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Piezoresistive Properties of ITO Strain Sensors Prepared
with Controlled Nanoporosity
Otto J. Gregory” and Tao You

Sensors and Surface Technology Partnership, Department of Chemical Engineering, University of Rhode
Island, Kingston, Rhode Island 02881, USA

A ceramic strain gage based on reactively sputtered indium-tindki@®) thin films is being developed to monitor the structural
integrity of components employed in aerospace propulsion systems operating at temperatures in excess of 1500°C. The high-
temperature stability and piezoresistive properties depend to a large extent on the thickness of the active ITO strain elements
comprising these ceramic strain gages. Scanning electron microscopy of the thick ITO sensors revealed a partially sintered
microstructure consisting of a contiguous network of submicrometer ITO particles with well-defined necks and isolated nanopo-
rosity. It appeared that densification of the ITO particles was retarded during high-temperature exposure with nitrogen playing a
key role in stabilizing the nanoporosity. Based on these preliminary results, ITO strain sensors were also prepared by reactive
sputtering in various nitrogen/oxygen/argon partial pressures to incorporate more nitrogen into the films. Under these conditions,
sintering and densification of the ITO particles containing these nitrogen-rich grain boundaries was retarded and a contiguous
network of nanosized ITO particles was established. The influence of nitrogen in the sputtered and annealed ITO films on the
microstructure and the high-temperature piezoresistive properties was investigated, and the results are presented in this paper.
© 2004 The Electrochemical Society.DOI: 10.1149/1.176783%ll rights reserved.

Manuscript received August 7, 2003. Available electronically June 25, 2004.

As the operating temperature of gas turbine engines is increasednd chemical stability of the sensors, which must operate at tem-
and new materials are developed to meet these new challenges, theperatures that can exceed 1500°C. The drift (B&) of these elec-
is a need to assess the structural behavior of components in thedgcal strain gages is a measure of the stability and is defined accord-
harsh environments, so that structural models can be validated anitig to Eq. 2
newly developed materials can be monitored during actual engine
operation. Thin film sensors are ideally suited to make measure- AR 1
ments of operational turbine conditions since they have negligible DR= — . ——
mass and thus, minimal impact on vibration patterns. They are non- Rret  Aliime
intrusive in that the gage thickness is considerably less than the
gas-phase boundary layer thickness and thus the gas flow path 14 jnfyence of sensor thickness on the piezoresistive response
through the engine will not be adversely affected by these sensors,,y grapility of ITO sensors was investigated. By systematically
Not only are these sensors ideally suited ifositu strain measure- varying thickness of ITO strain gages prepared by rf sputtering and
ment where high gas velocities are encountered, but these ceramig,neajing in nitrogen at 800°C, a correlation between microstructure
strain gages have excellent adhesion and similar thf_e_rmal EXPansiOflg high-temperature properties was established. Very thick ITO
coefficients to most oxides used for electrical isolafidrin addi- ctive strain elements exhibited a partially sintered microstructure

tion, ceramic sensors are refractory, nenintrusive, and robust enoug ontaining nanosized ITO particles. This microstructure was largely
to withstand the high g loading associated with rotating components, e snnsiple for the excellent high-temperature properties exhibited
For these reasons, ceramic strain gages based on alloys of |nd|unE)-y these materials.

tin o_xide (I'_I'O) were developed to moni_tor both the static ar_1d dy- ITO strain gages with controlled nanoprosity were prepared by
namic strain of components employed in advanced propulsion sysgiacting relatively thick ITO films to a postdeposition anneal at

tems and active control surfaces. 800°C in nitrogen and exposure to high temperature, or by reactive

