistiveé pressurielsemore/ 0. 9 nmi | enul si on 915[err] C

1 ml wire/0.4 ml| enulsion 915[err] C B2
wire/0.4 ml enulsion 895C '

BA OF THE INVENTION

There is a continuous effort to develop pressure sensors that are
lower in cost and smaller in éize, yet are characterized by high reliability,
sensitivity and linearity. Sensors finding wide acceptance on the basis of
furthering these characteristics include those that utilize semiconductor
materials with a micromachined sensing diaphragm, a notable example being
micromachined single-crystal silicon pressure transducer cells manufactured
using semiconductor fabrication processes. In the processing of such cells, a
thin diaphragm is formed in a silicon wafer through prefereﬁtial chemical
etching. Ion implantation and diffusion techniques are then used to drive
doping elements into the diaphragm, forming piezoresistive elements whose

electrical resistance changes with strain (this ratio being termed the “gage

, 'factor”). As a result, deflection of the diaphragm causes a change in resistance

t hi cknesses
TABLE V.
Al
Bl
325 Mesh/ 1.
Mesh/ 1.1 ml
10
15
20
25
30

value of t Fhe-piezoresistive elements, which can then be correlated to the
magnitude of the pressure applied to the diaphragm. .
Dia;ihragms of single-crystal silicon pressure transducer cells are
typicaliy small, rarely exceeding a few millimeters in width, and are very thin,
with a thickness of often less than 100 micrometers. The use of standard
single-crystal silicon wafers and standard semiconductor device fabrication
processes allows many such cells to be fabricated from a single wafer, .~
providing some economy of scale. However, silicon is susceptible to chemical
attack and erosion by various media, particularly in applications where a high-
pressure medium is to be sensed, e.g., automotive applications that involve

sensing brake fluid, oil, transmission fluid, hydraulic fluid, fuel and steering

A2
325
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a 230 Mesh/1.4 mi| wire/0.9 nil enmul sion 915[err]C 20 D

230 Mesh/ 1.4 ml|l wre/0.9 ml| enulsion 895[err]C c2
325 Mesh/1.1 ml| wire/0.4 m| emulsion 895[err]C D2
325 Mesh/1.1 ml| wire/0.4 m| enulsion - 915[err] C 25

Following firing, the thick-film piez&esistors were eval uated for
sheet resistivity, TCR and gage factor using the resistance versus strain

t est fieidyrdssufesEXFuRTsudk Appliéationsh @ présiredahsor \WRscalsdb dki stical |y
anal yzed to determ ne the inpact of print thickness, firing,

i nterface cphysicallyiruggedzand resistant taithe b@smh environment oﬂ&bﬂsemgdsequence on

sheet resista TCR and e factor The results unexpegtedly showed
t hat sheet F@@%ﬂg} Jireesst ‘ﬁ‘aﬁg@ %{'E.gegrsﬂxconprem}'eetr 3 ﬁn ngl y

det er m ned Hﬁheg%om@tﬁﬁ%??rdt%gﬁﬂf%? d bdafiZe lt%: eratxoﬁﬂd show

the average sheet resistantes and gage actors pI zore I stors.
i sol ated fr chiaraderistice iretherchemicallg hestile ehvieorininent. IOukreﬁitrrmthoﬂm for#2 rel ative
e at ur hrachaig mcRie Lol il pteburs o claas Cioing S Seay °® V" U
t enper at ur eproducing m patt gh-p 3
sensing chip in an inert fluid, such as a silicone oil or gel, and then further
separating the sensing chip from the medium to be sensed with a metal
diaphragm, such that pressure must be transmitted through the metal diaphragm
10 and fluid to the sensing chip. While achieving some of the operational
advantages of silicon pressure transducer cells, the manufacturing processes for
these sensors are relatively expensive and complicated. As a result, these
sensors are not suitable as mass-produced sensors for automotive applications.
As known in the art, alternative approaches include ceramic
15 capacmve pressure sensors and ceramic diaphragms that use thick-film
piezoresistors as strain sensmg elements However, each of these also have.
certain disadvantages, such as complex circuitry to detect capacitance changes,
the requirement for ceramic-to-ceramic bonds, and a maximum pressure
_capability typically not exceeding about 1000 psi (about 7 MPa). For higher
20  pressures, metal diaphragms have feund use as the sensing element. Because
metal diaphragms generally deflect more for a given thickness and pressure
thao ceramic diaphragms, sensing is performed by thin-film polysilicon or
metal deposited on the metal diaphragm. The diaphragm must first be coated
with a dielectric layer to electrically insulate the diaphragm from the thin-film
25 resistors and conductors. A thin-film polysilicon layer is then deposited to
form the piezoresistors, followed by thin-film metallization to provide electrical
interconnects. As is conventional, the thin-film layers are typically deposited
by such processes as chemical or physical vapor deposition. The equipment
necessary for these processes is expensive, and deposition rates are extremely
30  slow. Deposition of the thin-film layers requires multiple patterning, exposure,

developing and stripping steps for the required thin-film photoresists and
This is the replacement sheet
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- 17 - for baseline alumna substrates printed with the sane

" pi ezoresi stive inks under t he sane conditions, and for the stainless
steel substrates with piezoresistors i solated fromthe dielectric

| ayers with either Ink #1 or #2 at the different test t hi cknesses.

5 Unexpectedly, Figure.%.shows that the conposition of the
interface | ayer actually enhanced thé gage factor of the piezoresistor from:

t he metallization 1 and Bust belcafticdodut iwh comeolfedlensitddienarb aksupe , t 0 about 21
to 25, a m ni mum i ncrease of 25 %,degendl ng on the thickness of the

pi ezor esi sthat no air borne partigles arsgresenton esuriaes tor heecaatade rinadditioayer f or med
St il ess Dedire SER oG depsis Bt islay o5 yftiel Bankln 00, 11 "0 Lo
in Figure 3Jngstroms, the surface of the metal diaphragm must be extremely smooth to
5  avoid rough surface features penetrating through or producing discontinuities in
the deposited thin films. Finally, the resistance of the resulting polysilicon
thin-film piezoresistors can vary dramatically with temperature.
While achieving some of the operational advantages of silicon
pressure transducer cells, metal diaphragm pressure sensors of the type
10  described above have complicated manufacturing processes that render the
sensors incompatible with mass-production applici.ations. Media-compatible,
high-pressure transducer cells that combine a corrosion-resistant metal
diaphragm and thick-film piezoresistors have been proposed, as taught in U.S.
_ Patent Application Serial No. 08/xxx,xxx to Ratell et al. (Attorney Docket No.
15  H-198882). Such sensors are capable of sensing very high pressures while
being chemically and mechanically robust, readily manufacturaﬁl_e, and
relatively insensitive to temperature variations. At least one thick-film
dielectric layer is required to electrically insulate the metal diaphragm from the
thick-film piezoresistors. For compatibility with the metal diaphragm, the
20  dielectric layer applied directly to the diaphragm must be formed of a material
that will adhere to the metal diaphragm, withstand the strains induced as the
diaphragm deflects, faithfully transmit such strains to the thick-film
piezoresistors, and compensate for the coefficient of thermal expansion (CTE)
mismatch between the metal diaphragm and piezoresistors. A complication is
25  that metal oxide constituents of dielectric materials found suitable for this
purpose have been found to diffuse into the thick-film piezoresistor and react
with metal oxides present in the frit component of the piezoresistor, thereby
significantly increasing the sheet resistivity of the piezoresistor, e.g., above the
3 to 10 kilo-ohm/square (kQ/prange typically desired. Accordingly, improved
30  performance could be achieved if diffusion between the electrical-insulating

layers and the thick-film piezoresistors was inhibited or at least controlled.
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EXPERI MENT #3 Testing was then perfornmed on actual
pressure sensing cells using 15 ESL D 4914 and DuPont QW4 as the inks

for the dielectric |layers. The sensing cells had di aphragns
approximately eight mls (about 0.2 nm thick formed of AISI Type
304L stainless steel, and were preparegl-for printing by bead bl asting
and oxidation by firing in a belt furnace wwth a peak tenperature of

