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不同光功率激励下石墨烯的太赫兹波吸收特性

张文涛1,2,李赣1,2,占平平1,2,李跃文1,2,张玉婷1,2

(1桂林电子科技大学 电子工程与自动化学院,广西 桂林541004)

(2广西光电信息处理重点实验室,广西 桂林541004)

摘 要:基于太赫兹时域光谱系统和德鲁德模型,测量并分析了少层石墨烯在600nmCW 红光和两种

衬底下的透过率及电导率.结果发现,高阻硅衬底的石墨烯样品在光场激励下对太赫兹信号的吸收显著

增强,而PET(Polyethyleneterephthalate)衬底的石墨烯样品在光场激励下对太赫兹信号的吸收则有微

弱减少.相较于无激励光场条件,在0.5THz处,高阻硅衬底石墨烯的电导率提升了7倍,PET衬底石墨

烯的电导率下降了23%.同时实验也验证了在太赫兹波段少层石墨烯的电导为各层石墨烯电导的线性

叠加.
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CharacterizingtheAbsorptionofTerahertzWavebyGrapheneunderthe
ExcitationofDifferentLuminousPower
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Abstract:Thetransmissivityandconductivityofthefew-layergraphenewith600nmCWlaserandtwo
substratesaremeasuredandanalyzed,basedonterahertztime-domainspectroscopyandtheDrude
model.Inthisstudy,theabsorptionofterahertzsignalisobviouslyenhancedthroughthegrapheneon
high-resistivitysiliconortheabsorptionofterahertzsignalisslightlydecreasedthroughthegrapheneon
PET(Polyethyleneterephthalate)withtheexcitationofexternallaser.At0.5THz,theconductivityof
thegrapheneonhigh-resistivitysiliconisincreasedby7timesortheconductivityofthegrapheneonPET
isfelledto77%,comparedtothatwithoutexternallaser.Meanwhiletheexperimentsverifythatthe
conductanceinthefew-layergrapheneappearsasthelinearsuperpositionofperlayeramongtheTHz
waveband.
Keywords:Terahertz;Graphene;Photoconduction;Laserexcitation;Spectroscopyanalysis
OCISCodes:160.4236;040.2235;300.6495;260.5150

0 Introduction
Terahertz(THz)technologyishailedasoneofthetenleading-edgetechnologiestochangetheworld.

Inrecentyears,manyproblemsintheTHzdevicesweresolvedandthestabletechniquesofemissionand
detectionof THz have been developed due to the rapid development of ultrafast electronics,
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microelectronics,andlasertechnology[1-2].Amongthesetechniques,theTHzTime-DomainSpectroscopy
(THz-TDS)[3]canrecordnotonlytheamplitudebutalsothephaseinformationofTHzsignals.TheTHz-
TDScanbealsousedtoobtainotherparametersofsamples(e.g.,transmissivity,absorptioncoefficient,
andelectricalconductivity),whichareindependentontheK-Krelations(Kramers-Kronigrelations).
Therefore,theTHz-TDShasledtoanewepochofdevelopingtheTHztechnology.TheTHzwavehas
manyexcellentproperties.Forexample,theTHzwavewillnotcausedamageinsidesamplesbecauseofits
extremelylowphotonenergy.Inaddition,theTHzcanpassthroughthenonpolarcarrierslikepottery,
porcelain,andplasticeasily[4-5].Wallaceetal.[6]useterahertzpulsedimagingtodistinguishcancerous
tissuefromnormaltissueanditcouldbeusedtoremovetheedgeoftumorpreoperatively.Nieetal.[7]use
theTHz-TDStoidentifytransgenicandnon-gmosoybeansaccurately.Finally,theTHzwavehasbroad
applicationsinthesecurityexamination,materialtesting,radiocommunication,andsoon[8-10].