The active ITO strain elements in these ceramic sensors are Ox'éputtering in various nitrogen/oxygen/argon partial pressures and

dat:lon re?isotlat?ttand do not ;mdergotany pzaigo%]%‘gedz.‘t".’hen theliposure to high temperature. The relationship between micro-
mally cycled between room temperature and -addition, — stryctyre and the high-temperature stability of ITO strain sensors
the piezoresistive response of ITO-based strain sensors is one to t epared by these two techniques was investigated. Scanning elec-
orders of magnitude greater than_ those observ_ed in me_t_als and_ fon microscopy(SEM) indicated that although the microstructures
ITO sensors have superior ?'eanc%[ggd chemical stability relative,t e nitrogen-sputtered films were similar in appearance to those
to metals in these harsh environments.’Consequently, improved %‘roduced by a postdeposition anneal in nitrogen, the average pore

[2]

signal-to-noise ratios are possible with these ceramic strain gage ize and particle size were an order of magnitude smaller for

due to the inherently large piezoresistive responses. In operationgh,qe sensors prepared by sputtering in nitrogen overpressures. It
turbine measurements, the enhanced sensitivity and responsivenegg e s that nitrogen was metastably retained in the individual ITO

of the ceramic sensors are particularly important since the Signal%rains during sputtering and diffused out of the bulk grains at el-

are usually processed via slip ring technology or telemetry systemsg, a0 temperature, eventually becoming trapped at grain bound-

which are susceptible to (_axcefssr,]lve noise. A measure of the rebSpoh%fries and triple junctions. Under these conditions, sintering and den-
siveness or strain sensitivity of these ceramic sensors Is given by thgisication of the ITO particles containing these nitrogen-rich grain

gage factor(G), which is defined according to Eq. 1 boundaries was retarded and a contiguous network of nanosized ITO
AR 1 particles was established. The controlled microstructures in these
“R. = [1] sensors are possible due to the decomposition of ITO in nitrogen-

ref

bearing atmospheres which can occur at temperatures as low as
_ _ 1100°C?%2! By controlling the partial pressure of nitrogen in the
where Ry is the resistance at a reference temperailige, AR porosity during processing, a balance between the rate of decompo-
is the change in resistance, ands the applied microstrain. How-  sjtion and the sintering rate could be achieved so that the desired
ever, also critical in these aerospace applications is the electricghicrostructure would persist for prolonged periods at elevated tem-
peratures. Static strain testing of the nitrogen-sputtered ITO sensors
indicated that a similarly stable and responsive strain gage could
2 E-mail: Gregory@egr.uri.edu be readily reproduced. Microstructural evidence to support the
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Figure 2. Photograph oflA) the high temperature, cantilever bend fixture
with (B) aluminum oxide constant strain beam clamped into positién.

The zirconium phosphate cantilever bend fixture with the external controls
are shown in detail, includingC) the LVDT-linear variable differential trans-
ducer, limit switches(D) stepper motor, and cantilever rod.

Figure 1. Photograph of an aluminum oxide constant strain beam with
deposited ITO thin film strain sensor and associated platinum thin film
leads.(A) ITO strain sensor(B) platinum bond pads(C) aluminum oxide
constant strain beam, ariB) platinum thin film leads are shown in detail.

hypothesis that partially sintered microstructures with controlled na- ) ) )
noporosity could be stabilized to very high temperatures is presented A Deltech tube furnace whta 7 in. hot zone was used for high-

herein, as well as the results of static strain tests at temperatures Ugmperature strain experiments. The furnace was ramped at 3°C/min
to 1600°C. to the desired temperature in 50°C increments and held for at least 1

h to establish thermal equilibrium. Strain was induced by means of
Experimental a cantilever-bending fixture fabricated from a machinable zirconium
rphosphate ceramic. A linear variable differential transdycebDT )

High purity aluminum oxide constant strain beams were used fo as attached to a solid alumina rod and connected to the alumina
all high-temperature static strain tests, since they provide excellen!" - ia-ajumi . h umi
onstant strain beam to transfer strain to the active sensor element

electrical isolation at high temperature. These constant strain beamg.. ; : . .
were laser-cut into the desired shape from rectangular plates o ig. 2). The corresponding resistance changes were monitored with

