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Abstract: Temperatures of hot section components in t&lggs turbine engines reach as
high as 1500 °C, makingin situ monitoring of the severe temperature gradients within the
engine rather difficult. Therefore, there is a need to develop instrumentaton
thermocouples and strain gaugés) these turbine engines that can survive these harsh
environments. Refractory metal and ceramic thin film thermocouples are well suited for
this tasksince they have excellent chemical and electrical stability at higphetatures

in oxidizing atmospheres, they are compatible with thermal barrier coatings commonly
emdoyed int o d aendgines they have greater sensitivity than conventional wire
thermocouples, and they are Aomasive to corbustion aerodynamics in the émg. Thin

film thermocouples based on platinum:palladium and indium oxyniindiem tin
oxynitride as well as their oxide counterparts have been developed for this purpose and
have proven to be more stable than conventional -8/pand typeK thin film
thermocouples. The metallic and ceramic thin film thermocouples described within this
paper exhibited remarkable stability and drift rates similar to bulk (wire) thermocouples.

Keywords: thin film; gas turbine engine; thermocouple; platinum; palladiumdium tin
oxide; sputtering
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1. Introduction

The next generation of gas turbine engines will employ advanced materials, which are designed to
handle the harsh environments inside the hot section of these efidinédéth advances in engine
materials comes the need for developing new instrumentation which can handle the higher
temperatures, pressures and gas flow to monitor the operating conditions inside the engine during
operation. Engine designers must gain anewstdnding of the operating conditions inside the
engine and perform diagnostics in order to ensure it is operating safely and accorthegfihal
design parametersSpecifically, improvements such as lighter engine components with superior
thermomechaical properties, advanced thermal barrier coatings (TBC) for turbine blades, and higher
operating temperatures to improve overall combustion efficiency and reduce harmful emissions are
placing greater demands on the instrumentation itself. Thereforeledign and implementation of
sensors to monitor operating conditions and perform diagnostics in these engines during testing is
becoming an increasingly difficult task.

Many issues arise when attempting to integrate sensors inside gas turbine engirtesjroptisey
operate under severe conditions where supersonic nozzle velocities, rotational forces exceeding fifty
thousand g, and gas temperatures reaching as high5@8 °C in the hot section are present.
Conventional wire sensors cannot reliably witingl these conditions due to their relatively large
thermal masses and surface profiles that extend beyond the boundary layer of rotating parts, which cal
affect combustion gas flow patterns and induce mechanical interference with the vibrational modes of
rotating parts. As blades and other components get thinner in cross section, efforts have focused ol
using thin film sensors to replace wire sensors. Thin film sensors do not interfere with gas flow
patterns because they have thicknesses on the ordecmfmmeters, well below the boundary layer
thickness of instrumented engine component surfi@8g And since the masses of the sensors are on
the order of micrograms, they do not affect the vibrational modes of rotating parts and are not affected
by the otational forces inside the engif8. Thin film sensors have much faster signal response times
due to lower thermal mass relative to wire sengfrsThin films sensors are directly deposited onto
the surface of thermal barrier coatings of stationagyratating components without the need for high
temperature adhesives. As a result, more accurate surface measurements arg¢lppséible

Oxidation in the gas turbine engine environmear cause instability and drift in metallic thin film
thermocouple due to the significantly reduced diffusional distmncelative to wire thermocouples
For example,in typeS thin film (platinum: 90%-platinum10% rhodium) thermocouplesselective
oxidation of rhodium in the platinum rhodium thermocouple leg forms voldtibelium oxides at
temperatures between 6@D0 €, and can cause degradation of these temperature sefsorsi¢
selective oxidation process at high temperature is progressiMare dependentcausingdrift in the
thernmoelectric output by as much as 1X# as the platinumrhodium thermocouple legs undergo
both microstructural and compositional chand@s Furthermore, the same effect can be seen in
type-K (alumel:.chromel}hin film thermaouples asubstantialljower temperatures. Thereforapre
stablemetallic thin film thermocouplecombinations must be consideredhich do not experience
detrimental microstructural changes and selective oxidation issues at high temegera

Wire thermocouples based on platinum and palladium have been investigated to som&iéifent [
however, investigations of thin filnPt:Pd thermocouples have been somewhat limitétiese
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materials, being elemental metals, avoid many of the issues exhibited by alloy -#iememt
materials in high temperature environments, such as selective oxidation seen-$ thyipefilm
thermocouples. The use tifin film Pt:Pdthermocouples on oxided silicon wafers for radiometric
temperature measuremehtss been considered Kyeideret al.up to 1050 € [12,13]. However,due
to dewetting issueshese thermocouples could onfliably measure temperatures up to 8504ad
required the use of &anium bond coat between the silicon wafer and thermocouple elefh2/i3.

