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  Abstract:Asaclassofstablelow-resistivityandhigh-temperaturematerials,tantalumdisilicide(TaSi2)hasbeen

widelyusedinintegratedcircuits.Therefore,itselectricalstabilityisasimportantasitsstructuralstability.Here,we

reporttheelectronictransportpropertiesofTaSi2basedonstructuralstabilityunderhighpressure.Itsstablecrystal-
lographicstructurewasstudiedbysynchrotronX-raydiffractionandRamanspectroscopyexperimentsupto20GPa.

Insituhigh-pressureresistancemeasurementsrevealedthattheresistivityofTaSi2hasatrendtobesteadyatthe
valueofabout2μΩ·cmunderpressureincreasingupto16.3GPa.Futher,theelectronicstructureofTaSi2under

pressurewastheoreticallycalculatedtounderstanditsmetallicbehavior.
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  Asaclassofsilicidecompounds,metalsilicides,suchasTaSi2,TiSi2,WSi2,Mg2Si,CrSi2and
Ta5Si3,havebeenextensivelyinvestigatedduetotheirlowresistivity,superiorthermalstabilityand
excellentoxidationresistance[1-4].Thesesilicideshavebeenemployedascoatingmaterialsforenergy
andaerospace[5-6],lowresistancecontactsandinterconnectsinlargescaleintegratedcircuits[7],gatemateri-
alsforCMOSmicroelectronicdevices[8],strain-sensitivematerialsforstraingauges[5]andthermoelec-
tricmaterialsforstabletransducers[9].Generally,thestructuralstabilityandelectricaltransportprop-
ertiesofmaterialsaremoreattractiveforthesemiconductorindustry,materialsscienceandphysics.In
additiontotemperature,pressureisanalternativeapproachtostudyingstructuralstabilityandphysi-
cochemicalpropertiesofmaterials,aswellastosynthesizingnewcompoundsandexploringnovelphysical
mechanisms[10].Recently,Lietal.[11]foundthatthehexagonalC40structureofTaSi2isstableina
widepressurerange(0-50GPa).Electronicdevicesmadeofmetalsilicides,likeTaSi2,maybecome
availableunderstressorpressureifelectricaltransportpropertiespermit.
  Theintrinsicelectricalpropertiesofmetalsilicideshavelongbeenstudiedatdifferenttempera-
tures.ForTaSi2,superconductivityhasbeenfoundbelowthecriticaltemperaturesof0.35and4.4K
forbulksinglecrystalsandathin-filmonsapphireassubstrate,respectively[12-13].Theelectricalresistivity
oftheTaSi2singlecrystalalongthe<0001>crystallographicdirectionwaslessthanalongthe<1010>

directionintherangeof4.2-1100Kandtheanisotropyofelectricalresistivityatroomtemperature
wasalmost100%[14].Thecurrent-voltagecharacteristicsoftheTaSi2/n-Sijunctionwerealsoinvesti-
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gatedatdifferenttemperaturesandthejunctionexhibitedSchottkybehavior[15].However,theelectrical
transportpropertiesofmetalsilicidesunderhighpressurehaverarelybeenreported.
  Inthiswork,weusedTaSi2asanexamplemetalsilicidetostudyelectricalstabilityathighpressure
androomtemperature.ThestructuralstabilityofTaSi2powderwasexaminedbyinsitusynchrotron
X-raydiffraction(XRD)andRamanspectroscopyunderpressuresupto20GPa.Theelectricalstabilityis
reflectedbytheelectricalresistancesofthesampleunderdifferentpressures,whichweremeasuredusing
aninsituhigh-pressurefour-probemethod.Finally,theelectronicenergybandstructureofTaSi2at
0GPaandhighpressurewascalculatedtoexplaintheexperimentalresults.