Theexcellentpropertiesofthetunableenergygap,ultrahighcarriermobilityandplasmafrequencyin
theTHzfrequencybandmakegraphenehavegreatpotentialinthedevelopmentofanewgenerationof
high-performanceTHzdevices,whichwillpromotedevelopmentofthehighspeedTHztechnologyat
roomtemperature[11-12].Inrecentyears,theoutputpoweroftheTHzquantumcascadelaser(THz-QCL)
achievesmilliwattinawiderangeoffrequency(0.68~4.9THz),butitcannotbeoperatedatroom
temperature[13].Incontrast,withthestronginteractionbetweengrapheneandopticalphonon,population
inversionisinducedandTHzwaveisobtained.ItisexpectedtoincreasetheoutputpowerofTHzwaveto
milliwattatroomtemperaturebyelectroninjection[14].Inaddition,THzdevicessuchasschottkydiode,
fieldeffecttransistorhaveproblemswithlowdetectionfrequencyorlowresponserate.Graphenewith
ultrahighcarriermobilitycaneffectivelysolvesuchproblems.Previoustheoreticalstudieshaveshownthat
absorptivityofphotonsforthesingle-layergrapheneisabout2.3%,andsuchanabsorptivityis
wavelength-independent[15].However,theabsorptivityofgrapheneisslightlyhigherthanthetheoretical
valueinmeasurements,whichisduetotheinfluenceofpreparationprocessandenvironmentalfactors.In
recentyears,increasingtheTHzabsorptivityofgraphenetoachieveahighermodulationdepthisthe
developmenttrendofgrapheneTHzdevices.Sensale-Rodriguezetal.demonstrateaneffectivewayto
achieveagraphene-basedelectro-absorptionmodulatorwithanextraordinarymodulationdepth~64%by
concentratingtheelectricfieldintensityinanactivelayerofgraphene[16].Furthermore,Ahmadivandetal.
achieveamaximumabsorptivity~67%bycombininggraphenewithplasmametamaterials[17].Inaddition,
Zouetal.designanarm-typemetalmeshstructure,whichmakesgraphenemodulationdepth~28.2%for
terahertzsignals[18].

Inthispaper,thetransmissivityofgraphenewiththePETandhigh-resistivitysiliconsubstratesare
measuredbyusingTHz-TDS.And,thevariationsoftheTHzconductivityandtransmissivityofgraphene
areanalyzedundertheexcitationoflaserfield.TheresultsshowthattheFermilevelandcarrier
concentrationofgrapheneareeffectivelycontrolledbylightexcitation whichisa moredirectand
convenientmodulationmethodthanother’s.Additionally,ingraphenedevices,theinteractionbetween
thegrapheneextensionandsubstratecanmakegraphene’sinternalelectronicstatechange,therefore,
differentbandwidthsofgraphenematerialscanbeobtainedbyswitchingthetypeofsubstratesorthe
numberofgraphenelayers[19].Thepurposeofthispaperistoexploretheinfluencesofsubstratematerial
andexcitationoflaserfieldontheTHztransmissivityandconductivityofgraphenebyconducting
experimentsandtheoreticalcalculations.Theseexperimentalandtheoreticalstudiescanhelpdevelopthe
modulationdeviceofTHzsignals.

1 Experiments
1.1 Experimentalapparatus

Inthispaper,atransmission-typeTHz-TDS,whichisshowninFig.1,wasused.Thepulseemitted
byafemtosecondlaserissplitintwobyabeamsplitter,andoneofthemorepowerfulpulsesisusedasa
pumplighttoexciteaTHzwavethroughtheGaAsphotoconductiveantenna.SuchaTHzwavepasses
throughthesamplebycollimatingandfocusing.ThentheTHzwavewiththeinformationofthesample
hitsthephotoelectriccrystalofzinctelluride.Asaprobebeam,thesecondpulsepassesthroughthe
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photoelectriccrystalofzinctellurideandfinallyisreceivedbythephotoelectricdifferentialdetector[20].
Thepolarizationoftheprobebeampassingthroughthecrystalwillbechangedconsideringthefactthatthe
photoelectriccrystalofzinctellurideswitchesimmediatelyfromisotropytoanisotropyundertheirradiation
ofTHzbeam.Oncethetransformationofpolarizingcharacterisreceivedbythephotoelectricdifferential
detector,thetime-domainsignalofTHzwavecanbedetectedafterthephase-lockingamplifieramplifies
thesignalandinputitintoacomputer.InordertopreventabsorbingtoomuchTHzwavebywater
molecules,somepartsofthedeviceareplacedinasealedboxwiththehumiditybelow4%bycrushingthe
dryairbyacompressor.