bout 915 ; ' | i t | nut es.
oo 515 S L PR e e sl (50, 11

Hal f 20 of t I aphr agns ayers of QW4 using a
230 nesh tempesaturestompehsation eleetronitaiinstead of inenipubging the cempositiined wi th t wo
| ayers of ESL - . D4914 using the 230 nesh screen. Between printings, the
di aphragns @€the required igsylating-matgrial, doingmoamdesirabl ingrrasas RIEGESHBE f i f t een

m nutes, and_the ' In_a belt furnace having a peak tenperature
of about 856?%?9%€f%$g%ma{lration at peak 25 tenperature of about ten

m nutess The dried thickness of each dielectric |ayer was about 1.5
mls (about 38pm), yielding a total fired thickness of about 1.5

mls. SUMMARY OF TH agns printed with ESL D-4914 and Qw4
were then each _dj vi d%gl in}&if purmgroups, th the di.aghragms of each

group being printed dpis an ghject 9 hijive %‘@rPTIBYinﬁé%’F“ﬁeH%‘Q #2 through #5
lrJn'S: 29 ?)r )2/?25 et eﬁtﬁﬁgu%raeco&oﬂo%?%gx‘é&ﬁt hefiiticCilaft sl NGty 2 20OUL 1.5
Thi s i s thehighpresserssehsorithaitis compatible with a wide variety of corrosive media.
10 It is another object of this invention that the strain-sensing
| structure employs thick-film technology, including thick-film electrical-
insulating layers and thick-film piezoresistors, yielding a sensor that is capable
of sensing very high pressures while being chemically and mechanically robust,
readily manufacturable to be compatible with mass-production techniques, and
15 relatively insensitive to temperature variations. |
It is another object of this invention to inhibit diffﬁ_sion of glass
frit components between the electrical-insulating layers and the thick-film
| piezoresistors, so as to improve the performance of the sensor.
_ In accordance with a preferred embodiment of this invention,
20  these and other objects and advantages are accomplished as follows.

The present invention provides a media-compatible, high-pressure
sensor that employs a thick-film strain-sensing structure. The sti'ain-sensing
structure generally includes a metal diaphragm, at least one electrical-insulating
layer on the diaphragm, an interface layer on the electrical-insulating layer, and

25 one or more thick-film piezoresistors on the interface layer for sensing
deflection of the diaphragm. For purposes of compatibility with a wide variety
of media, the metal diaphragm is preferably formed of a steel, most preferably
a stainless steel such as an AISI Type 300 or 400 Series.

The interface layer and the electrical-insulating layers are

30  preferably formed by thick-film processing, as done for the piezoresistors. For

compatibility with the metal diaphragm, the electrical-insulating layer applied
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- 18- in the same manner as were the dielectric layers. The fired

substrates were printed with the DuPont 5760 and 7484 thick-film
conductive inks to formthe appropriate circuitry for the sensing
cells, then dried and fired under the same. conditions as the

dielectric layers. The ESL 3414B pi ezorsesi stive ink was then 5 printed
using a 325 screen nesh onto the intéerface |ayers to yield a thickness of

Soor, the b Rl B oAl n B BefAod il conc L one vt
resul ting pri¢sphragm amhisasregCTE!that matclses top ésiclesedouthitost the metal " resi stance.
Average s he%&apﬁéas‘girrxs. ! %]h(%leé tl\;ez:i lfrlftepsre;e%{ inesz?x%lrl] ag re?elcj: icvavﬂnesulaa%infg (ljalylel(') fay
contain many of the same metal oxides present in the frit component of the
5  piezoresistors, the relative proportions of a given metal oxide may be such that
interdiffusion during firing of the thick-film piezoresistors creates a third glass
composition whose impact on the piezoresistors depends on the degree of
diffusion and the proportion that the newly created frit assumes relative to the
total frit content of the piezoresistors. It is not unusual for the new frit to be of
10  adifferent phase, relative to solidus and liquidus temperatures, with consequent
changes in softening point, melting point, wetting and CTE as a result. Itis
well documented in the industry that the foregoing properties of glass frits are

primary determinants of thick-film resistor properties such as sheet resistivity,
temperature coefficient of resistance (TCR), stability and piezoresistivity.

15  According to this invention, the intermingling of the glass frit components of
the electrical-insulating layer, as a result of diffusion, increases the sheet
resistivity of the piezoresistors and negatively affecting their performance.

As a solution, the interface layer of this invention is formulated to
inhibit and control diffusion of the electrical-insulating layers into the

20  piezoresistors. The interface layer is characterized by particulate alumina
(AL,O,, aluminum oxide) and particulate zinc oxide (ZnO) closely divided and
suspended in a glass matrix, forming an alumina glass ceramic, preferably a
lead-alumina-borosilicate glass composed primarily of lead oxide, alumina,
boron oxide and silica. To obtain the preferred composition, the interface layer

25 is formed from a composition that contains, in addition to a suitable organic
media, alumina, zinc oxide, and a glass frit mixture that preferably contains
lead oxide (PbO; litharge), a source of boron oxide (B,O,) such as boric acid
(H,BO,), silica (SiO,, silicon dioxide), and alumina. The interface layer may
also include such constituents as titania (TiO,, titanium dioxide), cupric oxide

30 (CuO), manganese monoxide (MnQ), and cobalt oxide (CoQ), the latter three

preferably being provided alone or in combination. _
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iO : TABLE VI . Dl ELECTRI C -

| NTERFACE SHEET RESI STIVITY ESL D-4914 I nk #2
6.1 k[err]/[err] 15 ESL D 4914 I nk #3 '

3.2 ESL D-4914 : | nk #4 5.8

ESL D4914 | nk #5 -6 - 2.7 Qw4

I nk #2 ' 5.0 Qw4 . Ink #3
2.7 20 Qw4 Ink #4 9.3

Qw4 IAeording to this invention, the interface layer separags the The

' |1 .e th nbl ed .usi t and . ti .int
Sensors ( m PEROUEHSOTs Im it Flegrgaly BB s g BRD%S LRt [ v *ang 25
bj ected t : L ar at: | df
subj ecte 315&{1%52%{5?0@%%-%1“ cumalﬁgﬁetél@&ﬁbﬂgnsu]_ﬁﬁ)%ﬁéyf‘egﬁu AS aRfficd Trom

zero out KPa, enperature exc I'ons were from about

25[ err] C t othe sheet resisti¥iy of ltiss thick4flne piekdzesistorddxhibifs @inimal chimget 25[err]C to
125[err]C. The resulting data for normal | zed pressure sensor -out put
at 10295 k Pafoltowiing,fifing. gngomlgomgn@rfagqﬂauer of this invention has been

shown to relay strains from the diaphragm and electrical-insulating layers to the

ot

piezoresistor with negligible degradation. Unexpectedly, interface layers
having the composition set forth above have also been determined to actually
increase the gage factor of the piezoresistor by as much as 25% to 40%.

10 Another unexpected advantage of this invention is that the detrimental effect of
the high CTE of a metal diaphragm on resistance versus temperature of a
piezoresistive sensor has been found to be largely offset by.the presence of the
interface layer, thereby eliminaﬁng the need for temperature compensation
electronics as required by sensors of the past.

15 In view of the above, the present invention provides for a
pressure sensor that combines a corrosion-resistant metal diaphfa_gm and thick-
film technology, and avoids thick-film interactions to enable accurate sensing
of very high pressures, e.g., in excess of 10,000 psi (about 70 MPa). Other

-objects and advantages of this invention will be better appreciated from the

20  following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will now be described, by way of éxample,
with reference to the accompanying drawings, in which:
25 Figure 1 is a cross-sectional view of a pressure sensing structure
that includes an interface layer in accordance with this invention;
Figure 2 is a graph showing resistance change versus strain of the
pressure sensing structure of Figure 1;
Figures 3, 4 and 5 are graphs showing, respectively, resistance
30 versus thickness of interface layers of different compositions, gage factor
versus thickness of interface Iayers. of different compositions, and resistance
This is the replacement sheet
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(gage factor) to tenperature at the | ow and high tenperature extrenes 30

("CTCGF" and "HTCGF, "

of the

fol l owi ng regression predictor equations:
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10

15

20

25

30

versus temperature for interface layers of different thicknesses and
compositions;

Figure 6 is a graph showing normalized sensor output versus

. applied pressure on pressure sensor diaphragms formed from 304 L stainless

steel to include insulative layer compositions ESL D-4914 and QM44, each in
combination with various interface layers;