1 ExperimentalSection
1.1 InsituHigh-PressureCharacterizations
  A Mao-Belltypesymmetricdiamondanvilcell(DAC)with400μm-diameteranvilculetswas
usedtogeneratepressure.T301stainlesssteelwithathicknessof250μmwaspre-indentedtoathick-
nessof~50μmtoserveasgaskets.A150μmdiameterholewaslaserdrilled(λ=1064nm)atthe
centerofthepre-indentationtoserveasthesamplechamber.Then,TaSi2powder(AlfaAesar,99.9%)

wasloadedintothechamber,andsiliconeoilwasusedasapressure-transmittingmedium.Arubyball
preplacedatthecenteroftheculetwasemployedtodeterminethepressurebytherubyfluorescence
method[16].
  Theinsituhigh-pressureangle-dispersiveX-raydiffraction(AD-XRD)experimentswereperformedat
theBL15U1beamlineoftheShanghaiSynchrotronRadiationFacility(SSRF)usingawavelengthof
0.06199nm.Thesampletodetectordistancewas170.5mm.Theobtainedtwo-dimensionalimage
datawereconvertedtoone-dimensionalXRDpatternsbyFit2D-WAXDsoftware[17].Rietveldrefine-
mentswereconductedusingtheGeneralStructureAnalysisSystem (GSAS)withtheuserinterface
EXPGUIpackage[18-19].Theinsituhigh-pressureRamanscatteringspectrawerecollectedbyaRaman
spectrometerwithanexcitationlaser(λ=532nm,Renishaw1000).
1.2 InsituHigh-PressureResistanceMeasurements
  Thepressure-dependentelectricalresistancewasmeasuredusingafour-probemethodinasymmetric
DACwith500μm-culetsizedanvils.Tocreateaninsulatedenvironment,a~500μmdiameterhole
wasdrilledinthepre-indentedgasket,thenthewalloftheholeandindentationwerefullycoatedwith
c-BNandtheothergasketsurfacewascoveredwithepoxy (ABgel).Afterthat,fourplatinum
electrodes(25μminthickness)werearrangedononesideofthegaskettoconnectthecopperleads
andthesampleinthechamber.Therewasnopressuretransmittingmediuminsidethechamber.The
resistancemeasurementswerecarriedoutontheas-fabricatedmicrocircuitusingelectronicequipments
(Keithley6221currentsource,2182Ananovoltmeter,and7001switchsystem),andthepressurewas
determinedbytherubyfluorescence.TheresistivitywascalculatedaccordingtotheVanderPauwmethod[20].
1.3 TheoreticalCalculationsoftheBandStructure
  Thefirst-principlecalculationsoftheelectronicstructureforhexagonalTaSi2underpressuresof0
and15GPawereperformedusingtheCASTEPcode[21]intheMaterialsStudiopackagewiththegeometry
optimization.Theconvergencetoleranceinthegeometryoptimizationwas2.0×10-5eV/atom.The
optimizationwascompletedwhentheforceswerelessthan0.5eV/nmandallstresscomponentswere
lessthan0.1GPa.Ateachpressure,ageneralizedgradientapproximationofthePerdew-Burke-Ernzerhof
(GGA-PBE)versionfunctionaloftheexchange-correlationwasadoptedtooptimizethelatticeparameters
forhexagonalC40whichtakestheactualsituationsuchaselectroncorrelationsintoconsideration.
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2 ResultsandDiscussion

2.1 StructuralStability
  Here,westudiedahexagonalstructureofTaSi2sample.TheX-raydiffractionpatternsofthe
sampleundercompressionanddecompressionareshowninFig.1(b).Uponcompressionto20.1GPa
alltheBraggpeaksshiftedtowardshighangles,revealingtheshrinkageoftheTaSi2unitcell.There
wasnosignificantvariationintheXRDpatternsinthenumberandshapeofthediffractionpeaks.The
Braggpeaksrevertedtotheirpreviouspositionsafterdecompressiontoambientpressure.Fig.1(c)

showsatypicalGSASrefinementoftheXRDpatternat1.0GPa.Thedetailedcrystallographicinfor-
mationforlowandhigh-pressurephasesofTaSi2wasshowninTable1.