Fig.1 TheschematicdiagramofTHz-TDSsystem

Inthispaper,weselect600nm Continuous Wave(CW)laserwithapracticalluminouspower
~130mWasanexcitationlaserfield.Suchlightisradiatedtothesurfaceofgraphenewithanangleof45°
showninFig.1.Intheexperiment,70% and30%filtersareplacedverticallyontheexcitationpath
respectivelysothatfourluminouspowergradients(i.e.,0mW,39mW,87mWand130mW)canbe
obtained.
1.2 Samplepreparation

Inthispaper,weselecttwodifferentmaterials(i.e.,PETandhigh-resistivitysilicon),whichhave
highandstabletransmissivityintheTHzfrequencydomain,asgraphene'ssubstrates.Thegraphene
samplesusedinthispaperaretransferredfromthecopperbasebythePMMA(PolymethylMethacrylate)
auxiliarytransfermethod.ThefirststepistosmearalayerofPMMAfilmonthesurfaceofcopperfoil
withnaturallygrowinggraphene.ThesecondstepisthatweputthesystemintoFeCl3solutiontocorrode
thecopperfoilandthencleanthesystemwiththedeionizedwater(DI).Finally,weremovePMMAwith
acetoneonthetargetmaterial.Thesamplesofgrapheneatdifferentlayers(1,3,5layers)canbeobtained
byrepeatingtheabovetransfersteps.Thesinglelayerofgraphenenaturallygrowsonthecopperfoilby
thetraditionalCVDmethod[21],andmultiple(20~40)layersofgraphenecanbeobtainedinCVDmethod
byreplacingthecopperfoilwiththenickelfoil.
1.3 Dataacquisition

Basedonthesamplepreparationdescribedabove,weselectthegrapheneonthePETandhigh-
resistivitysiliconsubstratestoconductthecontrolexperiments.Intheseexperiments,fourluminous
powergradients(i.e.,0mW,39mW,87mW,130mW)areused.Inaddition,threesamplesforeachof
1,3,5,andmultiplelayersareprepared.Finally,fivesetsofdataaremeasuredforeachsampleatthe
sameluminouspower,andtherearetotally480setsofdataarerecorded.

2 Resultsanddiscussion
2.1 Time-domainspectrumanalysis

The480setsofdataobtainedfromtheexperimentsaretransformedintotheTHztime-domain
spectrogrambypreprocessinglikeunification,smoothing,andaveraging.

Fig.2showsthetimedomainspectraofsamplesofsingle-layergrapheneonthePETandhigh-
resistivitysiliconsubstrateswithdifferentluminouspowersofexcitationlasefield.
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Fig.2 TheTHztime-domainwaveformofsingle-layergraphenesample

InFig.2,theTHzsignalofthegraphenesampleonthePETsubstratedoesnotchangesignificantlyby
themodulationoftheexcitationlaserfield,nevertheless.Ontheotherhand,theTHzsignalonthehigh-
resistivitysiliconsubstratesignificantlyreducesbytheincreaseofexcitationluminouspower.By
comparingthevalueofprimarysignalpeakundertheexcitationoftheluminouspowerat130mWandthe
valuewithouttheexcitation,wecanfindthattheattenuationofprimarysignalpeakis43.8%,42.1%,
39.7%,and14.9%for1,3,5andnlayersgrapheneonthehigh-resistivitysiliconsubstrate,respectively.
Therefore,weconcludethatthattheinfluenceoftheexcitationoflaserfieldongraphemesignificantly
decreaseswhenthenumberofthelayerofgrapheneincreases.
2.2 Transmissionspectrumanalysis

Inordertofurtheranalyzethesampledata,weconducttheFastFourierTransform (FFT)analysis
fortheTHzsignalsonthetwodifferentsubstrates.BasedontheFFTanalysis,weobtainthedistribution
offrequencyfortheTHzsignals.TheTHzsignalmeasuredintheexperimentscanbecalculatedas
follows.