Additionally, research has focused on ceramic thin film thermocouples as an alternativallio me
thin film thermocouplesCeramics have high melting temperatures and chénaicd electrical
stability at high temperatures in oxidizing atmosphefésy also have excellent thermal expansion
coefficient compatibility with ceramic thermal barrier coatings applied to the surface of engine
components. TidaC thin film thermocoupke while showing promising results up t®80 €, are
limited to inert atmospheres or vacuum conditions due to thetement degradation in the presence of
oxygen at high temperatur@4. Silicides have also been investigated for thin film thermocoypgles
MoSi, and TiSp proved to be stable in air tg2D0 € due to a protective silicon oxide layer which
grew over the surface of the thermal@ments during thermal cycling. However, this consumes the
silicon in the film, changing the chemical composition of the theetament, which can lead to
drift. To compensate for this loss, a layer of silicon must be deposited beneath the-tHememnt.
Moreover, silicide and carbidebased thin film thermocouples have low outputs compared teSype
thin film thermocouples.

Oxides have proven to be more stable as thesi®ments in harsh environment since they contain
all the oxygen their structure can accommodate. Indium oxigd@4)lmnd indium tin oxide (ITO) are
wide band gap semiconductors commonly used in transparent conductor applications, and®hen In
contairs low concentrations of extrinsic dopanise( tin), oxygen vacancies defects are often the
primary charge carrier. This fiet is defined according to Equati¢i):

5 o gij G <0 )
where 6 @are doubly charged oxygen vacanciés:Oz contains unoccupied oxygen interstitials
preserved in its cubic bixbyite crystatstture [15], so upon thermally cycling at high temperature,
penetration of oxygen into the film which compensates defect oxyasancy sites cannot chemically
accommodate these builft lattice interstitial sites. Therefore, thermally cyclegOsthin films remain
conductive at room temperature with resistivities as low as@bx m despi te parti al
oxygen vacancyefect charge carrierghe temperature dependence of the electrical resistivity of ITO
thin films after heat treatment in air has a distinct transition in activation energy corresponding to the
excitation of all dopant species to the conduction band,hwddcurs between 600 and 700°C [16)].

This phenomenomakes oxides more sensitive thermocouples materials than metals at teraperatu
above 1000 °C because metals do not see the same level or abrupt change in conductivity with
temperature asemiconducting oxides. The same osygvacancyinduced charge carrigs also
observed inzinc oxide (ZnO), however, it does not have the same benefit of a -latéserved
interstitial oxygen veancy site observed in indium oxjdend therefore exhibitsicreased drift and
instability during thermal cycling. ITO with up to 10 wt% tin forms a solid solution y®inwhich

retains the bixbyite structure, and acts as dgpe dopant to increase the carrier concentration.
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Therefore, the oxygen vacancy pmesgion also occurs in ITO up to a 90P6% indium oxide/tin
oxide composition.

ITO has improved electrical conductivity over,@3 because the inclusn of two tin and one
oxygen atoraforms a neutral charge carrier site, in addition to-selping causedy intrinsic defects.

Since impurities tend to collect at grain boundaries, the electrical conduction mechanisms in these
materials are dictated by the grain boundary area per unit volume. During thermal cycling, these
materials undergsinteringwhich reailts in changes to the grain boundary area and therefore charge
carrier concentration, eventually leading to drift [17]. gkeviously demonstrated, an-atramic thin

film thermocouples based on,® and ITO exhibited higher sensitivites than metathin film
thermocouples with an order of ma g n i,26Qutl [@8].gr e a
However, this same thin film thermmouple had a drift rate of 3.76/h which is an order of
magnitude higher than a commercially available meid thermocouple.

