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Abstract

Silicon carbide based metal-oxide-semiconductofMOS)
devicesare attractive for gas sensingin harsh, high tem-
peratureenvironments.Theresponsef catalytic gate SiC
sensorsto hydrogen-containingpecieshas beenassumed
to be due to the formation of a dipole layer at the
metal/oxiddanterfacewhich givesrise to a voltagetransla-
tion of the high frequencycapacitancevoltage (C-V) curve.
Wehavediscoveredthat high temperature(800 K) exm-
sureto hydrogenresultsin (i) a flat band voltage occu-
ring at a more negativebias than in oxygenand (ii) the
transition from accumulation(high capacitance)to inve -
sion (low capacitance)occurring over a relatively narrow
voltage range. In oxygen,this transition is broadened
indicating the creation of a large number of interface
states. Weinterpret theseresults as arising from two in-
dependenphenomena a chemicallyinducedshift in the
metal/semiconductavork function differenceand the pas-
sivation/creationof chargedstatesat the SiQ/SiC inter-
face. MIS capacitancesensorstypically operatein con-
stantcapacitancenode. Theseresults affect sensorsens
tivity sincethe slopeof the C-V curvechangesdramatically
with gasexmsure.

Keywords
SiC, sensor, interfacestates silicon carbide

INTRODUCTION

Emissionscontrol for the automotive and energy sectors
requiregyassensorghat canoperatan chemicallyreactive
high temperatureenvironmentgor both realtime monitor-
ing and feedbackcontrol of exhaust products. Gaseous
specieghatneedto be monitoredinclude hydrogen,hydro-
carbons, nitrogen oxides and sulfur oxides.
Metal/insulator/semiconductdMIS) structureswith cae-
lytically activegatesarewidely usedto electronicallydetect
the presece of variouschemicalspecieq1, 2]. Thewide
bandgapsemiconductosilicon carbide SiC, enabledevice
operatiorto temperaturesn excesof 1200K. In the case
of the 6H polytype the energygapis 3.0 eV, comparedo
1.1 eVfor silicon. MIS devices requirea robustdielectric
to enablemodulation of the semiconductoicarrier concen-
trationvia anappliedgate potential. SiC hasa native ox-
ide, SiO,, which fulfills this need. In addition SiC is
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Figure 1. Capacitance-Voltage characteristic (1
MHz) of a catalytic gate SiC device at 800K. Opera-
tion in a reducing environment results in both a flat
band shift (standard sensor response) and reversi-
ble annealing of SiO,/SiC interface states.

chemicallystablein reactiveenvironmentsnaking it well
suitedfor sensingapplicationsn harshenvironments.

The operationof field-effect devicesis dominatedby ele-
tronicinteractionsat interfaces.In the caseof a MIS struc-
turetheseinterfacesarethe environment/metainterface the
metal/oxideinterfaceandthe oxide/semiconductonterface.
In this paperwe describenow reducingand oxidizing spe-
cies modify the electronic interfacial properties of
Pt/SiQ/SiC devicesat high temperature. Theseresultsare
obtainedby in-situ capacitance-voltagéC-V) spectroscopy
performedundersensooperatingconditions(seeFigure 1).

CATALYTIC GATE  SILICON CARBIDE
FIELD-EFFECT GAS SENSORS

Refractorymetal gate SiC deviceshavebeendemonstrated
for high temperaturechemical sensing application by a

numberof groups[3-9]. Theseinclude hydrogenand hy-
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Figure 2. Schematic of a catalytic gate SiC field-
effect sensor for hydrogen containing gases.
Typical operation is at T > 700K. Hydrogen can
diffuse to both the metal/oxide and ox-
ide/semiconductor interfaces.

drocarbonsensorsoperatingat temperaturesrom 600K to

1300K. Specificsensorconfigurationshaveachievedmil-

lisecondtime responseand sensitivity at the 0.1% level.

In addition there are preliminary indications that suitably
designedievicesnay offer sensitivity to ammonia,carbon
monoxide, nitrogen oxides and fluorocarbons. For this

technologyto fulfill its potentialin realworld applications
theissuesof reliability, stability and sensitivity needto be
addressedyhich requiresa detailedexperimentabktudy of

hydrogentransductionfollowing dehydrogenatiorat the
heatectatalyticgate.