Erefω( )=E0 ω( )exp -i
nω( )ωl

c
æ

è
ç

ö

ø
÷ (1)

whereωisthefrequencyoftheTHzsignal,nistherefractiveindexandlisthepropagationdistancein
theair.BasedontheFresnelformula,thetransmittanceofTHzsignalcanbeexpressedasbelowwhenthe
THzsignalpassesthroughthesamplevertically.

tab(ω)=
2naω( )

nb(ω)+na(ω)
(2)

wherenaistheincidentrefractiveindexandnbistherefractiveindexforexit.TheFabry-Perotinterference
canbeneglectedduetothethinsample,sotheTHzsignalofthesamplewithdthicknessiscalculatedas
following.

Etransω( )=Erefexp -i
nω( )ωd
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÷tab ω( )tbaω( ) (3)

Thecomplextransmissivityofthesampleisshownasbelow.

T ω( )=
4nω( )

1+nω( )[ ]2
exp -i

nω( )-1[ ]ωd
c{ } (4)

Theaboveformulaisalsothebaseforextractingopticalparametersofsamples[22].Consideringthat
thecalculationneedtoeliminatetheinfluenceofblanksubstrate,theTHzsignalthroughtheblank
substrateisselectedasreferencesignalinthispaper.Therelativetransmissivityofsamplescanbe
calculatedasbelow.

T'ω( )=
Atran ω( )

A'
refω( )

é

ë
êê

ù

û
úú

2

(5)

whereAtransω( )istheamplitudeofTHzsignalthroughgraphenesample,A'
refω( )istheamplitudeofTHz

signalthroughblanksample.Combined with Eq.(4),therelationshipbetweentransmissivityand
conductivityisobtained
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whereε0=
1
36π×10

-9F/misthepermittivityofvacuum,μ0=4π×10-7N·A-2isthepermeabilityof

vacuum,φω( )isthephasedifferencebetweenthesampleandthereference.AccordingtoEq.(5),the
transmissivityfunctionofsamplesundertheexcitationofdifferentluminouspowersisshowninFig.3and
Fig.4.

Fig.3showsthatthetransmissivityofgraphenesamplesonthesubstrateofhigh-resistivitysilicon,
whichsuggestsregularcharacteristicsfortheilluminantfrequencyandexcitedluminouspower.Inthe
absenceofexcitationlight,thefew-layergraphenesampleshavearelativelystabletransmissivityinthe
THzwave.Ontheotherhand,undertheexcitationoflaserfield,thetransmissivityofgraphenesample
significantlydecreaseswiththeincreaseofTHzfrequency.Inparticular,theabsorptionpeakappears
around1.3THz.Thetransmissivityoffew-layergraphenealsohasastrongresponsetotheexcitationof
luminouspower,inwhich,thelowerthetransmissivitycorrespondsthelargerpower.Weknowthatthe
bandgapofsiliconis1.12eVandthecutoffwavelengthofintrinsicabsorptionisabout1100nm.Thereare
plentyofelectronsonthesubstratearestimulatedfrom valencebandtoconductionbandunderthe
excitationofthelaserfieldat600nm,andthosestimulatedcarriersdiffuseintothegraphemesamplesin
additiontothesecarriersinsidethesamples.Therefore,theconductivityofthegraphenesamplesbecomes
largerandtheabsorptivityofTHzwaveisenhanced.Multi-layergraphenehasthesametrendsinresponse
toluminouspowerastheseforthefew-layergraphene,buttheresponsetotheluminouspowerissmaller
intheformerthanthelatter.