In this manuscript we review severdevelopmentsvhich haverecently beendemonstrate to
improve the performanagf thin film thermocouples. Specifically we focus on the development of thin
film Pt:Pd and indium oxynitride:indium tin gritride (INON:ITON) thin film thermocoupleslong
with their oxide counterpartsvhich have beereposited onto ceramic substrates radio frequency
sputtering.The thermoelectric properties of Pt:Pd thin film thermocouples were compared 18 type
and ypeK to determine the benefits of using single element materials rather than alloys for thin film
thermocouples in harsh oxidizing environments. The stability #3tiTO thin film thermocouples
was improved via nitrogen plasma processing. Due to tlygish sintering kinetics of nitridegersus
oxides, nitrogen plasma processing was used to fabricate INON:ITON thin film thermocouples to
improve their stability over the oxide counterpaiise thermoelectric output and drift were measured
at temperaturesip to 1100 € for Pt:Pd and 1400 € for InON:ITON thin film. Both exhibited
remarkable stability at high temperature in an oxidizing environment. The electrical resistivity and
densification as a function of time at temperature of the ceramic thithEmocouples was measured.
Auger electron spectroscopy (AES) was used to characterize the chemical composition of the Pt:Pd
metallurgical junctions as a function of depth and to monitor the extent of oxidation. The microstructure
of the thin film thermocoples were examined using scanning electron microscopy (SEM).

2. Experimental Section

All thin film thermocouples were deposited onto either alumina or mullite ceramic substrates
(CoorsTekinc., Golden, CQ USA) which measured 190 min 25 mm3 2 mm. Eachsubstrate was
cleaned with acetone, methanol, and deionized water. A dry film negative photdve$isS050™,
DuPonf™, Wilmington, DE USA) was softbakedto the surface of the substratesd bond pad
patterns were transferred to the photatesising a350 nm wavelength ultraviolet lighDptical
Associates, Inc. aligneSan JoseCA, USA) to expose the resist. Adiptimizedsputtering parameters
for thevarious filmsused in this study are shown in Tablaridall films were deposited either in a
model8667 or 822 Materials Research Corporafioow owned by a subsidiary of Sony Corporation
of North America, Praxair, Danbury, CUSA) sputtering systemAn initial photolithography step
was performed prior to depositing the thermocouple elements torpplginum bond pad# second
photolithography step transferred a thin film thermocouple leg pattern to the resist using the same
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ultraviolet light exposure. Windows of the desired patterns were developed in the film after exposure
and the first thin filnthermocouple leg was sputtered. The second photolithographic step was repeated
to fabricde the second thin film thermocouple leg.nks were deposited in pure argon except for the
oxynitride materials which were sputtered in a combination of argon &ogemn, where the total gas
pressure was 1.2 or 1.33 Pa for metals and ceramics, respectibelgkdround pressure of 2710 *
Pawasachieved in the sputterirgpamber prior to sputterinthe stage (work piece) was maintained at
temperatures below 0CC using watercooling, andthe targets were prgputtered onto shutters for

10 min to remove surface contantioa and release adsorbed moistuetal thin film thermocouples

were anywhere fromib e m t hi ck and ceramic tiHi2n efmi Itnh i t
depending on the material. Fully fabricated thin film thermocouples on a ceramic substrate are shown
in Figure 1.

Figure 1. Two In,O3:1TO 90/10 thin film thermocouples fabricated by radio frequency
sputtering onto a ceramic substrate

' '
b

1”

Table 1. Sputtering parameters used for the depositiorthaf film bond pads and
thermocouple legs.

Sputterin Target Target Power Sputtering Deposition  Thermocouple
szrametegrjs Diameter Power Density GasPressure Rate Film Thickness
(cm) (W) (W/cm?) (Pa) (emltF (€ m)
Pt 10.16 200 3.88 1.20 Ar 0.6 15
Pd 12.70 200 2.49 1.20 Ar 1.0 2.0
In,0O3 15.24 350 1.98 1.33 Ar 1.2 10i 12
INON 15.24 350 1.98 1.07 Ar0.27 N 1.1 10i 12
ITO 90/10 15.24 350 1.98 14
1.33 A 1012
ITO 95/5 12.70 350 2.85 33 A 0.9 a
ITON 90/10 15.25 350 1.98
1.07 Ar 0.27 - 1012
ITONO5/5  12.70 350 2.85 07 Ar0.27 N a
Alumel 15.25 200 1.10 1.20 Ar . i
(type-K)
Chromel 15.25 200 1.10 1.20 Ar . i
(type-K)
100
Pt:10% Rh 12.70 200 2.49 1.07 Pa - 1
(type-S)