Figure 7 is a graph showing normalized sensor output versus
applied pressure on pressure sensor diaphragms formed from 304 L stainless
steel to include interface layers providing TCGF values within about A170
ppm/°C for insulative layer compositions ESL D-4914 and QM44;

Figure 8 is a graph showing the dependence of normalized gain
on temperature for pressure sensor diaphragms formed from 304 L stainless
steel to include interface layers providing TCGF values within about +170

ppm/°C for insulative layer compositions ESL D-4914 and QM44;

Figure 9 is a graph showing the dependence of normalized gain
on temperature for pressure sensor diaphragms formed from 304. L and 430:
S17 stainless steels to include interface layers providing TCGF values within
about +170 ppm/°C for insulative layer composition ESL D-4914;

Figure 10 is a graph showing normalized sensor output versus
applied pressure on pressure sensor diaphragms formed from 304 L and 430
S17 stainless steels fo include interface layers providing TCGF values within
about £170 ppm/°C for insulative layer composition ESL D-4914;

| Figure 11 is a graph showing hysteresis of normalized dutput

voltage after 1.8 million pressure cycles for a pressure sensor diaphragm
formed from 304 L stainless steel to include an insulative layer of ESL D-4914

"and an interface layer of Ink #6; and

Figure 12 is a graph showing hysteresis of normalized output
voltage after 1.8 million pressure cycles for a pressure sensor diaphragm
formed from 430 S17 stainless steel to include an insulative layer of ESL 4914

and an interface layer of Ink #4.

respectively) were statistically anal yzed usi ng
multiple regression. R err] values of very near 1.0 were obtained for

each
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Eq. (1) Qut put = 0.45X[ err]-0. 025X2+0. 0132X3+0. 8X4- 1. 909

Eq. (2) CTCGF = 716.5X[err]-701.5X2+ 173.2X3 + 1272X4-52582.3 5
Eq. (3) HTCG- = 3715X[ err]-.3225X[ err] +923X3+6779X[ err]-273949
wher e: X[err] = weight percent. al um na

X[err] = weight percent zirconia 10 -§-

X[err] = weight percent Frit #1- .

X[err] = wei ght percent Frl t #2 C]VI44 Dielectric Layer 15
Eq (4) N § Ag 1)1 b N THE INVENKON . 64

Figure 1 represents a pressure sensing structure 10 for a high-
pressure sensor in accordance with the present invention. The sensing
structure 10 is formed to be capable of deflecting in response to a pressure

5  applied by a medium to the structure 10. As represented in Figure 1, the
sensing structure 10 includes multiple layers 14, 16, 18 and 20 on a metal
diaphragm 12. According to this invention, the diaphragm 12' may be in the
form of a monolithic metal structure formed by either conventional stamping,
machining or micromachining a metal body, the latter using known etchihg

10  techniques, with the remainder of the metal body forming an annular-shaped
support (not shown) for the diaphragm 12. Alternatively, it is foreseeable that
the diaphragm 12 could be a discrete member that is permanently secured, such
as by welding, to a support. In a preferred embodiment, the diaphragm 12 is
formed of a steel alloy, and preferably stainless steel in order to achieve a
15  suitable level of corrosion resistance to the given medium. While various
grades of steel could be used, preferred alloys are AISI Type 360 and 400
Series alloys, with Types 304, 316, 404, 430, 430 S17 and 444 being
particularly suitable as being compatible with materials suitable for the layer 14
-contacting and adhered to the metal diaphragm 12, as will be discussed below.
20  However, it is within the scope of this invention to use other stainless steels, as
well as carbon and galvanized steels and other metals. '
- The layers on the sensing structure 10 are a single thick-film
dielectric layer 14, a thick-film interface layer 16, a thick-film piezoresistor 18,
and contacts 20. The piezoresistor 18 is employed to sense the deflection of
25  the diaphragm 12, while the dielectric layer 14 is necessary to electrically
insulate the piezoresistor 18 from the diaphragm 12. The contacts 20 enable
the use of wire bonding to electrically interconnect appropriate conditioning
circuitry (not shown) to the piezoresistor 18. Alternatively, a chip carrying the
circuitry can be connected to the contacts 20 by known flip chip attachment

30 methods. While a single piezoresistor 18 is shown, it will be understood that
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Eq. (5) CTCGF = 2741X[err]-4613X2+726X3+4833X4- 165263 | . Eq.(6) .
HTCGF = 31554X[err]-58646X2+7667X3+55390X4- 1852071 20

‘wher e: X[err] = weight percent alun na

X[err] = weight percent zirconia

X[err] = weight percent Frit #1 -9.

X[err] = weight percent Frit #2 25 The data for the sensing cells

with the ESL D 4914 and Qw4 dielectric |ayers are summari zed in
Tabl es VI | amnoureberiof piezopesistars ebyld be used, such as for the purpose of using a

Wheatstone bridge to process the output of the sensing structure 10.
A preferred aspect of this invention is that the dielectric layer 14,
the interface layer 16, the piezoresistor 18 and the contacts 20 are each formed
5 by thick-film processes, though it is foreseeable that laminated tapes could be
used. As thick films, each is about 25 pm (about one mil) or more in
thickness, and formed by depositing an appropriate paste or ink using a -
printing technique or similar process. Consequently, the dielectric and
intert_'ice layers 14 and 16, the piezoresistor 18 and contacts 20 are
10 disting;ishable from thin-film structures. The piezoresistor 18 is also
distinguishable from implanted and diffused piezoresistors employed with
single—crystail pressure cells. According to the invention, suitable inks for the
piezoresistor 18 and contacts 20 are known in the art. For example, a
commercially available resistive ink found suitable for the piezoresistor 18 is
15 available under the name ESL 3414B from Electro-Science Laboratories, Inc.,
while suitable conductor inks for the contacts 20 include silver—ﬁalladium and
gold compositions identified as 7484 and 5760, respectively, and commercially
available from E.I. DuPont de Nemours and Company, Inc., of Wilmington,
" Delaware. Thick-film printing processes for depositing the inks and the
20  thermal processing required to fire such inks are generally known in the art.
 Suitable resistive materials for the piezoresistor 18 generally have
sheet res1stances of about 3 to 10 kilo-ohms/square. The ESL 3414B
composmon ylelds thick-film piezoresistors within this range that exhibit a
gage factor (the ratio of the change in resistance (AR) to strain (AL/L)) of about
25 15 to 20. However, the electrical resisténce of thick-film resistive materials is
known to vary with temperature, and can be permanently altered when
subjected to a hostile eﬁvironment. The sensitivity of a thick-film resistor to
temperature is indicated by its temperature coefficient of resistance (TCR), as
. measured in parts per million per °C (ppm/°C). Thick-film piezoresistors can
30  typically be calibrated to have a TCR in the range of about +200 to about +100

ppm/°C when measured across a temperature range of -55°C and 125°C, which
This is the replacement sheet
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ESL D-4914 Dielectric Layer
Interface Layer of:

| nk #4
1.15
1.16
Act ual

| nk
1

1.13

- 108

10

15

TABLE VI I . 5

a
: | nk #2
#5 Nor mal i zed Qut put :
.12 1.08 1.11 1Qg9 - Pred
1.09 1,11 = CICG- (ppnm[err]C
1492 -123 -31

are standard temperature extremes used by the industry to evaluate the
electrical characteristics of thick-film resistors.

According to known engineering principles, the diameter and
thickness of the diaphragm 12 are relatively sized to ensure that the diaphragm
12 is sufﬁcientiy flexible to respond to changes in pressure in the medium. '
The flexibility of the metal diaphragm 12 is particularly demanding of the
thick-film dielectric layer 14. In particular, to be compatible with the metal
diaphragm 12, the dielectric layer 14 must be formed of a material that will
adhere to the diaphragm 12 and compensate for the large CTE mismatch |
between the metal diaphragm 12 and the thick-film piezoresistor 18. In
addition, the dielectric layer 14 must withstand the strains induced as the
diaphragm 12 deflects, yet faithfully transmit such strains to the thick-film
piezoresistor 18. Such problems are not generally confronted when using thin-
films employed by pressure sensors of the prior art. The present invention
fulfills these requirements by using at least one dielectric layer 14 that
preferably contains one or more bonding agents and a mixture of metal oxides
that, when the ink for the dielectric layer 14 is fired, provide for a coefficient
of thermal expansion (CTE) that approximately equals that bf the diaphragm

- 12. Suitable bonding agents are those that are noncorrosive to the material of

20

25

30

the diaphragm 12. Other possible materials that could be substituted for the
metal oxides include porcelain, quartz, SiO,, Si;N,, SiC, etc. Particularly
suitable ink compositions for the dielectric layer 14 include ESL D-4914 and

nd an

| nk #3
Act ual

i cted

ESL D-4913B commercially available from Electro-Science, and QM44 from

DuPont. The dielectric layer 14 can alternatively be formed with a dielectric
tape, such as ESL D-41030-25C from Electro-Science and HD-3 from DuPont.
These dielectric materials, though developed for static applications such as
heating elements., have been surprisingly found to exhibit suitable mechanical
properties for dynamic applications such as the flexing metal diaphragm 12 of
this invention.