99.9% pure alumingCoors Ceramids Prior to deposition of ITO a 6 digit multimete(Hewlett-Packard 34401)fand a programmable

thin films onto the alumina constant beams, approximatglyrof ~ constant current sourd&eithley 224. A Hewlett-Packard multim-
high purity alumina was sputtered onto these surfaces and heafle’ and Keithley constant current source were interfaced to an I/O

treated at 1000°C in air. The sputtered alumina layer provided en- oard Lant;j an dIBM 485 GPIBAciard f(s)rtr(]:ontlnuousldata acqtn(sjlttlon
hanced adhesion to the substrate while limiting impurity diffusion using Labwindows software. A type ermocouple connected 1o a

from the substrate to the deposited ITO thin films. All substratessecond multimeter was used to measure the temperature inside the

were cleaned by rinsing in acetone, methanol, and distilled Water,DeIteCh furnace.

followed by a nitrogen blow dry. Photolithography techniques were . .

used in conjunction with lift-off to fabricate all thin-film strain Results and Discussion

gages. Etching tends to cause hot corrosion of the sensors at high A number of ceramic strain gages having different ITO thick-
temperature due to residual chlorides on the surfaces of the coatingsesses comprising the active strain elements were deposited on high
and thus was avoided whenever possible. All lithography processegurity aluminum oxide constant strain beams and tested under static
employed a polyimide-based photoresist in conjunction with a modi-strain conditions at temperatures up to 1600°C. The piezoresistive
fied lift-off process to transfer the desired sensor pattern. A polyim-response of a typical ceramic strain gage at 1157°C is shown in Fig.
ide photoresistLOR10B obtained from Microchem, Incwas ap- 3. This ceramic sensor had a 2.5 thick active ITO strain element
plied to the constant strain beam by spin coating at a spin speed aind exhibited a relatively small piezoresistive response and a rela-
2000 rpm and subsequently baked at 150°C. High bake temperaturafely large drift rate,i.e., a gage factor of 3.52 and a drift rate of
are required with this photoresist due to its high glass transition0.016%/h at 1157°C. It should be noted here that the piezoresistive
temperature. An imaging resigshipley SC182F was applied di-  response is out of phase with the excitation signal and the positive
rectly onto the LOR10B surface by spin-casting, followed by soft slope of the piezoresistive response is an indication of signal drift.
baking at 120°C for 4 min. A photomask containing the desired These results were very different from those obtained when thick
artwork was placed over the resist-coat substrate and exposed to UMO films were employed as the active strain elements in these
light. After exposure and development, the unwanted photoresisteramic strain gages. When relatively thin ITO films were used, the
remaining on the alumina substrate was cleaned in an oxygerpiezoresistive response was comparable to metals at lower tempera-
plasma to remove all organics. The ITO films were deposited by rftures(1157°Q as shown in Fig. 3a, but became unstable at tempera-
reactive sputtering using an MRC 822 sputtering system. Sputteregures above 1225°C, as shown in Fig. 3b. It should be noted here
ITO thicknesses were varied between 2.5 anq.ttb A high density  that the waveform associated with the piezoresistive response had
ITO target(12.7 cm in diametgrwith a nominal composition of 90  severely degraded and the baseline resistance has increased by sev-
wit% In,O5 and 10 wt% Sn@was used for all ITO depositions and  eral orders of magnitude, which typically occurs just prior to failure.