All thin films were annealed in nitrogen for 5 h5ft0 € to remove point defects, including trapped
argon, and densify thidms. A secondannealwas performed in air fa2 h at 17200€C to ceramic thin
film thermocouples only. This was intended to expose the entire thermocouple to a terap®erat
1,000 € prior to testing to prevent the hot and cold junction from sintering and oxidizing unevenly
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when applying the thermal gradient induced during testing. Uneven heating creates inhomogeneities in
the microstructure and extent of sintering, which letdsirift and eventually device failure. The
annealing step prevents this from occurring and stabilizes each thin film thermocouples for longer
duration use.

Figure 2. Custom tube furnace testing rig for thin film thermocouples deposited on
ceramic beams, ich applied a horizontal temperature difference along the length of the
thermocouple measured with typeand typeS wire thermocouples. This setup simulated

the severe temperature gradients on the surface of components inside gas turbine engine
hot sectons.

Test rig

The thermoelectric outpwf each thin film thermocoupl&as measured as a function of time and
temperature by placing thieot junctionin the hot zone of a tube furnace and attaching the cold
junction to an aluminum chiblock outside the furnace. In this way, a temperature difference was
applied along the length of the beam and the cold junction was maintained at or below 100 € using
chilled water or ethylene glycaokince the temperature of the cold junction coultdb®maintained at
a constant value due to cooling limitatips wire typeK thermocouple was used to measure the
temperature on the cold side of the ceramic subsffatetestapparatusised for all experiments
shown in Figure 2. The thermal cyclipgotocol is as follow: heat from room temperature a£4min
to desired peak temperature, hold for 10 min, cool from peak temperature @ 25@ € /min and
hold for 6 min, repeat first cycle from 28D to peak temperature and back at the same hatd, to
peak temperature and hold for 10 h, cool to 5@nd hold for 6 min, repeat second cycle, and cool to
room temperaturePt:Pd thin filmthermocouples were thermally cycled in air to 900 € for several
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cycles to determine the thermoelectric vodtagnd drift rate over a 10 h periokh,O3:ITO-based
thermocouples were thermally cycled t@A0 € for several cycles and thdwngterm stabilitywas
obtained byholding at a temperature difference1,200€C for 200 h The temperaturdifferencewas
continuously monitored using tyg€ (cold junction) and typ& (hot junction) wire thermocouples and
copper extension wires were attached toplatéinumbond pads of th@t:Pd thin filmthermocouples
using a silver paste to acquire the voltage sgynall copper wires and wire thermocouples were
connected to aPersonal Daq 54 USB data acquisition sys{deasurement Computing, Norton,
MA, USA) with PDaq View Plu§ software recording the temperature and voltage signals. The
Seebeck coefficient andrift rates of the thin film thermocouples were determined as a funofion
hot/cold junction temperature and time, respectively. The Seebeck coefficient defirtas study is
given by Equation (2)

Y w"Y YUY 2

whereSi s t he Seebeck c o eafubthevoliage potegtial\difenence betweed thél C
two thermocouple materialspd @ ), andw "Ys the temperature difference between the hot
junction (Y) andthe cold junction (Y). Additionally, thermoelectric data for tyg€ and typeS thin
film thermocouples prepared using the same photolithographic and vacuum deposition methods is
given for comparison to the Pt:Pd thin film thermocouples.

To better undestand theelectrical propertiesof the semiconductingoxide- and oxynitridebased
thermocouplesthe resistivity was determined as a function of temperature usingahealer Pauw
methodas a function btemperaturend isdescribed by Equation (3)

, KAODDY%E4 (3)

where k i s Btant Tizsmatnhned sa bcsoonl glig agpred >epnp re e att iuale , f aic
electrical conductivity, andhE, is the activation energyhich is the energy gap between the
conductionband edge and the Fermi level. T8istering and growth kinetics &fi,Os films sputtered

in differentargon, oxygen and nitrogen partial pressuiesosited on highly polished alumina wafers
was measured using a DektdR (currently Bruker, Camarillg CA, USA) surface profilometer to
determine hhe change in thickness of filmess a function of time at temperaturduger electron
spectroscopy (AES)epth profiles were used to determine the chemical composition of the
metallurgical junction and identifgny oxidation formed on the platinum and palladium thermocouple
legs. AES was performed usingb&00 Multi Technique Surface Analyz€Perkin Elmey Waltham,