Of significance is that thick-film dielectric materials determiped

to be compatible with steel sensing diaphragms contain glass frits composed of
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I5redi cted -108 1494 -121 -30 15« HTCG- (ppm[err] Q)

Act ual 450 7650 -40 2000

Predi cted 453 7653 - 37 2003 20

TABLE VI I | _ ' QW4 I nsulator Dielectric
and an Interface Layer of: -11 - | nk #2

I nk #3 | nk #4 I nk #5 25 Normalized Qut put

Act ual 1. 27 1.04 1. 27 1.16

Predi cted 1neal oxides that tend to diffusednto the piezoresistor 18 duging@ringnfith¢ err] ©) 30
é\?;g?l:t e dGB%Ee;@tric ink. :.%(gcg)rding to Qéglznventioniglgp interface layer 16 inhibits

diffusion of metal oxides from the frit component of the dielectric layer 14 into

the piezoresistor 18, while also being compatible with the materials for the

5 dielectric layer 14 and the piezoresistor 18. Compositions for the interface

layer 16 that have been determined to provide this function contain particulate

alumina (AL,O,, aluminum oxide) and particulate zinc oxide (ZnO) closely

divided and suspended in a glass matrix forming an alumina glass ceramic.

The glass is preferably a lead-alumina-borosilicate glass composed primarily of

10  lead oxide, alumina, boron oxide and silica. The interface layer 16 having the
preferred composition is formed from dielectric ink compositions that contain,
in addition to a suitable organic media, alumina, zinc oxide, and a glass frit
mixture that preferably contains lead oxide (PbO, litharge), a source of boron
oxide (B,0,) such as boric acid (H;BO,), silica (Si0,, silicon dioxide), and

15  alumina. Additional glass constituents,'preferably including titania (TiO,,
titanium dioxide), cupric oxide (CuO), manganese monoxide (Mx_lO) from .
manganese carbonate (MnCQ,), and cobalt oxide (CoO) from cobalt carbonate
(CoCO;), the latter three being provided alone or in combination, are
-ini:roduced into the glass to act as fine tuning control of thermal expansion of

20 the alumina glass ceramic and/or to add color to it. A preferred particle size
for the dry constituents is about 230 mesh (about 64um) to about 325 mesh

| (about 45um), though the use of larger and smaller particles is foreseeable.
Suitable ranges for the constituents of the ink composition of the
interface layer 16 are, in weight percent, about 15% to about 35% alumina,

25  about 3% to about 6% zinc oxide, and about 34% to about 53 % of the glass frit
materials, the balance being the organic media. Notably, sufficient particulate
alumina is present in the interface layer 16 to achieve physical properties
similar to that of alumina substrate materials. Suitable ranges for the individual
constituents of the glass frit materials are, in weight percent, about 50% to

30  about 74% lead oxide, about 10% to aﬁout 25% boric acid as a source of boron

oxide, about 8% to about 26% silica, up to about 12% alumina, up to about



HTCGF (ppm [ err] @) : Act ual 89590 -110

-610 -99 Predicted 89594 -105 - 606
-988 35 The cl oseness of the predicted data to the actual data for
out put and TCGF shown in Tables VII and VIII denonstrates the robust
rel ati onshi p between the i nterfaed2conpositions and the nagnitude and

direction of output and TCGF. 40 The T npact on out put can better be

appr eci at ed b:¥ considering Figure 6, which
- 21 - % titania, and up to 8% of cupric oxide, manganese carbonate as a source of

manganese monoxide, and/or cobalt carbonate as a source of cobalt oxide.
More particular ranges for the last three constituents are, in weight percent,
about 0.5% to about 3.0% cupric oxide, ebout 0.5% to about 4.0% manganese
5 carbonate, and about 3.5 % to about 4% cobalt carbonate. A suitable organic
media is a terpineol/ethy] cellulose solution, though other vehicles such as butyl
carbitol acetate/aerylic resin could be used.
During the investigations that led to the present invention, several
ink compositions containing one or more of three glass frit mixtures were
10  shown to be effective for the interface layer 16. Different glass frit mixtures
were used in order to provide a imore controlled evaluation by which a desired
CTE could be more selectively obtained for the resulting interface layer 16.
Importantly, selectively varying the relative amounts of the constituents was
shown to be capable of driving the value and direction, positive or negative, of
15 sheet resistivity (Rs), the sensitivity to strain and/or pressure (gain), and the
response of resistance and gain (gage féctor) to temperature (T Ci_l and TCGF-,
respectively). The ink compositions and glass frit mixtures are summarized
below in Tables I and II, respectively; In each case, the organic media was a

- terpineol/ethyl cellulose solution.

20
TABLE L
h INK COMPOSITION (IN WEIGHT PERCENT)

25 Ink #1 Ink #2 Ink#3 Ink#4 Ink#5 Ink#6
AL,O, 32.9 31.0 34.9 30.0 15.0 30.0
ZnO 3.4 4.0 5.8 5.0 5.0 5.0
Frit #1 36.3 19.0 17.3 19.0 26.5 --
Frit #2 -~ 19.0 17.3 19.0 26.5 -

30  Frit#3 - —— e - — 38.0

Media 27.4 27.0 24.7 27.0 27.0 27.0
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denonstrates that the interface | ayer conposition determ nes the slope,
fromO to 1029 kPa, of the output line. The greater the slope, the
greater the normal i zed out put and gage factor.

It is apparent from Tables VIl and VIII that the relatlonshlps 5 differ
frominsulator to insulator, as coul di1pe expected since insul ator
conpositions fromdifferent vendors tend—to vary in their conpositions.
However, at |east one interface conposition giving acceptabl e output and
TCGF val ues within about 170 ppm [err] C has been determ ned for each of the
i nsul ator dielectric conpositions t&ABKE Ihs shown in Figure 7: Ink #4 for
ESL 10 D- 4914 dielectric layers and Ink #3 for Qw4 dielectric | ayers.

Pressure sensors with TCG- ( WEfGRT P factor)
val ues vv%thi n about 175 ppm pres v r| n e I'n gain as a :
result of tenperature of abo % a sf wn in Fi 8. Wthin this range,

a pressure sensor req ' ture compensation
el ectroni cs B¥@ce 15 there53é‘3 littiP8-3ppreci abl®-8rror due to a | oss of
gain, and i sHB@yefore less dbdtly 15.1 to prodle®. Accordingly, the

present invesiQ,on achi eves eq@i4val ent19.4 conpengati on for CTE m smatch
bet ween ;@ stggp,substrate andgphi ck-fghm pigelzoresi stor through use
of the interg e conposi tions; gf thisypnvention ag be achi eved

with prior ‘é 2appr oaches usgpﬁ t enperature corrpe%itlon 20 circuitry.
Ther ef or e, \?gg formul ated t ave IogvoTCGFs the imterface

MnCOr - — 4.0
15 :

The investigations performed with the above ink compositions
and glass frit mixtures for the interface layer 16 included comparative tests
pérformed on alumina and steel substrates and pressure sensor diaphragms, as

20  generally summarized below.