Fig.1 (a)CrystalstructureofTaSi2inambientconditions;(b)SynchrotronXRDpatternsofTaSi2during
compressionanddecompression;(c)RefinementofTaSi2XRDdataat1.0GPa

Table1 RietveldrefinementresultsofTaSi2underlowpressureandhighpressure

Pressure/GPa Atomtype Fractionalcoordinates

1 Ta (0.5,0,0)

1 Si (0.1614866,0.322963,0)

20 Ta (0.5,0.3229630,0)

20 Si (0.1706990,0.341389,0)

  ThegoodrefinementsconfirmthatthehexagonalstructureofTaSi2isverystablewithoutphase
transitionsduringcompressionupto20GPaanddecompressiontoambientconditions.Theseresults
areconsistentwithapreviousstudy[11].Fromtherefinementsofallthediffractionpatterns,thecom-
pressivebehavioroftheTaSi2latticecellcanbeobtained.Fig.2(a)showsthepressuredependenceof
theTaSi2latticeparametersandvolume.Wefoundthattheaandclatticeparametersandtheunitcell
volumeVdecreasedwithincreasingpressure.Thenormalizedlatticeparametersasafunctionofpres-
sureshowninFig.2(b)revealthattheaaxiswasmorecompressiblethanthecaxisandanisotropic
compressionincreasedwithincreasingpressure.ThisanisotropyofTaSi2undercompressioncanbe

3-201120

 第32卷 LIXiaoyang,etal:ElectricalTransportPropertiesofHexagonalTaSi2CrystalsBasedonStructuralStabilityunderHighPressure  第2期 



attributedtotherelativelycompactstackingalongthe<0001>direction[11](Fig.1(a)).Throughthird-
orderBirch-Murnaghanequationofstate(EOS)fittingwecangetthebulkmodulusofhexagonal
phaseofTaSi2as203(2)GPa,asshowninFig.2(c).Inaddition,thebulkmodulusofTaSi2istoobigto
beeasilycompressed.

Fig.2 (a)Pressure-dependentlatticeparametersofTaSi2(a0=0.4784nm,c0=0.6570nm);(b)Evolutionof
thenormalizedlatticeparametersandvolumewithpressureforTaSi2;

(c)Pressure-dependentunitcellvolumeofTaSi2

  HighlysensitiveRamanspectroscopywasemployedtoobtainlocalstructureinformation.Fig.3(a)

showstheRamanspectraofthesamplecollectedduringpressurizationfromambienttohighpressure
andreleasetoambientpressure.FromtheRamanspectrumatambientpressure,fourRamanpeakscan
beobservedatthecenteredfrequenciesof145.0,290.0,355.0and503.8cm-1,denotedasA1,A2,A3
andA4,respectively.ThepeakA4couldberelatedtotheSi─Sivibrationmode.Duringthecompression-
decompressioncycle,theseRamanmodescanalmostbeclearlyobserved.Upondecompressionto
ambientpressure,theRamanmodesA1,A2andA3werefoundtoreverttotheiroriginalfrequencies,but
theSi─SivibrationmodeA4washysteretic.ThevibrationalfrequenciesoftwoobviousRamanpeaks
(A3andA4)asafunctionofpressureareshowninFig.3(b)andexhibitblueshiftundercompression
duetotheshorteningoftheSi─Ta─SiandSi─Sibond.Thesefindingsindicatethelocalstructural
stabilityoftheTaSi2particlesunderpressure,whichcorrespondstothestructuralstabilityanalysis
fromXRDresults.

Fig.3 (a)Pressure-dependentRamanspectraofTaSi2atroomtemperature;(b)Pressure-dependent

Ramanpeaks(A3andA4)ofTaSi2derivedfromtheRamanspectra

2.2 ElectricalStability
  Ingeneral,decreasingthedistancebetweentheatomsandtheinterlayersofacrystalmaterialunder
externalpressureorstresscanalteritselectronicbehavior[22].Sometimes,thiseffectmayadverselyaffect
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Fig.4 TheresistivityofTaSi2underpressureat

roomtemperature(Theinset(upperright)isa

photographofthefour-probemicrocircuit
inthediamondanvilcell.)