a high purity(99.9999% platinum target{10.7 cm in diameterwas In contrast to this behavior, ITO sensors prepared wifln® thick

used for all platinum depositions. The sputtering chamber wasactive strain elements and 8m thick active strain elements were
evacuated to a background pressure X 10~ Torr prior to sput- very stable and responsive even at higher temperatures. For ex-
tering and semiconductor grade argon, oxygen, and nitrogen werample, ITO sensors prepared withuin thick active strain elements
leaked into the chamber to establish a total gas pressure of 9 mTorexhibited a gage factor of 6.8 and drift rate of 0.08%/h at 1438°C
The oxygen, argon, and nitrogen partial pressures were maintaineFig. 4) and sensors prepared withu8n thick active strain elements

in the deposition chamber using MKS mass flow controllers, and rfexhibited a gage factor of 20.9 and a drift rate of 0.00001%/h at
power density of 2.4 W/cfwas used for all ITO sputtering runs. 1441°C(Fig. 53. The latter strain sensor did not become unstable
Platinum films(3-4 wm thick) were used to form ohmic contacts to until temperatures approached 1481(g. 5b. Based on the re-

the active ITO strain elements and thin-film leads to make electricalsults of the high-temperature static strain tests, we have determined
connection to the data acquisition system. A photograph of a typicathat the piezoresistive response and electrical stability of the ceramic
ceramic strain gage complete with the active ITO strain elementsstrain gages was very dependent on the thickness of ITO films com-
and the platinum leads and bond pads is shown in Fig. 1. prising the active strain elements. A summary of the results from the
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—#— resistance Figure 4. Piezoresistive response of am thick ITO strain sensor at

1438°C, just prior to failure. The strain sensor was subjected to a postdepo-
sition heat-treatment in nitrogen and had a gage factor of 6.8 and a drift rate
107500 350 of 0.08%/h. Note positive slope of the waveform which is an indication of

—8—microstrain

signal drift. Also note the degradation of the waveform that typically occurs
107000 1 T 300 just before failure.
T 106500 A ;
E + 250 _
O 106000 - ‘®
8 105500 | T 2005 ity associated with these very thick ITO gages leads us to believe
g \ 11505 that significant changes in the microstructure of the ITO films had
w 105000 + ‘€ occurred either as a result of processing the films or postdeposition
& 104500 TT * T *DT W + T * T * T 100 heat-treatment.
= 150 Initially, the extremely stable and responsive ITO strain sensors
104000 13 were prepared by sputtering very thick ITO films in oxygen:argon
103500 ‘ : e 0 atmospheres and subsequently annealing them in nitrogen at 800°C.
0 100 ti 200 d 300 400 As suspected, a marked change in microstructure had occurred in
(b) ime (seconds) the thick ITO strain gages relative to the thin ITO strain gages pre-

Fi 3. (@ Pi isti t & 218 thick ITO strai " pared in this manner. The ITO sensors were examined prior to and
igure 3. (&) Piezoresistive response of a .8 thic stain sensor ﬁrter strain testing by SEM. An SEM micrograph of a thick ITO

1157°C. The strain sensor was subjected to a postdeposition heat-treatme 10 bi d d ition h S
in nitrogen and had a gage factor of 3.52 and a drift rate of 0.016%/h. Note>€NSON(10 pm) subjected to a postdeposition heat-treatment in ni-