A schematiof our catalyticgate SiC field-effect sensorfor
hydrogencontainingspeciess shownin Figure 2. Refrac-
tory metalgatessuchasPt, Pd andIr canefficiently dely-
drogenatdong chain hydrocarbonsat temperaturesabove
700K. Following dehydrogenatioat the heatedgate, hy-
drogendiffusesinto the structure. For Si basedcatalytic
gatesensorsoperatng below 500K it hasbeenshownthat
hydrogengives rise to a dipole layer at the metal/oxide
interfaceandto drifting chargesin the oxide [10]. This
chemicallyinducedpolarizationchargeresultsin a simple
lateralshift of the C-V or current-voltag€l-V) characteristic
of the capacitoror Schottky diode sensor, respectively.
The magnitudeof the voltageshift in theseSi basedsen-
sorsis a measuref the chemically modified metal/oxide
workfunctiondifference (®us). It has beenassumedhat
the sane mechanisniescribeshe operationof highertem-
peratureSiC basedsensordor hydrogencontainingspecies.
At temperaturesbove700K the diffusion time for hydro-
genthrough100 nm of Ptand50 nm of SiO; is lessthan 5
ps [11] and0.5 ms [12] respectiely. We demonstratevia
in-situ C-V spectroscopyf Pt/SiG/SiC sensorsat 800K
(seeFigure 1) that oxidizing speciesaffect the electronic
propertieof both the metal/oxideand oxide/semiconductor
interfaces.

EXPERIMENTAL
The Pt/SiG/SiC sensorsverefabricatedon n-type 6H-SiC
wafersfrom Cree[13]. A 5 pm epitaxial layer with a
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nominal doping of 1.6 x 10'° N/cm’ was grown on 3.5°

miscut highly doped5 x 10 N/cm® wafers. The wafers
werecutinto 1 cm squaresindstrippedof the native oxide.

The squaresampleswere oxidized at 1150 °C in wet O,

followed by anin-situ Ar anneabndwet reoxidationat 950

°C [14]. The oxide thicknessis 43 nm as determinedby

spectroscopiellipsometry. Prior to gatemetallizationthe

sampleswerecleanedin two RCA solutionsof hydrogen
peroxidewith ammoniaor hydrochloricacid, respectively.
Circular dots of platinum,nominally 100 nm thick, were
depositedthrougha shadowmask via e-beamevaporation
at350°C in a 10° torr backgroundpressure. Gatediame-

tersrangefrom 50 um to 1000 um. The Pt films, deps-

ited directly on oxidized SiC substratesvithout the needof

aninterfacial silicide [2], adhereswell to the substratefol -

lowing repeatecdcycling to 600 °C [15]. Prior to electrical
characterizationthe oxide on the back of the samplewas
strippedand the samplewas then glued with silver paste
onto an aluminaheadermwith gold pads. The glueis ele>-

trically conductingandcanwithstandtemperatures air up

to 750°C. Electricalcontactbetweerthe Pt gatesandthe

gold padson the aluminaweremadeby wire bonding 25

pum diametergold wiresat 350 °C.

The sampleswere characterizedvia capacitance-voltage
spectroscopygitheron a regulatechot chuckin air or in a
furnacewith a controlled gas atmosphar. On the hot
chuck, electricalcontactto the gold padson the alumina
headewasmadewith micro-positionercontrolledtungsten
probetips. In thefurnaceprobetips do not work reliably,
probablybecause®f the low spring forcesat high tempea
tures. Instead,an additional gold wire wasbondedto the
gold pad. Thefar end of the gold wire wasthen glued to
the wire thatformsthe centerconductorof the coaxial cable
leadingout of the furnace. The measuremengystemad-
lows for four-terminalelectical measurementsith better
than pA and pF sensitivity up to temperaturesf 600 °C.
Simultaneougjuasi-staticand 100 KHz or 1 MHz C-V
characteristicsvere measuredvith a Keithley 595 quasi-
staticand590 high-frequencymeter. The gaseousambient
in the furnacetube can be controlled to the ppm level.
Measurementa/eremade using 99.999% purity mixtures
of 1.0 % oxygenin nitrogen, 10.3 % hydrogenin nitrogen
or purenitrogen. Typical gasflow rateswere400 ml/min.