XPERIMENT #1
Test substrates were formed of 96% pure alumina and AISI Type
" 300 stainless steel having thicknesses of about 0.035 inch (about 0.9 mm) and
25  about 0.020 inch (about 0.5mm), respectively. The stainless steel specimens
were prepared by first sandblasting their surfaces, then oxidizing with two
 passes through a belt furnace at a peak temperature of about 850°C to about
950°C. Following oxidation, the steel specimens were washed to remove any
contamination and oily residue.
30 The stainless steel substrates were printed and fired with two
layers of ESL D-4914 dielectric ink and one layer of ESL D-4913B dielectric
ink to form insulating dielectric layers corresponding to layer 14 in Figure 1.
Each layer was printed with a 230 mesh screen OF 1.4 mil (about 36pum)
diameter wire and 0.9 mil (about 23um) emulsion thickness. For firing, the
35  substrates were divided into two groups. One group was fired in a

conventional furnace having a peak température of about 850°C for a duration |
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éonpositions of this invention advantageously achi eve both cost
ef fecti veness ~and reliability in pressure sensing applications
Wi t hout any conpensati on what soever . 25 EXPERI MENT #4
Furt her experinmentation was performed using stainless steel
di aphragns of 304 L and 430 S17. As iLnp4Experinment #3 above, the thickness
of the 304 L di aphragns was about ei'ght mls (about 0.2 mm, while the
t hi ckness of the 430 S17 di aphragnms was about six mls (about 0.15 mm. For
30 this exper nearnhe pédktemipenaturegfaboue ten mirutesX i Thtalexyclertimeyrframe treated
before rinting wwth thick filmmaterials. The insul ator Iggers for
this experi rﬁgﬁ'@nce to exxt was about forty-five minutes. The second group was fast-fir
Thi's i's the .t %Bl iftrared nITR)%umace having a peak temperature of about 915°C for a
duration at or near the peak temperature of about three minutes. Total cycle
5 time, from entrance to exit, was about fifteen minutes for the second group.
An interface layer 16 of the Ink #1 composition was then printed
and fired over the dielectric layers 14 on each of the steel substrates under the
same conditions as the dielectric layers 14. Contacts 20 were then formed by
printing the DuPont 7484 ink composition on the alumina substrates and on the
10 interface layefs 16 of the steel substrates with a 325 mesh screen of about 0.9
mil (about 23pum) diameter wire and about 0.5 mil (about 13pum) emulsion
thickness. The inks were dried and fired, with the alumina substrates being
divided into two groups as was done with the steel substrates, the first group of
each type of substrate being fired at about 850°C using a conventional oven and
15 the second group being fired in the IR furnace at about 915°C. Thereafter,
pairs of thick-film piezoresistors 18 oriented transversely to each. other were
formed on each specimen by printing, drying and firing the ESL 3414B
piezoresistor ink in the same manner as was done for the contacts 20.
_ The résulting thick-film piezoresistors 18 were then evaluated for
20  sheet resistivity, TCR and resistance change versus strain (i.e., gage factor).
Sheet resistivity (Rs) in ohms/Gand TCR in ppm/°C at about -40°C (“CTCR”)

and about +125°C (“HTCR?”) for each group are summarized below in Table

i1
25 TABLE 1.
Substrate - Firing_ Rs_ CTCR __HTCR
Alumina 850°C 3.5K 124 146
Alumina 915°C 2.6K 162 177
30 Stainless steel 850°C 3.3K 328 456
Stainless steel 915°C 3.1K 349 464
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- 22 - were ESL D-4914, and the interface conpositions were Ink #4
and | nk #6. The bal ance of the printing and firing process was the
sanme as for Experinent #3. The sensing cells were assenbl ed using
standard practices into pressure sensors (mnus anplification and
tenperature conpensation circuitry) ant- 5 subj ected to pressure and
tenperature testing. The pressure ranfged from zero to about 1200
kPa, and tenperature excursions were from about 25[err]C to about -
40[ err] C, abAsithe-datq indicht, the sheetresidtivity vdlugs abtainedoan the 3tirless|s@el o about

150[err]C. Resultin fenperature rel ated data are su ri.zed in
Fi gLr e ]9 anos@ﬁ%WQ/&F’?eﬂ PBPF§XWquth°§e °£wé‘§$ﬁnrd!ﬂ alumina § s?@Fﬁam;YE}E‘flhr e were
WL N aboulishy Bl ofthls ByEflon? "hd dfErehB&bherddn mETHCH Vales @it Nat ! ONs.
Resul ti ng daﬁsa fo normaﬁ I'zed output 1Tnh response to pressure are

shown in Fi giluginkGndGteel Mebstrate® afd €@lainstichy the ¢4rge OTE differeiet between
The apparent higher output or gain indicated for the 430 stainless steel

cells 5  alummaghavingatELE rangetofiaboutt6. 3hppmAiC pnd aginless meglsesent at i ve

cells fromeach of t he four conpinatjons were pressure cycled from
about 0 to s@ev'asia GTF rangg ofmboutyq prrynC g @ .ISMrBC%mﬁggms

conpl et ed, ttﬂg Idﬁté@gre checked for output and linearity at
25[err] C over essures of about 0 to 1200 kPa. Follow ng this,

Resistance versus strain data were obtained by deflecting the
substrates while supported at opposite longiiudinal ends, such that one
10  piezoresistor of each set was considered to be oriented “longitudiﬂa.l” and the
remaining piezoresistor oriented “transversal” relative to the orientation of the
substrate during bending. The strain data from this test are summarized in
Figure 2, which shows that, under equivalent strain at a given temperature, the
resistance change on stainless steel is essentially the same as on alumina, which

15  is another object of this invention.

EXPERIMENT #2
| Dielectric and interface layers were printed and fired on four
- groups of stainless steel substrates using the same screen parameters noted

20 above as follows.

_ TABLEIV.
GROUP DIELECTRIC SEQUENCE INTERFACE
25 A (1) layer ESL D-4914 Ink #1
+ (1) layer ESL D-4913B
B (1) layer ESL D-4914 Ink #2
+ (1) layer ESL D-4913B
30
C (2) layers ESL D-4914 Ink #1
+ (1) layer ESL D-4913B
D (2) layers ESL D-4914 Ink #2
35 + (1) layer ESL D-4913B
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the cells were subjected to -40[err]C and then returned to 25[errJC, upon
whi ch out put and linearity were again neasured over the 0 to 1200
kPa pressure range. Typi cal output, linearity and hysteresis data
for each stainless steel are shown 20 in Figures 11 and 12. The apparent
hi gh degree of linearity acconpani ed-iQ§ - very | ow hysteresis
followi ng the harsh testing sequence i nclusive of 1.8 mllion

zero-to0-300 psi pressure cycles denonstrated the robustness of the
dielectric éﬂw\ the pringing of eacly dielestriglayers thexsubstratas weeifieed injgg IBi aphr agns

wer e defl ected by, pressure to,t iLck-fi,l m.pi ezoresi stor. 25

Wi e our i deRes G ped BereE, afanbtt 915rC foca gurikiBh SEREK o

enmbodi nent , f . : Ki ' art. For
ool ot h iEhbERnl s Tbot ket dAYARIS BbltiBR A1L THAGkBarts 6t

el ectri cal - ieactugrotip m@re then priatediandifired ndthahe DiPbat Td8dctondudtiverink he one or

nore dielectric layers 14 to . . a propriateli/sfmatc_h the CTE of the
mat eri alS of anéthedESls it HFhpieroresipt @Hﬂgéﬁlf@m congacts; and PiezoresifieSe al | oys not ed

above. Furt heraptg, | AMGRLE0 LARES) GOH) th Rinace for aSolRThieb Hififled ¢ e 1 ks

and printind
a peak temperature of either 895°C or 915°C for a duration of about three

- minutes at the peak teniperanne. Screening of the piezoresistive ink was done
in such a way as to achieve thick-film piezoresistors of different thicknesses

10  according to Table V below.