Fig.3 Thetransmissivityofgraphenesamplesonthesubstrateofhigh-resistivitysilicon

Fig.4showsthatthetransmissivityofPET-grapheneisnotstableintherangeof0.3~1.4THz.In
particular,thepeaksofabsorptionappeararound0.7THz,1.0THz,and1.3THz.Thetransmissivityof
PET-graphenedisplaysanincreasingtrendwitharelativelyconstantgrowthrateateachfrequencyin
responsetotheincreaseofluminouspower.Evenundertheexcitationofluminouspower,theconduction
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bandofPETbasicallydoesnothavemovableelectronsbecausethatthePEThasawidebandgapandits
cutoffwavelengthofintrinsicabsorptionislessthan600nm.Inaddition,alargenumberofelectronsin
graphenetakeuphighenergylevelsundertheexcitationofluminouspower.Therefore,theprobabilityof
radiationbysimulatedelectronsislessthanthatofabsorptionofstimulatedelectronsandhencepopulation
inversioningrapheneisinduced[23].Meanwhile,theelectronsingrapheneundergostimulatedradiation
whentheTHzbeampassesthroughgraphene,whichamplifiestheTHzsignal.Inthewidebandof0.3~
1.4THz,theTHzwaveincreasesstablyandtheaveragemodulationrateisrelativelystabletoo.

Fig.4 ThetransmissivityofgraphenesamplesonPET

2.3 Conductanceanalysis
InordertofurtherdiscussthewayofmodulatingtheTHzsignalbygraphene,wealsocalculatethe

conductanceoftheTHzsignalingraphenetoexploretheeffectoftheexcitationtothephotoconductanceof
graphene.Inthissection,thecharacteristicsofconductanceoftheTHzsignalinthefew-layergrapheneare
discussedbasedonthehypothesisthattheconductanceoftheTHzsignalinthefew-layergrapheneappears
asthelinearsuperpositionofperlayerwithoutelectroncouplingamongdifferentlayersproposedbyDr
Zhou[24].Therefore,theconductivityoftheTHzsignalinthethinlayercanbecalculatedasbelow.

σtotal=
1+n
Z0

Aref

AN
-1

æ

è
ç

ö

ø
÷ (7)

Furthermore,theconductivityoftheTHzsignalinthethinlayerfollowstheDrudemodel[25].

σω( )=
νFe2/h( ) π Nc

πΓ+ω2/Γ( )
(8)

whereνF=1.1×106m·s-1isFermivelocity,e=1.60×10-19Ciselementarycharge,h =4.14×10-15eV
·SisPlanckconstant,Γ=100cm-1isprobabilityofcarrierscattering,andZ0=377Ωisimpedancein
freespace,Nciscarrierconcentration.TheFermilevelofgrapheneiscalculatedasbelow.

EF=±hνF π Nc (9)
Basedonourcalculation,theFermilevelofone-layergrapheneonPETisapproximately0.175eVandthe
Fermilevelofone-layergrapheneonhigh-resistivitysiliconisapproximately0.244eV.Thisdemonstrates
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thatthegrapheneiselectron-dopedwiththeinfluenceofthetwodifferentsubstrates.WetaketheTHz
signalontheblanksubstrateasareferencewhenprocessingdata.BasedonEq.(7),wehavethe
conductanceofgrapheneinthethinlayershowninFig.5andFig.6.

Theconductivityofgrapheneonhigh-resistivitysiliconisconsistentwiththetheoreticalvaluewhen
thereisnoexcitationoflaserfield.Theconductivityofgrapheneundertheexcitationoflaserfieldenhances
significantly,andtheenhancementincreaseswiththeincreasingfrequency.Inaddition,theconductivityof
graphenealsoenhanceswiththeincreasingexcitation,whichindicatesthatstimulatedabsorptionis
strongerthanstimulatedradiationiftheexcitationisappliedtothegrapheneonthehigh-resistivitysilicon.