INTERFACE STATE CHARACTERIZATION

We utilize capacitance-voltagspectroscopyo probe both
the electronic properties of the interfaces within the
Pt/SiQ/SiC capacitorsandto determinesensorfunctiona-
ity. As shown by the arrowin Figure 1, the sensorre-
sponseto reducingand oxidizing ambientsis obtainedby
biasingthe deviceat a constantcapacitanceand monitoring
the voltageneededo maintain that capacitance. By pea-
forming C-V spectroscopyat elevatedtemperaturesn a
controlledenvironmentwe determinehow the presenceof
particulargaseouspeciesffectsthe densityof statesat the
SiOJ/SiC interfaceandwithin the oxide itself.
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Figure 3. Quasi-static and 1 MHz capacitance-
voltage characteristics in nitrogen at 500K.

Simultaneous hi-low technique

Figure 3 showsthe high-frequency(1 MHz) and quasi-
staticC-V curvesof a 260 um diametercapacitorin nitro-
genat 500K, measureagimultaneously. For large positive
gatevoltagesthe n-typecapacitotis biasedin accumulation
and both curvesmeasurehe oxide capacitance. Sweeping
the gatebias towardsnegativevoltagesdepletesthe semi-
conductorof majority carriersa the oxide/semiconductor
interface so the seriescombinationof oxide plus semicao-
ductorcapacitancés measured. Sincethesemeasurements
were performedin the dark, the semiconductordoes not
invert at largenegativebiasesbut remainsin depletiondue
to the slow minority carriergeneratiorrateat 500K. The
effect of charge accumulation in states at the ox-
ide/semiconductorinterface is seen in the quasi-static
curves. Following the analysisof Nicollian and Brews
[16] we assumehat the interfacestatescannotfollow the 1
MHz AC modulation,suchthat the 1 MHz characteristic
representshe “ideal” C-V curveof the capacitor. For the
guasi-staticcurveasthe Fermi energy(Es) is sweptfrom
the conductionbandedgeacrosshe bandgap,an interface
statein an energywidth kT aboutEr, canrespondto the
AC modulationresultingin a broadeningof the C-V cha-
acteistic.

Theinterfacestatedensity (Dir) obtainedvia hi-low anay-
sis is shown with the solid symbolsin Figure 4. The
solid symbolsrepresent the analysisfrom two sequential
runs of the samedevicetaken underidentical conditions,
from which we estimate a measuremenuncertainty of
+10%. The rangeof energieswithin the semiconductor
bandgapprobedby hi-low analysisis determinedby the
responsdime of the interface statesat the measurement
temperatur¢l7,18]. We estimatethatat 500K using a DC
sweeprateof 0.5V/sthevalid energyrangeis 0.55eV < E
— E < 0.95eV. Theinterfacestatedensity measurements
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Figure 4. Interface state density at 500K in nitrogen
obtained from both hi-low analysis (data in Figure 3)
and Terman analysis. The discrepancy between the
hi-low and Terman results is due to an artifact of the
Terman analysis (see text).

in the upperhalf of the bandgap,E. — E < 1.0 eV, are

comparabldo resultsobtainedby otherresearcher§l 8] for

similar thermallygrownoxideswith a950 °C wet reoxidx

tion anneal. Thusin the absenceof reducingor oxidizing

specieghe electronigropertiesof the Pt/SiQ/SiC sensors
arecomparableto metal-oxide-SiCcapacitorswith “trad-

tional” gatemetallizationssuchasAl or poly-Si.

At temperaturesbove500K we find that it is experime-

tally difficult to usethehi-low techniqueto determineDyr.

This is dueto theincreasdn gateleakagecurrent,> 1 pA,

with increasingtemperature. Although we are able to

measurajuasi-staticcurvesup to 600K, randomspikesin

the gatecurrentmakethe characteristicyvery noisy, rende-

ing it difficult to obtain reproducibleinterfacestatedensity
measurementssing the hi-low techniques. Note that in

Figure3, atagatebiasof 2V the quasi-staticcapacitancés

off scaledueto a currentspike. A study of the high tem-

peratureoxide reliability of SiC basedMIS devicesis pre-

sentedn [19]. Despitethe problemswith the quasi-static
measurementsye are able to obtain reproducble high-

frequencyC-V curvesat temperaturesp to 800K, which is

well within the rangeof operationfor catalytic gate field-

effectsensors.