the piezoresistive response is out of phase with the excitation signal. Thd"ogen (Fig. 8 showed that a porous network with considerable
positive slope associated with the waveform is an indication of signal drift. Surface roughness had developed after high-temperature exposure.
(b) Piezoresistive response of a 245 thick ITO strain sensor at 1225°C, Examination at higher magnifications of the same surface indicated
just prior to failure. The strain sensor was subjected to a postdepositiorthat the microstructure consisted of an aggregate of partially sintered
heat-treatment in nitrogen. Note that the waveform associated with the piparticles,i.e., a contiguous network of nanosized ITO particles with
_ezoresistive response had severely d_egraded and the baseline resistance Rgdl|-defined necks and isolated nanopores. A fractured surface of a
increased by several orders of magnitude. thick ITO sensor subjected to a postdeposition heat-treatment in
nitrogen and heated to 1530°C is shown in Fig. 9. This cross-
sectional view of the sensor at low magnification reveal that the
static strain tests are presented in Table |, including the thicknesinterior regions of the thick ITO film contain a large number of
dependence on stability, the temperature at which sensor failure odsolated nanopores while the surface layers consisted of a higher
curred, and the piezoresistive response. density, coarser grain material where appreciable sintering and den-
When ceramic strain gages were prepared with very thick ITOsification had occurred. Similar microstructures had been reported
films (10-15 wm) as the active strain elements, both the high tem- during the rapid heating and sintering of nanocrystalline ITO ce-
perature stability and gage factor were significantly improved rela-ramic particles? There, Kimet al?? reported that once a densified
tive to ITO films prepared in the 2.548m thickness range. Figure 6 outer region had formed, the interior regions of the powder compact
shows the piezoresistive response of a ceramic strain gage employvere not able to densify because the outer layer constrains the den-
ing a 10pm thick film of ITO as active strain element. This sensor sification geometrically. In our case, the densified or sintered outer
was extremely stable and responsive with a gage factor of 131 and kayer of the ITO film prevented oxygen from diffusion into the bulk
drift rate of 0.00001%/h at 1528°C. Similarly, the piezoresistive film, which further stabilized the ITO at elevated temperature. When
response of a ceramic strain gage employing adbthick ITO film the as-deposited and nitrogen-annealed ITO {fig. 10 was com-
as the active strain element is shown in Fig. 7. Here, an extremelypared to the same film after high-temperature expogkig 8), it
stable and responsive strain gage was achieved with thipmd5  was evident that the nanoporous microstructure had developed after
thick ITO sensor at 1446°C. An average gage factor and drift ratehigh-temperature exposuree., the microstructure was developed
of 24.9 and 0.00001%/h, respectively, were established over thafter the temperature exceeded 1500°C. This finding was consistent
course of several hours of strain testing. The high-temperature piwith that of Kim et al?? who observed sluggish densification behav-
ezoresistive properties of these thick ITO films are significantly bet-ior in nanocrystalline ITO particles when sintered at temperatures
ter than those observed for ITO sensors prepared with very thirapproaching 1600°C.
active strain elements. The only difference between the 10 and the In an attempt to metastably retain more nitrogen into the ITO
15 wm thick strain ITO strain gages was the considerably lower films, a series of ITO films were sputtered in nitrogen overpressures
baseline resistance associated with theptd thick strain gages. using different argon/oxygen/nitrogen partial pressures. Not only did
This marked improvement in the piezoresistive response and stabilthis process permit us to incorporate more nitrogen into the film but

Downloaded 22 Jun 2012 to 131.128.70.27. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Socigtys1 (8) H198-H203(2004)

—&—resistance

—&—microstrain

H201

—m—resistance
—e—microstrain

450 250 70500 1 : 350
L g t
70000 + 300
449.9 ﬂ ﬁ ﬁ ﬁ A A A 300 ]L L “ Il ! r
: € 69500 1 250
g e T T = .
- .8 4 ©
: rpms FRRRISITAI AT AR
£ £ 8 68500 2
L 4497 200 ® c 1 ‘ 1 1450 &
o b il o
2! t i 8 z 68000 £
8 4496 - 150 .8 i
ko E £ 67500 f 100
© 4405 | - 100 67000 750
449 .4 - | 50 66500 + : T T T r - 0
0 50 100 150 200 250 300 350
449.3 y + + . Y time (seconds)
0 100 200 300
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—e—microstrain the excellent stability of the signal as evidenced by the small slope of the
iezoresistive response.
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§438'2 T 1 250 served in Fig. 11, the average ITO particle size was considerably
o 438 4 X 1 * ! T I 1» £ smaller and the ITO particles had a more angular and faceted mor-
g 437.8 1 + 200 £ phology. In the case of the nitrogen-sputtered ITO films, it appears
S 437.6 <+ 150 g that nitrogen was metastably retained in the individual ITO grains
.‘g 437.4 € during sputtering and diffused out of the bulk grains at elevated
04372 - T 100 temperatures, eventually becoming trapped at grain boundaries
437 50 and triple junctions. Under these conditions, sintering and den-
'R I sification of the ITO particles containing these nitrogen-rich grain
436.8 M ' ‘ 0 boundaries was further retarded and a contiguous network of
0 100 200 300 nanosized ITO particles was established. In either case, the con-
(b) time (seconds) trolled microstrucutres developed in these sensors were achieved by