Fig.6showsoppositeoftheresultssuggestedtoFig.5.TheconductivityofTHzsignalinthefew-layer
graphenedecreasesslightlywiththeincreasingexcitationbyluminouspower.Thedecreasingconductivity
showninFig.6haverelativelystablevariationin0.3~1.0THz,whichindicatesthatstimulatedradiationis
strongerthanstimulatedabsorptionforthegrapheneonPETundertheexcitation.Furthermore,the
decreaseofelectronresultsinthedecreaseofconductivity.

Fig.5 Theconductivityofgrapheneonhigh-resistivitysilicon
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Fig.6 TheconductivityofgrapheneonPET

Thereisnolargedifferencebetweentheexperimentalvaluesandthetheoreticalvaluesforthe
graphenesamplesunderthetwodifferentsubstrates(i.e.,PETandhigh-resistivitysilicon)ifthereisno
excitationoflaserfield.Withintheobservationwindowof0.3~1.0THz,theexperimentalvaluesare
basicallyconsistentwiththetheoreticalvalues.

Fig.7isacomparisonbetweenthetheoreticalvaluesandtheexperimentalvaluesfortheconductivity
ofthethin-layergraphenewithouttheexcitation.Consideringthattheconductivityofthethin-layer
graphenebasicallykeepsastablevalueatthefrequenciesofTHz,weaveragetheconductivityofthethin-
layergrapheneastheexperimentalvalue(Fig.7).

Fig.7 Theconductivityofgraphenewithoutexcitation

ThestraightlinesinFig.7arecalculatedbyEq.(8),whichisbasedonthehypothesisproposedbyDr
Zhou[24].Thetheoreticalresultsareconsistentwiththeexperimentalresults(circlesinFig.7),which
validatesthehypothesisbyDr.Zhou.TheTHzconductivityofgraphenecanberegardedasthelinear
superpositionoftheconductivityofeachlayer,andtheFermilevelisproportionaltotheslope.In
addition,theexperimentalconductivityofmulti-layergraphene(notshown)ismuchlargerthanthe
theoreticalvalue.Thisisbecausethehypothesis,inwhichnoelectroniccouplingexistsamongdifferent
layers,doesnothold.Thereasonwhythehypothesisdoesnotholdisbecausethemulti-layersgraphene
sampleisnolongerobtainedwithmultipletransfersandtheinterlaminationisnolongerrandomstack.

3 Conclusion
Inthispaper,weobtaingraphenesampleswith1,3,5,andmultiplelayersonthetwodifferent

substrates(i.e.,PETandhigh-resistivitysilicon)basedontheCVDmethodandPMMAauxiliarytransfer
method.Undertheexcitationof600nm laserinfourgradients (i.e.,0mW,39mW,87mW and
130mW),theTHzsignalsthroughthesamplesaremeasured.Inaddition,andthevariationsofthe
transmissivityandTHzconductancearecalculated.Thegraphenesamplesbehavedifferentlywithdifferent
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substratesundertheexcitationoflaserfield,sincedifferentsubstratescancreatedifferentbandgapsand
Fermilevelsinthegraphenesamples.Thefew-layergraphenesamplesonthehigh-resistivitysiliconhave
strongresponsestothevaryingexcitationofluminouspowerandvaryingTHzfrequency.Meanwhile,the
transmissivityandconductivityofTHzarereducedwiththeincreasingluminouspower.Forthefew-layer
graphenesamplesonPET,thetransmissivityandconductivityofTHzareimprovedwiththeenhancing
excitationofluminouspower.Sucharelationshipmakesitpossibleforgraphenetobeamplificationgain
mediumfortheTHzsignals.Infutureapplications,itisexpectedthatgrapheneTHzdeviceswithdifferent
modulationfunctionswillberealizedbyusingdifferentsubstrates.Thepumplightisjustintherangeof
red,sowealsohopetosimplifytheopticalpathandrealizeautomaticcontrolbyusingthepumplightof
THzastheexcitationsourceofgraphenedevices.ItisclearthatgraphenehasgreatapplicationsintheTHz
technology,andourpaperprovidesnewideasforthemodulationofTHzwave.
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