High-frequency (Terman) technique

The experimentallysimplestmethodfor obtaining the in-

terfacestatedensity at the oxide/semiconductonterfaceis

the high-frequencymethoddevelopedy Terman20]. It is

alsowell suitedto characterizingsensorssincethe sensor
responsecan be obtained from the high-frequency C-V

curvesin differentgasenvironments. In the Termanted-

nigue a C-V characteristids measuredt a frequencyhigh

enoughthat the interface statescan not follow the small
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AC modulation. It is assumedhat they can, however,
follow the slow DC bias sweep. During the DC sweep,
statedn an energyrangekT acrossfrom Eg arechargedor
dischargedresultingin a stretch-outof the C-V curve. A
theoreticalC-V curvein the absenceof interface statesis
calculatedwhich requiresaccurateknowledgeof the semi-
conductodoping densityasa function of positionfrom the
oxide/semiconductomterface. Dy is then obtained by
comparingthe experimentalC-V characteristicto theory.
Since the anaysis requirescomputing the slope of the
semiconductopotential versuscapacitancecurve it is ad-
vantageouso increase¢he numberof measuremengoints.

Theinterfacestatedensity for the samedeviceusedfor the
hi-low analysis was also obtainedvia Terman analysis.
Resultsfrom al MHz C-V characteristicat 500K in nitro-
genis shownwith the+ symbolsin Figure4. The 1l MHz
C-V curvewastakenat a sweeprateof 0.08 V/s with 20
mV steps,resultingin datathat overlaysthat in Figure 3.
The doping density usedto calculatethe theoreticalC-V
curvewas obtainedvia 1/C* analysisof the C-V curvesin
depletion[16]. This allows us to accountfor variationsin
the epitaxial layer doping density from deviceto device.
Weestimatethatthe Termarrestts arevalid for 0.55 eV <
E. — E < 1.1 eV basedn interfacestateresponséimes. In
this energyrangethe valuesfor D+ obtainedfrom the Ter-
manandhi-low anaysis agreeto within afactorof three.

Thefunctionalform of energwersusDr thatwe observes
anartifactof the Termantechnique. Using n-type Si based
MIS devicesRosenchek Bois determinedDr via deep
level transientspectroscopyDLTS) and 1 MHz Terman
technique$21]. A flat energyindependentontinuumwas
obtainedusing DLTS. Using the interface state density
from the DLTS dataand known sample parametersthey
calculateda Termanspectrum,the simulated and expei-
mentalspectragreewith eachother. Both spectreshow a
sharpincreasen Dir nearthe conductionband, followed by
a minimum then a maximum as the energyis sweptto-
wardsthe valenceband. We observethe samefunctional
form in our Termanmeasurementsf SiC basedMIS ca
pacitors. Hi-low analysisis a significantly more accurate
methodof determiningthe energydegpendenceof Dir than
the Termantechnique. However,in SiC devicesat high
temperaturewherehi-low analysisis not possible due to
finite gateleakagecurrents,Termananalysisallows us to
estimatethe interface state density to within an order of
magnitude. An alternativemethodfor determiningDr at
high temperaturesis conductance-voltagespectroscopy,
howeverhigh-frequencyC-V has the advantagethat the
samemeasuremertanbedirectly usedto determinesensor
response.

Simulated exhaust environm ents

In orderto investigatethe mechanismsesponsibldor the

responsef Pt/SiQ/SiC capacitorso hydrogencontaining
speciesve havemeasurethe high-frequencyC-V characte

istics of the devicein reducingand oxidizing environments
at 800K asshownin Figure 1. The gasambientsconsist
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Figure 5. Interface state density at 800K in 1%
oxygen and 10% hydrogen ambients (balance gas
is nitrogen) obtained from Terman analysis of the
data in Figure 1.

of 10%hydrogernand1% oxygenin nitrogen. We observe
two effects. Hydrogenexposureresultsin a shift of the

deviceflat band voltage to more negativepotentialsthan

thoseobservedn oxygen. The transitionfrom accumug

tion to inversionis sharpin hydrogen,whereasin oxygen
thetransitionis broadenedndicatingthe creationof a large
numberof interface states. We interprettheseresults as

arising from two separatephenomena. First thereis the

chemicallyinducedshift in metal/semiconductororkfurc-

tion difference(®wms). This is the “classic” sensorresponse
asobservedn Si basectatalyticgatehydrogersensorat T

< 500K [10]. Secondlythereis the reversiblepassivation
by hydrogerandcreationby oxygenof chargedstatesat the

SiOJ/SiC interface. We haveconfirmedthe reversibility of

the creation/passivationf thesestatesby repeatedlycy-

cling the Pt/SiQ/SIiC capacitor betweenhydrogen and

oxygenat 800K andmeasuringhe 1 MHz C-V charactes-

tic following eachgaschange.