Figure 5. (a) Piezoresistive response of anun thick ITO strain sensor at

controlling the partial pressure of nitrogen in the interconnected
porosity during processing, such that a balance between the rate

1441°C. The strain sensor was subjected to a postdeposition heat-treatmeg decomposition and the sintering rate was maintained so that

in nitrogen and had a gage factor of 20.9 and a drift rate of 0.00001%/h. Not
the excellent stability of the signal as evidenced by the nearly flat response
the waveform(b) Piezoresistive response of améh thick ITO strain sensor

Cfshe desired microstructure would persist for prolonged periods at

at 1481°C, just prior to failure. The strain sensor was subjected to a post-
deposition heat treatment in nitrogen and had a gage factor of 13.79 and a
drift rate of 0.028%/hr. Note the negative slope of the piezoresistive re-

sponse.

also allowed us to produce similar microstructures in more control-

lable manner. The SEM micrograph in Fig. 11 confirmed our hy-

pothesis that by sputtering in a nitrogen-rich atmosphere we could

produce a similar microstructurége., a microstructure similar to

those associated with the thick ITO films subjected to a postdeposi-

tion heat-treatmen¢Fig. 8. However, even though the same par-

tially sintered microstructure with extensive neck formation was ob-

Table |. Piezoresistive responses and drift rates for various ITO
sensors after postdeposition heat-treatment in nitrogen and expo-
sure.

Failure
ITO Temperature Drift rate  Temperature
thickness °C Gage factor (%/h) °C
25 1157 3.52 0.0160 1157
5 1438 6.8 0.0800 1438
8 1441 20.9 0.0001 1481
8 1481 13.79 0.0280 1481
10 1528 131 0.00001 1544
15 1446 24.9 0.00001 1450

‘ L.
gm-s' ﬂlil' V.' Y.' "‘ ' z:
CHITHDTE
- lﬂ!lﬂ?l!l!ﬂ?ﬂ?ﬂ?u i

ol T T

200

time (seconds)

100 300

Figure 7. Piezoresistive response of a 18n thick ITO strain sensor at
1446°C. The strain sensor was subjected to a postdeposition heat-treatment
in nitrogen and had a gage factor of 24.9 and a drift rate of 0.0001%/h. Note
the considerably smaller baseline resistance shown here relative to the base-
line resistance of the 1.m strain sensor shown in Fig. 6. Also note the
excellent stability of the signal as evidenced by the small slope associated
with the piezoresistive response.
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Figure 9. SEM micrograph of a fracture surface of a Lt thick ITO strain
element after postdeposition heat-treatment in nitrogen and 1500°C expo-
sure.(A) A densified surface layefB) a partially sintered ceramic micro-
structure with controlled nanoporosity, at@) a polycrystalline aluminum
oxide substrate are clearly shown in the fractograph.

be effective oxygen diffusion barriers and slowed the migration of
oxygen into the bulk film. This increased the stability of the ITO
films, since the diffusion of oxygen through the nonstoichiometric
indium-tin-oxide can lead to compensation of the doubly charged
oxygen vacancies that are responsible for conduction in these mate-
rials. Since the higher density surface layers of the thicker ITO films
make oxygen diffusion more difficult, the conductivity of the active

Figure 8. SEM micrographs of a 1qum thick ITO strain element after oo oor elements was much less affected by compensation and the
electrical stability was significantly improvéd.

postdeposition heat-treatment in nitrogen and testing at 1528°C. The micro-
graphs show a partially sintered microstructure with extensive neck forma-
tion. Note the size and uniformity of the ITO particles and the associated
porosity. ITO thin-film strain gages prepared with controlled nanoporosity
were demonstrated at temperatures approaching 1600°C. High-
temperature static strain tests indicated that the piezoresistive re-

elevated temperatures. Since the decomposition of ITO alloysSPOnse and electrical stability of these ceramic strain sensors de-

in pure nitrogen can occur at temperatures as low as 118%*he
decomposition kinetics at higher temperatures can be controlled to a
large extent by the nitrogen partial pressure maintained in the inter-
nal porosity.