TABLE V.
G PIEZORESISTOR P G CONDITIONS __FIRING
15 Al 230 Mesh/1.4 mil wire/0.9 mil emulsion 895°C
B1 230 Mesh/1.4 mil wire/0.9 mil emulsion - 915°C
A2 325 Mesh/1.1 mil wire/0.4 mil emulsion 915°C
B2 325 Mesh/1.1 mil wire/0.4 mil emulsion 895°C
C1 230 Mesh/1.4 mil wire/0.9 mil emulsion 915°C
20 D1 230 Mesh/1.4 mil wire/0.9 mil emulsion 895°C
.C2 325 Mesh/1.1 mil wire/0.4 mil emulsion 895°C
D2 325 Mesh/1.1 mil wire/0.4 mil emulsion 915°C
25 Following firing, the thick-film piezoresistors were evaluated for

sheet resistivity, TCR and gage factor using the resistance versus strain test
method of Experiment #1. The test data were statistically analyzed to
determine the impact of print thickness, firing, interface compdsition, and
dielectric composition and sequence on sheet resistance, TCR and gage factor.
30  The results unexpectedly showed that sheet resistance, TCR and gage factor
Were overwhelmingly determined by the interface layer composition. Figures 3
and 4 show the average sheet resistances and gage factors for piezoresistors
isolated from the dielectric layers with either Ink #1 or Ink #2 relative to

interface layer thickness, while Figure 5 shows resistance versus temperature
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CLAI M5 1. A sensing structure (10) corrpri'si ng a

substrate (12), at least 5 one electrical-insulating |layer (14) on the
substrate (12), an interface |ayer (16) ' on the electrical-insulating
| ayer (14), and a thick-film piezoresistor (18) on the interface

llayer (16), the interface layer (16)-hdwing a conposition conprising
particul ate al um na and particul ate "Zimc oxi de cl osely divided and
suspended in lass matrix, the interface |ayer (16) separating the

pi ezor esi st ofor(bw}mmamgsubssrn@s @r@mdrwmmeumlpe&mmgxmwrksmmr and
401 €109, L S, S8 SRR subaes W pdlor GBS I
structure asispRfed!fPsin it diRtHclayetd Wiﬁ' RhEP KK 1PGHS#2 at the different test

thicknesses. _

5 Unexpectedly, Figure 4 shows that the composition of the

interface layer actually enhanced the gage factor of the piezoresistor from the.

initial 15 to 20 typical for the ESL 3414B material, to about 21 to 25, a

minimum increase of 25% depending on the thickness of the piezoresistor.

Also unexpected was that the interface layer formed with Ink #2 was capable of

10  offsetting the effect of the higher CTE of stainless steel relative to resistance

versus temperature, as shown in Figure 5.

EXPERIMENT #3
' Testing was then performed on actual pressure sensing cells using
15 ESL D-4914 and DuPont QM44 as the inks for the dielectric layers. The
sensing cells had diaphragms approximately eight mils (about 0:2_ mm) thick
formed of AISI Type 304L stainless steel, and were prepared for printing by
bead blasting and oxidation by firing in a belt furnace with a peak temperature
| - of about 915°C and a duration at peak temperature of about ten minutes. Half
20  of the diaphragms were printed with two layers of QM44 using a 230 mesh
screen, while the remaining diaphragms were printed with two layers of ESL
D-4914 using the 230 mesh screen. Between printings, the diaphragms were
dried at about 150°C for about ten to fifteen minutes, and then fired in é belt
furnace having a peak temperature of about 850°C for a duration at peak
25  temperature of about ten minutes. The dried thickness of each dielectric layer
was about 1.5 mils (about 38um), yielding a total fired thickness of about 1.5
mils.
The diaphragms printed with ESL D-4914 and QM44 were then
each divided into four groups, with the diaphragms of each group being printed
30 with a single layer of one of Inks #2 through #5 using a 230 mesh screen to

achieve a dried thickness of about 1.5 mils. Drying and firing were performed
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matrix is a | ead-alum na-borosilicate gl ass. 3. A
sensing structure as recited in claim1l1, wherein the glass 15 mat ri x
conprises | ead oxide, alumna, boron oxide, silica and one or nore ' .
oxi des chosen fromthe group consisting of titania, cupric oxide, manganese

nonoxi de and cobalt oxi de. -18 - 4. A sensing structure as
recited in any of clains 1-3, wherein the electrical-insulating
layer (14) has a conposition conprising netal oxides. 20

5. A sensing glthelGdo ﬁaﬁi%rra's?%etré’ﬂlei diexeéaﬁc@éyefé.arﬁéﬁﬂedﬂsugméﬂ&e_ the
substrate (12) is a steel oy. . A sensing
structure as primed withithe Bn?om’f5760ahdﬂ484 thickafilm eomductive inks he fornt thef ace

| ayer (16) is fired from an ink com005|t| on conprising, in weight
percent, abolAPPIOPFiate.CIEQUiY fordhe sensingrells.dhendrichaad fiepdoindesthe same oxi de,

conditions as the dielectric layers. The ESL 3414B piezoresistive ink was then

5  printed using a 325 screen mesh onto the interface layers to yield a thickness of

about 1.0 mil (about 25um) after drying. Drying and firing conditions were
again the same as that for the dielectric layers.
The resulting pressure sensing cells were then evaluated for

resistance. Average sheet resistance values for each group were as follows.

10
TABLE VL.
DIELECTRIC  INTERFACE SHEET RESISTIVITY
ESL D-4914 Ink #2 6.1 kQ/0
15 ESLD-4914 Ink #3 3.2
ESL D-4914 Ink #4 5.8
ESL D-4914 Ink #5 2.7
QM44 Ink #2 | 6.0
QM44 Ink #3 2.7
20 QM4 Ink #4 9.3
QM44 Ink#5 7.9

The sensing cells were then assembled using standard practices into pressure
sensors (minus ampliﬁcétion and temperature compensation circuitry) and

25  subjected to pressure.and temperature testing. The pressure ranged from zero
up to about 1029 kPa, and temperature excursions were from about 25°C to -
40°C, about -40°C to 25°C, and abdut 25°C to 125°C. The resulting data for
normalized pressure sensor output at 1029 kPa (“Output™) and response of gain
(gage factor) to temperature at the low and high temperature extremes

30 (“CTCGF” and “HTCGF,” respectively) were statistically analyzed using
multiple regression. R? values of very near 1.0 were obtained for each of the

following regression predictor equations:

This is the replacement sheet

Daie: 18 MAR 1999



25. and about 34%to about 53 % of a glass frit m xture, the bal ance

bei ng an organi ¢ nedi a.

- 24 - 7. A sensing structure as recited in.claim®,
wherein the gl ass frit mxture contains, in weight percent, about
50%t o about 74% | ead oxide, aboy¢ .10% to about 25 % boric acid as a

source of boron oxide, about 8 %to about 26% silica, up to about
12% al um na, up to about 3 %titania, and up to 5 8% of at | east one
material selected fromthe group consisting of cupric oxide,

manganese carbonate as a source of ma)?anese nonoxi de, and cobalt carbonate
as a source of c&gdll) oxi deOutput = 0.45X,-0.025X,40.0132X,+0.8X,-1.909

Eq.(2) CTCGF = 716.5X,-701.5X,+173.2X,+1272X,-52582.3
5
Eq.(3) HTCGF = 3715X,-3225X,+923X,+6779X,-273949
where: X, = weight percent alumina
X, = weight percent zirconia
10 ' X; = weight percent Frit #1

X, = weight percent Frit #2
44 Dj l ic
15 | Eq.(4) Output = 0.111X1-O.111X2+0.039X3+0.197X4-9.64
Eq.(5) CTCGF = 2741X,-4613X2+726X3+4833X4-1652_63

Eq.(6) HTCGF = 31554X,-58646X,+7667X,+55390X,-1852071

20
where: X, = weight percent alumina
X, = weight percent zirconia
X, = weight percent Frit #1
X, = weight percent Frit #2
25

The data for the sensing cells with the ESL D-4914 and QM44 dielectric layers
are summarized in Tables VII and VIII, respectively.
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8. A sensing structure as recited in claim7, wherein the glass fit
her contains, in weight percent, about 0.5%to about 3.0% 10
about 3.5%to

m xture furt

eupri c oxide, about 0.5%to about 4.0% nmanganese carbonat e,
about 4% cobalt carbonate, alone or in conbination.