To obtain a quantitativemeasuref the effect of reducing
and oxidizing environmentson Dir the Termantechnique
wasusedto analyzethe datain Figure 1. Figure5 shows
thatin theenergyrange0.9 eV < E; — E < 1.5 eV the inter-
facestatedensityis afactorof 2 to 3 higherin oxygenthan
hydrogen. Notethe energyrangewhereTermananalysisis
valid (0.30 < C/Cy < 0.46) lies betweergatevoltagesof
—0.70V < V4 < +0.70V for oxygen,whereasn hydrogen
the correspondig ranges betweer-1.3V < V4 < -0.1 V.
Asidefrom a 0.8 V lateralshift thetwo C-V curvesin Fig-
urel arealmostidenticalfor thesegatebiases. This would
imply asimilar interfacestatedensity for the two enviran-
ments,asobserved.

We concludeheeforethat at 800K cycling from an oxidiz-
ing to reducingambientcausegi) a negative0.8 V lateral
shift in the C-V characteristicdue to the chemically in-
ducedchangen ®ys and(ii) adecreaséy afactorof 2 to 3
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in theinterfacestatedensityarourd midgap. The situation
nearthe conductionbandedgeis quite different. The ex-
perimentallymeasuredC-V curvein hydrogenis closeto
theidealcurveascalculatedor a Pt/SiQ/SiC capacitorfree
of anyinterfacestatesn theenergyrangeE. — E < 0.9 eV.
In the presenceof oxygen, on the other hand, thereis a
significant broadeningof the C-V curveindicating at least
an order of magnitudeincreasein Dir. Thesestatescan
follow the slow DC bias sweep(0.1 V/s) so their response
time at 800K is quite slow, T > 700 ms. This is a surprs-
ing resultsincethesestateslie within 1 eV of the condw-
tion bandedge. Unfortunately,in this energyrange we
cannotuse Termananalysisto quantify the magnitudeof
theincreasen Dyr.

Effect of interface states on gas sensing

To operatehe Pt/SiQ/SiC capacitoras a sensorthe device
is held at constantcapacitancenhile modulating the gas
composition. The gate bias requiredto maintain the ca
pacitancas the sensosignal. The effect of interfacestates
on the deviceresponselearly dependson the capacitance
setpoint. In the upperportion of the C-V curveslow inter-
facestateswithin 1 eV of the conductionbandedgehavea
large influenceon the device in an oxygenatedenvira-
ment. In the lower portion of the C-V characteristicinter-
facestatesnearthe SiC midgaphavea much smallereffect,
factorof 2 to 3, onthe C-V characteristic.

Thesensoresponsén thelower portion of the C-V curve,
C/Cox < 0.45,is dominatedby chemicallyinducedchanges
in the metal/oxideworkfunctiondifference. A —0.8 V sig-
nalis obtainedn cycling from oxygento hydrogenandthe
effectof interfacestates)ocatednearmidgap, is secondary.
Although the magnitudeof the sensorsignal is smallerin
the lower portion of the C-V curveit maybemorestableto
repeatedtycling dueto the small Dy contribution. In the
upperportion of the C-V curve,C/Co > 0.45,two mecla
nisms,®ys and Dy, affectthe sensomresponse. Although
the magnitudeof the sensorsignal is largerin the upper
portion of the C-V curvewe anticipatethat the sensorre-
sponseto oxidizing environmentswill be slow, sincet >
700 ms. Theseresults indicate that the optimum bias
point with respectto reliability and time responsefor
Pt/SiQ/SiC capadors operatingas hydrogensensorss in
thelowerhalf of the C-V curve.

CONCLUSION

We haveshownthatthe responsef Pt/SiG/SiC sensorgo
oxidizing and reducingambientsat 800K is dueto two
independentphenomena:chemical modification of the
metal/oxide workfunction difference and crea
tion/passivatiorof interfacestateslocatedprimarily in the
upperhalf of the SiC bandgap. Since theseMIS capa¢-
tancesensorsisuallyoperaten constantcapacitancenode,
the capacitancsetpoint determinedoth (i) the magnitude
of the sensossignaland(ii) therelativecontributionof each
mechanismowardsthe sensoresponse.Underappropriate
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bias conditions catalytic gate SiC field-effect devicesare
well suitedfor hydrogenand oxygensensingin chemicaly
reactivehigh temperaturenvironments.
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