Static strain testing further confirmed that sensors prepared with
microstructures containing isolated nanporoes had improved stabil-
ity and piezoresistive responses compared to ITO strain gages with a
typical densified microstructure. The piezoresistive response of a
ceramic strain gage prepared with only.6 of a nitrogen-sputtered
ITO film (Fig. 12 demonstrates the critical role that nitrogen plays
in producing these stable nanoporous microstructures. This ITO
thin-film sensor was prepared in a nitrogen-rich atmosphere and
survived tens of hours of strain testing at 1553°C with a gage factor
of 11.4 and a drift rate of 0.0001%/h. These results were signifi-
cantly better than those obtained from thicker ceramic strain gages
prepared in argon/oxygen ambients. For example, the piezoresistive =
response of an &m thick ITO sensor at 1441°C, was reasonably
good but became unstable at temperatures beyond 1481°C. Thin g
nitrogen-sputtered films, however, were stable at temperatures of
1562°C and exhibited a reasonably large piezoresistive response and
lo_W drift rate (0'00,01%”) at this temperaturg. When the thin Figure 10. SEM micrograph of an as-deposited and annealed ITO strain
nitrogen-sputtered films were compared to thick ITO sensors, thesensor(10 um thick). The micrograph shows that a relatively dense surface
same excellent electrical stability was observed as indicated by theayer had developed in the ceramic after the postdeposition heat-treatment at
very low drift rates. Both types of nanoporous ITO films proved to 800°C in nitrogen.

Conclusions

15kU X1.8808 18xm URI-SST
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bients, a partially sintered microstructure consisting of a contiguous
network of submicrometer ITO particles with well-defined necks
and isolated nanoporosity was established. It appeared that densifi-
cation of the ITO particles was retarded during high-temperature
exposure with nitrogen playing a key role in stabilizing the nanopo-
rosity. Based on these findings, ITO strain sensors were also sput-
tered in various nitrogen partial pressures and annealed to produce
sensors with similar characteristics. SEM confirmed that similar mi-
crostructures with controlled nanoporosity could be prepared by this
method as well, but the average particle size was reduced by an
order of magnitude. The electrical properties of relatively thin
nitrogen-sputtered films were superior to those that were prepared
from much thicker, annealed ITO films in terms of baseline resistiv-
ity, stability, and piezoresistive response. Static strain testing indi-
cated that the ITO thin-film strain gages prepared with controlled
nanoporosity survived repeated cyclic loading at temperatures as
high as 1581°C for tens of hours. The microstructure of these ITO
sensors consisted of a sintered or densified outer surface that pro-

Figure 11. SEM micrograph of a gum ITO strain element that was prepared tected the interior regions of the sensors from oxygen exposure. The
by sputtering in a nitrogen-rich atmosphere, heat-treated in nitrogen andletailed mechanism for stabilizing the ITO films to these high tem-

tested at 1550°C. Here a partially sintered microstructure with extensiveperatures is not completely understood at this time and will require

neck formation similar to the sensor shown in Fig. 8 was observed, howeverfurther investigation. However, there are considerable implications
the morphology and size of the ITO particles are noticeably different.

pended on the thickness of ITO films comprising the active strain
elements. When thick ITO gages were heat-treated in nitrogen am
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Figure 12. Piezoresistive response of apgn thick ITO strain sensor at
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here for other types of ceramic gas sensors where microstructures
with controlled nanoporosity are desired.
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