9. A sensing structure as recited i 2hy of clainms 1-6, wherein t he
glass frit materials are forned froma conbi nation of two glass fit
m Xt ur es. 15 10. A sensing structure as recited in any of

clains 1-9 wherein

factor of at

dielectric |

10

15

20

30

the sensing structure is characterized by a gage

| east 20. 11. A sensing structure of a
pressure sensor, the sensing ST‘?‘H!:‘FUYI(! conpri si ng:

a steel alloy diaphragm (12); 20 at | east one
ayer (14) on the diaphragm (12),
ESL D-4914 Dielectric Layer
and an Interface Layer of:
: § Ink #3 4 Ink #5
Normalized Output .
Actual 1.15 1.12 1.08 1.11
Predicted 1.16 1.13 1.09 1.11
CTCGE (ppm/°C) _
Actual -108 1492 -123 -31
_ Predicted -108 1494 -121 -30
HTCGF (ppm/°C)
' Actual 450 7650 -40 2000
Predicted 453 7653 =37 2003
TABLE VIII.
QM44 Insulator Dielectric
and an Interface Layer of:
Ink# _ Ink #3 Ink #4 Ink #5
Normalized Output
: Actual  1.27 1.04 1.27 1.16
Predicted 1.27 1.04 1.27 1.17
CTCGF {pp/°C) :
Actual 6892 -169 -462 108
Predicted 6876 -188 -478 100
HTCGF (ppm/°C) .
Actual 89590 -110 -610 -990
Predicted 89594 -105 -606 -988

35

40

The closeness of the predicted data to the actual data for output and TCGF
shown in Tables VII and VIII demonstrates the robust relationship between the

interface compeositions and the magnitude and direction of output and TCGF.

The impact on output can better be appfeciated by considering Figure 6,
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the dielectric layer (14) having a conposition conprising nmetal oxides;

an interface dielectric layer (16) on and contacting the dielectric

| ayer (14), the interface dielectric layer (16) conprising particulate

al um na and particul ate zinc oxide closely. divided and suspended in a gl ass
25 matri x conprising | ead oxide, alu@lna, boron oxide and silica; and

a thick-filmpiezoresistor (18) on the interface dielectric | ayer
(16) for sensing a deflection of the diaphragm(12); .
- 25 - demonstrates that the interface layer gprapesitipn deserminesrthe slepeli fEomd r i ¢

| ayer (16) separatgs 4.he i ezqresi stor 8) fromthe dielectric
llayer (14) anq?q‘ %ﬁ"b‘féas OEWW%E‘“FN etggcéatter thé glol’fri téggfeggqr r (18) of
constituents i Rofftized 8hiBét dddCgdgR¥atod 14)

It is apparent from Tables VII and VIII that the relationships

5 differ from insulator to insulator, as could be expected since insulator
compositions from different vendors tend to vary in their compositions..
However, at least one interface composition giving acceptable output and
TCGEF values within about +170 ppm/°C has been determined for each of the
insulator dielectric compositions tested, as shown in Figure 7: Ink #4 for ESL

10  D-4914 dielectric iayers and Ink #3 for QM44 dielectric layers.

Pressure sensors with TCGF (temperature coefficient of gage

factor) values within about +175 ppm/°C represent a variance in gain as a
result of temperature of about +1%, as shown in Figure 8. Within this range, a
pressuré sensor requires little or no temperature compensation electronics since

15 there is little appreciable error due to a loss of gain, and is therefore less costly .
to produce. Accordingly, the present invention achieves equivalent
compensation for CTE mismatch between a steel substrate and thick-film
piezoresistor through use of the interface compositions of this invention as can
be achieved with prior art approaches using temperature compensation

20  circuitry. Therefore, when formulated to have low TCGFs, the interface
compositions of this invention advantageously achieve both cost effectiveness
and reliability in pressure sénsing applications without any compensation

whatsoever.

25  EXPERIMENT #4

Further experime_ntation was performed using stainless steel
diaphragms of 304 L and 430 S17. As in Experiment #3 above, the thickness
of the 304 L diaphragms was about eight mils (about 0.2 mm), while the
thickness of the 430 S17 diaphragms was about six mils (about 0.15 mm). For

30 this experiment, the diaphragms were not oxidized or surface treated before
printing with thick film materials. The insulator layers for this experiment
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12. A sensing structure as recited in claim21l, wherein the 5 interface
dielectric layer (16) is fired froman ink conposition conprising, in
wel ght percent, about 15%to about 35% al unina, about 3 %to about 6% zinc
oxi de, and about 34%to about 53 % of a glass frit m xture, the bal ance

bei ng an organi ¢ nedi a. -22 - _ ' 13. A sensing
structure as recited in clains 11 or T2 wherein 10 the i nk conposition
conprises one or more glass frit m xtures chosen fromthe group

consi sting of Were ESL Qb‘hdmértbe mrf@egbmpgsmowWmeﬂnkll#é:apd\lnb#QJ nb s 3
he f t gl t ta n wei ercent about

o4 Tend oxi de TIBRNGESEY bBnfigd 46 Afing Dioce a8 Same B for B rpssiment

about 19. 4% sigki e s@ﬁgﬂ&gcé?ls?\\/&élakgéhﬁ?ed &Wamy%ﬁeﬁ@ég'lﬁto pgdyppout 3. 0%

15 cupric oxide; secon ass fit
m xt ure cont asensorsi(minwsi apilification amttenspetature vottipensitidn Yircsiag) Qﬁd de, about
15.1 % boric aci.d éids a source of boron oxi de, about 19.4%silica,

about 8. 2% al SHRieRted QRIEISURE F temperatute testing o dBa pressure rapgesbiromara
carbonate as tb %ME ffO(PlEP C%B&'t ;())eﬁturé exculdswns were from about 25°C to about

- 40°C, about -40°C to about 25°C, and about 25°C to about 150°C. Resulting

temperature related data are summarized in Figure 9 and show variations in

gain relative to temperature. were within about +1% for all steel and interface
10  material combinations. Resulting data for normalized output in response to
pressure are shown in Figure 10 for the same steel and interface combinations.
The apparent higher output or gain indicated for the 430 stainless steel cells
was attributed to their thinner diaphragms. Representative cells from each of
the four combinations were pressure cycled from about 0 to 300 psi for 1.8
15 million cycles. After cycling was completed, the cells were checked for output
and Iinearity at 25°C over pressures of about 0 to 1200 kPa. Following this,
the cells were subjected to -40°C and then returned to 25°C, upon which output
and linearity were again measured over the 0 to 1200 kPa pressure range.
~ Typical output, linearity and hysteresis data for each stainless steel are shown
20  in Figures 11 and 12. The apparent high degree of Hnearify accompanied by
very low hysteresis following the harsh testing sequence inclusive of 1.8
million zero-to-300 psi pressure cycles demonstrated the robustness of the
dielectric; layers to faithfully transmit strains induced as the diaphragms were
deflected by pressure to the thick-film piezoresiétor.
25 While our invention has been described in terms of a preferred
- embodiment, other forms could be adopted by one skilled in the art. For
example, tﬁose skilled in the art will realize that various electrical-insulating
compositions could be used to form the one or more dielectric layers 14 to
appropriately match the CTE of the material of the diaphragm 12, which can
30 differ from those alloys noted above. Furthermore, laminated tapes could be

substituted for the inks and printing methods described above. . '
This is the replacement sheet

Date: 18 MAR 1999



20 : the third glass frit m xture contains, in
wei ght percent, about 52.8% | ead oxide, about 15.0%boric acid as a
sourc mrﬂalli about 19.2%silica, about 8.1% al um na, about
0. 5% allm“ﬂﬂ“mﬂ % cupric oxide, and about 4.0% nmanganese
carbonate @s ta $oufce’ of nmanganése . .23 .nonoxi de. 25

14. A sensing structure as recited ifctarm 13, wherein the ink

conposi tion conprises, in weight percent, about 32.9% al um na, about 3.4%
zinc oxide, aQbLAIMS7. 4% of the organic nedia, and about 36.3 of the first

gl ass frit mxture.
This is the repl’acenent sheet

. 1. A sensing structure (10) comprising a substrate (12), at least

5 one electrical-insulating layer (14) on the substrate (12), an interface layer (16)
on the electrical-insulating layer (14), and a thick-film piezoresistor (18) on the
interface layer (16), the interface layer (16) having a composition comprising
particulate alumina and particulate zinc oxide closely divided and suspended in
a glass matrix, the interface layer (16) separating the piezoresistor (18) from

10 the electrical-insulating layer (14) and inhibiting diffusion into the piezoresistor
(18) of constituents in the electrical-insulating layer (14).

2. A sensing structure as recited in claim 1, wherein the glass

matrix is a lead-alumina-borosilicate glass.