MA, USA). A background pressure of 63010’ Pa was established and & 1. mm area on the
suiface d each thin film thermocouplevas sputter cleaned for 10 s prior to acquiring each depth
profile. SEM was performed on the same films to analyze the microstructure after thermal cycling
using aJSM-5900LV SEM (JEOL, Peabody, MA USA) and a 20 kV accelerating voltag6EM
micrographs of oxideand oxynitridebased thermocouple cressctions and film surfaces were also
taken using the same equipment and parameters. Additionallpxitie and oxynitridefilms were
depositedonto sapphie substrates and grazing incidenceay diffraction (GIXRD) usinga Cuw y
radiation sourc&vas used to identify the phases present in the thin.films
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3. Results and Discussion
3.1 Thermoelectric Measurements
3.1.1 TypeK and TypeS Thin Film Thermocouples

Wire thermocouples based on alumel.chromel @peand platinum:platinuri0% rhodium
(type-S) are commnly used for high temperae measurement in the 500500 € range. However,
many other issues ariger thin films of these materials that reduce their performahiggire 3 shows
the time, temperature, thermoelectric response of-kya) and typeS (b) thin film thermocouples
studied in previous worR]. The typeK thin film thermocouple shown in &ure 3a was unstable even
at low temperatures. Due to the much shorter diffusional length of oxygen through thversnsa
wire (micrometersversusmillimeters) and oxidation of the films during thermal cycling, drift was
prominent and the device failed perform stably over long periods of time. The increase in peak
thermoelectric voltage is attributed to microstructural changes in the film, such as oxidation, as well as
progressive dewetting of the film and evaporation. Figure 3b shows three ditigre!@ thin film
thermocoupleswhich were subjected to different thermal cycling ambient and temperature differences
from a previous study2]. The instability of these thermocouples made them unsuitable for use in
harsh high temperature environments dretefore thin film thermocouples based on refractory metals
and ceramics were investigated.

Figure 3. (a) Thermoelectric output of a tyge thin film thermocouple on alumina and
(b) several types thin film thermocouples on silicon nitride from a presostudy. The
type-S data set were for (a) air ambient, Ed@emperature difference, (b) nitrogen ambient,
300€ temperature difference, and (c) air ambient, @@mperature difference.
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3.1.2 Platinum:Palladium Thin Film Thermocouples

Figure 4showsthe thermoelectric response of several platinum:palladium thin film thermocouples
wherea temperaturalifference adarge as 750 was established along the length of the ceramic
substratesand a peak temperature of 980 was achievedThe maximunthermoelectric voltagat
peak temperaturgvas 9.00 mV on alumina substrates and 9.52 mV on mullite substrates. This
thermoelectric response was comparable to a conventionaStyyiee thermocouple [19]. The Pt:Pd
thin film thermocouples were more stalib@n both typeK and typeS over many thermal cycles with
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only slight decreases in peak thermoelectric voltagéh each ramp in temperature due to
microstructural changes such as grain growth, pore growth, and dewettinditrhthehich was later
confirmedby SEM imaging[16]. The hysteresis of these thin film thermocouples was smaller than that
seen for typeK and typeS, where for the typ& it was much harder to measure due to significant
instability in the thermoelectric response. Fgu shows the hysteresis for the Pt:Pd thin film
thermocouplesipon heating and oting to 900C . In an ideal case, the thermoelectric voltage would

be identical on the ramp up and ramp down. However, these thin film thermocouples had low hysteresis
espea@lly when compared to the metallic thin film thermocouples they were compared against. Here, the
thin film thermocouples on mullite exhibited greater hysteresis than those formed on alumina