thestabilityofelectronicdevicesunderstress.
Here,theelectronictransportpropertiesofTaSi2
underdifferentpressuresareexpressedbytheelectrical
resistance,which wasmeasuredbyafour-probe
methodusingafabricatedmicrocircuitinaDAC
(Fig.4inset).AsshowninFig.4,theelectrical
resistanceofthesampledecreaseddramatically
withpressureincreasingupto5GPaduetothe
graduallyclosercontactbetweentheTaSi2parti-
cles.Inthehigh-pressureregion(5.0-16.3GPa),

theresistancetrend wassteady withincreasing
pressureandtheresistancereducedbylessthan
half.Theresistance during decompression and
compression wasalmostconsistentinthehigh-
pressureregion.Therefore,theelectricaltransportpropertiesofTaSi2areverystableinthehigh-pressure
regionduringcompressionanddecompression.
  ApreviousstudyreportedthattheresistivityofaTaSi2singlecrystalatambientpressureand
temperaturewasapproximately20μΩ·cmalongthe<0001>crystallographicdirectionand40μΩ·cm
alongthe<1010>direction[23].Hence,TaSi2exhibitsmetallicbehavior.Inourcase,thepressure-dependent
resistivityofthesampleconsistedofmanyparticles,asshownintheFig.4inset.Thus,theresistivity
underpressuresof5.0and16.3GPawasabout2.8and1.7μΩ·cm,respectively.Thatistosay,the
resistivityofTaSi2decreasedbyoneorderofmagnitudeatroomtemperaturefromambientpressureto
5.0GPa.ThemetallicityofTaSi2obviouslyincreasedwiththeincreaseofappliedpressure.Therefore,

itisconceivablethatelectronicdevicesmadeofTaSi2mayworkwellunderpressureandreleaselesswaste
heat.
  TofurtherunderstandTaSi2electricalstabilityandilluminatetheunderlyingphysicalmechanism
ofitsresistivity-pressurerelationship,itsbandstructuresunderambientpressureandhighpressure
werecalculatedbyfirst-principlecalculations.Fig.5showstheelectronicbandstructureofTaSi2at
ambientpressureand15GPa.Theirtopologicalgeometriesareconsiderablysimilar,i.e.,theelectronic
energybandstructureisverystableunderhighpressure.Thedifferenceisthattheelectronicenergy
bandbroadensunderhighpressurecomparedtothatunderambientpressure,whichisduetoshorten-

Fig.5 CalculatedbandstructureofTaSi2at(a)0GPaand(b)15GPa
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ingofthelatticeparameters.Moreover,theFermisurfaceofTaSi2underambientpressureand15GPa
locatesbelowthetopofthevalencebandandthevalence-bandmaximumcrossestheconduction-band
minimum,i.e.,thebandgapdisappears.ThisdemonstratesthatTaSi2showsmetallicbehavior,which
cancontributetothelow-resistivityofTaSi2underambientandhighpressure.

3 Conclusions
  Insummary,westudiedthecrystallographicstructuralstabilityandelectricaltransportproperties
ofmetallicTaSi2underhighpressureusingangle-dispersivesynchrotronXRD,Ramanspectroscopy,

andfour-proberesistancemeasurementsaswellasfirst-principlecalculations.Theinsituhigh-pressure
XRDandRamancharacterizationsdemonstratedthatthestructurewasstableupto20GPa,consistent
withapreviouslyreportedresult.TheresistivityofTaSi2wassteadyat~2μΩ·cmunderpressures
fromambientpressureto16.3GPa.First-principlecalculationsshowedthatthetopologicalgeometries
oftheTaSi2electronicstructureunderambientandhighpressureweresimilarandtheirvalence-band
maximumswerelocatedovertheFermisurface,whichwasresponsibleforitselectricalstabilityand
metallicbehavior.
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高高压下六方TaSi2 晶体基于结构稳定性的
电学输运性质

李晓阳,陆 阳,晏 浩
(北京高压科学研究中心,上海 201203)

  摘要:作为一类稳定的低电阻及高温材料,二硅化钽(TaSi2)被广泛应用于集成电路中。
因此,其电学稳定性和结构稳定性同样重要。报导了高压下六方TaSi2 晶体基于结构稳定性

的电学输运性质。通过同步辐射X射线衍射和拉曼光谱实验研究了TaSi2 晶体在压力高达

20GPa时稳定的结晶学结构,并通过原位高压电阻测量发现,当压力增加到16.3GPa时,

TaSi2的电阻率趋于稳定在2μΩ·cm左右;进一步理论计算了压力下TaSi2 的电子结构,以进

一步理解其金属性行为。

  关键词:二硅化钽;高压;晶体结构;电学输运性质

  中图分类号:O521.21   文献标志码:A
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