3. A sensing structure as recited in claim 1, wherein the glass
15  matrix comprises lead oxide, alumina, boron oxide, silica and one or more °
oxides chosen from the group consisting of titania, cupric oxide, manganese

monoxide and cobalt oxide.

4. A sensing structure as recited in any of claims 1-3, wherein

the electrical-insulating layer (14) has a composition comprising metal oxides.

20 5. A sensing structure as recited in any of claims 1-4, wherein

.the substrate (12) is a steel alloy.

6. A sensing structure as recited in any of claims 1-5, wherein
 the interface layer (16) is fired from an ink composition comprising, in weight
‘percent, about 15% to about 35% alumina, about 3% to about 6% zinc oxide,
25 and about 34% to about 53% of a glass frit mixture, the balance being an

organic media. .
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'15. ‘A sensing structure as recited in claim13, wherein the ink

conp in weight percent, about 31.0 % alumna, about 4.0%
2i ncﬂmm,ﬂagﬂl”amO% of the organic nedia, about 19.0% of the first

ture, and about 19.0% of the second glass frit

gl ass* ¢ . :
m Xt ure. ~ 16. A.agnsing structure as recited in claim
13, wherein the I nk conposi ti~er—tayer conprises, in weight percent,

about 34.9 % al um na, ya : Fm?e %zl afih'xd@ , t % of the
organi ¢ nedi a, about 179§§Enfm§ﬁteru Ir %ré&éd]ﬁ& as \?Eé}?ﬁith ?ﬁ';se and about
17.3 of the fyie aaixmireytomaing, rih tweiight percent, about S0% to about 74% lead oxide, A sensi ng

structure as recited in claim13, wherein the ink 10 corrp05|t|on
conpri ses, iapouelQfhto peous 24tk bma.md 39a gourse ofiberan oesmmab@t(&% zi nc

oxi de, about 27, Ok h about .19 t gl ass
Fri e i xtor ool 3% 3hich o P AR T2 feioBing B B el 774 Blapiel i b0 ©'
5 8% of at least one material selected from the group consisting of cupric oxide,
manganese carbonate as a source of manganese monoxide, and cobalt carbonate

as a source of cobalt oxide.

8. A sensing structure as recited in claim 7, wherein the glass
frit mixture further contains, in weight percent, about 0.5% to about 3.0%
10 cupric oxide, about 0.5% to about 4.0% manganese carbonate, about 3.5% to

about 4% cobalt carbonate, alone or in combination.

9. A sensing structure as recited in any of claims 1-6, wherein
the glass frit materials are formed from a combination of two glass frit

mixtures.

15 ' 10. A sensing structure as recited in any of claims 1-9 wherein

 the sensing structure is characterized by a gage factor of at least 20.

11. A sensing structure of a pressure sensor, the sensing
structure comprising:
i a steel alloy diaphragm (12);
20 at least one dielectric layer (14) on the diaphragm (12),
the dielectric layer (14) having a composition comprising metal oxides;
an interface dielectric layer (16) on and contacting the
dielectric layer (14), the interface dielectric layer (16) comprising particulate
alumina and particulate zinc-oxide closely divided and suspended in a glass
25 matrix comprising lead oxide, alumina, boron oxide and silica; and
' a thick-film piezoresistor (18) on the interface dielectric

layer (16) for sensing a deflection of the diaphragm (12); ment sheet
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18 As i’w tructure as recited in claim 13, wherein the ink

corrp05| n wei ght percent, about 15.0% al um na, about 5.0%

Zi. 70%of the organi c nedia, about 26.5 % of the
flrst gl ass frlt *mi xture, and about 26.5 % of the second glass frit
m xt ur e. 19. A semsing structure as recited in claim
13, wherein the ink conposi ti oM conprises, in weight percent, about
30. 0% al um na, about 5.0% zi.nc oxide, about K 27.0% of the or ani c

medi a, and about 38.0% of thevqhﬁyquythggnterfgq:ea@glepmct laygr({ gparaes
20. A f V\,h
e "B 7B B el e SR g

t he sensing terrz or o great er t han
20. ' piezoresistor (18) of constituents in the dielectric layer (14).

12. A sensing structure as recited in claim 11, wherein the
5 iﬁterface dielectric layer (16) is fired from an ink composition comprising, in
weight percent, about 15% to about 35% alumina, about 3% to about 6% zinc
oxide, and about 34% to about 53% of a glass frit mixture, the balance being

an organic media.

13. A sensing structure as recited in claims 11 or 12, wherein
10  theink compqsition comprises one or more glass frit mixtures chosen from the
group consisting of first, second and third glass frit mixtures, wherein:
the first glass frit mixture contains, in weight percent,
about 53.3% lead oxide, about 15.1% boric acid as a source of boron oxide,
about 19.4% silica, about 8.2% alumina, about 1.0% titania, and about 3.0%
15 cupric oxide; '
the second glass frit mixture contains, in weight
. percent, about 53.3% lead oxide, about 15.1% boric acid as a source of boron
oxide, about 19.4% silica, about 8.2% alumina, about 1.0% titania, and about
3.0% cobalt carbonate as a source of cobalt oxide; and
20 the third glass frit mixture contains, in weight percent,
about 52.8% lead oxide, about 15.0% boric acid as a source of boron oxide,
about 19.2% silica, about 8.1% alumina, about 0.5% titania, about 0.5%
cupric oxide, and about 4.0% manganese carbonate as a source of manganese

monoxide.

25 14. A sensing structure as recited in claim 13, wherein the ink
composition comprises, in weight percent, about 32.9% alumina, about 3.4%
zinc oxide, about 27.4% of the organic media, and about 36.3 of the ﬁrst'glass

frit mixture.
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15. A sensing structure as recited in claim 13, wherein the ink
composition comprises, in weight percent, about 31.0% alumina, about 4.0%
zinc oxide, about 27.0% of the organic media, about 19.0% of the first glass
frit mixture, and about 19.0% of the second glass frit mixture. "

5 : 16. A sensing structure as recited in claim 13, wherein the ink
composition layer comprises, in weight percent, about 34.9% alumina, about
5.8% zinc oxide, about 24.7% of the organic media, about 17.3 of the first
glass frit mixture, and about 17.3 of the second glass frit mixture.

17 A sensing structure as recited in claim 13, wherein the ink
10  composition comprises, in weight percent, about 30.0% alumina, about 5.0%
zinc oxide, aboﬁt 27.0% of the organic media, about 19.0% of the first glass

frit mixture, and about 19.0% of the second glass frit mixture.

18. A sensing structure as recited in claim 13, wherein the ink

composition comprises, in weight percent, about 15.0% alumina; about 5.0%

15 zinc oxide, about 27.0% of the organic media, about 26.5% of the first glass
frit mixture, and abbut 26.5% of the second glass frit mixture.

19. A sensing structure as recited in claim 13, wherein the ink _
composition comprises, in weight percent, about 30.0% alumina, about 5.0%
zinc oxide,.about 27.0% of the organic media, and about 38.0% of the third
20  glass frit mixture. '

20. A sensing structure as recited in any of claims 11-19,
wherein the sensing structure is characterized by a gage factor of greater than
20.
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THIC ISTOR SENSING STRUC
BSTRACT

A thick-film strain-sensing structure (10) for a media-compatible,
high-pressure sensor. The strain-sensing structure-generally includes a metal
diaphragm (12), at least one electrical-insulating layer (14) on the diaphragm
(12), an interiface layer (16) on the electrical-insulating layer (14), and at least
one thick-film piezoresistor (18) on the interface layer (16) for sensing
deflection of the diaphragm (12). The interface layer (16) and the electrical-
insulating layers (14) are preferably formed by thick-film processing, as done
for the piezoresistors. For compatibility with the metal diaphragm (12), the
elecu*ical—insulatiné layer (14) has a CTE near that of the diaphragm (12). The
interface layer (16) is formulated to inhibit and control diffusion of the
electrical-insulating layers (14) into the piezoresistors (18). For this purpose,
the interface layer (16) is formed from a composition that contains, in addition
to a suitable organic media, alumina, zinc oxide, and at least one glass frit
mixture comprising lead oxide, a source of boron oxide such as boric acid,
silica and alumina. Additional constituents of the interface layer (16)
preferably include titania, cupric oxide, manganese carbonate as a source for

manganese monoxide, and cobalt carbonate as a source of cobalt oxide.

Figure 1
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