Figure 4. Thermoelectric output of two different platinum:pailad thermocouples on
(@) aluminaand @) mullite. A peak hot junction temperature of 9@ was used in
each case
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The Seebeck coefficient of metal thermocouples is described by Equation (4)

o ‘ yQa*y . o
Y0 . — o - (4)
ov ock q

where( is the carrier concentratioif)is the Boltzmann constar,” is the effective electron masy,

is the absolute temperatui®is the electron charge, ands a transport anstant ]. There is no
appreciable change indlcarrier concentration of the platinum and palladium fitnms overa large
temperature rangeo it was expectedhat the Seebeck coefficient increased in a linear fashion over
most of thetemperature range investigated. This wasfirmed and shown in Figu& Thermocouple

drift was defined according to Equati(B):
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wwyY Y

OYY v wo (5)

whereO Y'Y is the drift rate given in C/h WY is the change in voltage at constant temperature,
@Y s the initial voltageT is the temperature, angds the elaped time at temperatur€he drift
rates of Pt:Pd thin film thermocouplegere less than X/h in magnitude at temperatures up to
1,000 €. However, nicrostructural changes in the films during thermal cycliveye responsible for
the observedirift and this was determined by modeling thiét rates as anArrheniusdependence on
temperaturgwhich was moded by Equatior{6):

0
oYY 6 Qwi 7oy (6)

where0 is a constantQ is the activation energiYis the gas constant (8.314 J/mokK), aids the
absolute temperatur€igure7 shows the Arrhenius temperature dependence on drift rate for thin film
Pt:Pdthermocouples deposited on alumiiiie activation energy associated with the driftsafethe
Pt:Pdthin film thermocouples was 132.61 kJ/malhich falls between the activatn energies for
surface diffusion and volumetric di§ion of platinum and palladiunT.herefore,a combination of
surface and bulk microstructural changasisedhe observedlrift [20]. Decreasing the residual stress

in the film from fabrication andeducing the surface free energy were the driving forces &seth
microstructural changes to occur. Directly observable evidence of these processes washseen in
constrained grain growth and dewettwfghe thin films after thermal cycling.

Figure 5. Hysteresis upon heating/cooling platinum:palladium thermocouples on alumina
and mullite. Corresponds to second cycle of thermoelectric data in Bigure
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Figure 6. Seebeck coefficient of platinum:palladium thermocouples on alumina and
mullite as dunction of temperaturand substrate.
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Figure 7. Drift rates of platinum:palladium thermocouplas a function of temperature,
showing the activation energy calculated fromAgeniusdependance.
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3.1.3 Ceramic Oxide and Oxynitride Thin Film Thermocouples

Unbalancedcompensation of oxygen vacancies inQgtbased thin film thermocouples leads to
inhomogeneities between the cold and hot junction microstructuresh leadto drift and eventually
device filure during high temperature cycling. Data from aTR2:190/10 thin film thermocouple,
which was not akannealed prior to testing shown in Figure 8. ITO was tested against a platinum
reference leg to measure its true response. During the soak thexieds noticeable drift to a point
where the signals become unstable at a constant temperature difference and eventually become nois
and incoherent. At this point, there was enough difference in the microstructndesarrier
concentrationin the semionductorsused to formthe hot and cold junction to cause the device to
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perform unstably. Therefore, all ceramic thin film thermocouples in this study were air annealed prior
to testing to avoid premature device failure. Figure 9 shows an equivalent RhliCilm
thermocouple whiclhwvasanneatd in airprior to testing. Note the direct improvement in signal drift
and device durability over the same testing period.

Figure 8. Thermoelectric output of a Pt:ITO 90/10 thermocouple tested after a 5 AC500

nitrogen anneal but no air anneal. Note the progressive instability in the voltage signal with
time unti |l i ncoherence and noise in the sig
The point of device failure is indicated.
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Figure 9. Thermoelectric otput of a Pt:ITO 90/10 thermocouple tested after a 5 h,°600

nitrogen anneal and 1 h,000 °C air anneal. Note the improvement in signal drift and
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2.64°C/h wasobserved.
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The effects of reactive sputtering on the thermoelectric output,@g Mvas investigated and the
Seebeck coefficient of each is shown in Figure 10. These thermocouples were tested relative to
platinum reference electrodes to measure thedutiput and it was found thaéhe films prepared in
pure argon and in oxygeith plasmas had larger magnitude Seebeck coefficients than those deposited
in nitrogenrich plasmas. For nedegenerate semiconductossich as 1503, a decrease in the carrier
concentration increases the magnitude of the Seebeck coefficiaet Seebeck coefficiendf
nontdegenerate semiconductorglescribed byequation(7):

6 Q *QI ; ¢l ’E4]

YU Q 0 5 . ()
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whereSis Seebecks is the Boltzmann constargjs the electrortharge, a is the effective mass, is

Pl anckds chinsstantr amapmort c 0 n s[R1h h is expectgdpthatctizel | vy
oxynitride films will have a reduced Seebeck coefficient since reti@gts as a valence band acceptor

in semconducting oxides, reducing the magnitude of the thermoelectric output of these materials. The
Seebeck coefficient of ITO is given Hggquation(4), the same expression used for metals, which is
valid because of thdree electrodike behavior in degenerate semiconductors. Incorporation of
nitrogen into ITO has been shown to reduce the carrier concentration as well as the Fermi level due tc
an increase in activation energy which increases the Seebeck coefficie@t[@P]. Figures 11 and?2

show the thermoelectric output of an@3:1TO thin film thermocouple over many cycles amd 00 h

heat soak test, respectively. The respective oxynitride equivalents are shown in Figures 13 and 14. |
was observed that drifateswere reduced by an order of magnitude for the oxynitrides relative to the
oxides but at the compromise of lower overall thermoelectric output. The Seebeck coefficients also
decreased as a result, which was expected based on Eqd)iand(7). Additionally, the hysteresis

in the thermoelectric output during thermal cycling was reduced by nitrogen processing, which is
shown in Figure 15. Minimal hysteresis reduces the uncertainty in the voltage signals from the thin
film thermocouple and makes fon@ore reliable sensor in harsh environments.

Figure 10. Seebeck coefficient of }@; films prepared in Ar, Ar/d and Ar/Q plasmas

Note the lower Seebeck coefficient of the nitrided film relative to the films processed in
argon and oxygen ambients. Thwgas due to nitrogen acting as a valance band acceptor
and lowering the carrier concentration in these films.

-40 ' ' ’
——1n,0, (Ar)
- - -InON (Ar,N,) 1
e = Inzoa (Ar, 02)
-60
70 N
-80
-90

-100

Seebeck Coefficient (uV/°C)

-110

-120

130 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)




Sensor013 13 15337

Figure 11. Thermoelectric output of a 1@s;:1TO 95/5 thermocouple tested after a 5 h,
500 °C nitrogen anneal and 2 h000 °C air annealNote the stability of this akkeramic
thin film thermocouple over the testing period. A drift rate of 2@/ was observed.
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Figure 12. Thermoelectric output of a 403:1TO 90/10 thermocouple tested over a 100 h
period after a 5 h, 500C nitrogenanneal and 2 h,,Q00 °C air anneal. The long term
stability of this thin film thermocouple was measured in terms of an observetiCIIY6
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Figure 13. Thermoelectric output of MON:ITON 95/5thermocouple tested after a 5 h,
500 °C nitrogen anneal and 2 1,000 °C air anneal. Note the reduced drift rate of this
nitrided altceramic thin film thermocouple over its oxide counterpart (Figure 11). An
order of magnitude improvement in the drift rate was observed at 0774
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Figure 14. Thermoelectric oytut of alnON:ITON 9010 thermocouple tested over a 100 h
period after a 5 h, 500C nitrogen anneal and 2 h,000 °C air anneal. The long term
stability of this thin film thermocouple was measured in terms of an observed@I183
drift rate, which is anorder of magnitude improvement over its oxide counterpart
(Figure 12).

Figure 15. Thermoelectric output and hysteresis (heating: red, cooling: bl cgramic
thin film thermocouplebased on 1503 and ITO.

Parameters for equations relating the temperature difference to the thermoelectric voltage of the thin
film thermocouples tested in this study, as well as their drift rates, are presented in Table 2. For both
metallic and ceramic thin film thermocouplessubic polynomial was chosen as the model of best fit
based on the hysteresis curves in Figures 5 and 15. Additionally, Table 3 presents the drift rates for the
thin film thermocouples tested. Note the order of magnitude reduction in drift rates forvetded
type-S and INON:ITONversusin,Os:1TO thin film thermocouples. For comparison, a 0.5 mm diameter
type K wire thermocouple had a drift rate of 0.18 K/h at a hot junction temperatuyE00fCL [15].



