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磁控溅射结合脉冲激光制备钛掺杂硅薄膜的研究

王凯,李晓红,张延彬,温才,刘德雄
(西南科技大学 理学院 极端条件物质特性联合实验室,四川 绵阳621000)

摘 要:发展了一种改进的新型超掺杂工艺,通过真空磁控溅射多层镀膜后结合532nm波长可见纳秒

脉冲激光熔融处理,进行超掺杂钛的硅薄膜材料的制备,并对材料的超掺杂层的性质和红外吸收性能进

行了探究.结果表明,硅膜层中掺杂的钛原子的百分比浓度超过1%左右,对应钛原子浓度约为5×
1020cm-3左右,超过钛在硅中形成超掺杂所对应的原子浓度.钛超掺杂层的厚度超过200nm左右,相对

传统工艺具有明显提升,并且钛原子的浓度变化范围不超过20%,分布比较均匀.小角度X射线衍射测

试表明经过可见脉冲激光熔融处理后的硅薄膜层材料结晶度为25%左右,呈多晶结构.同时红外吸收谱

测试表明,样品的钛掺杂硅膜层在大于1100nm波长的区域具有很高的红外吸收效果,最高的红外吸

收系数达到1.2×104cm-1,远超过单晶硅材料.具有比较明显的亚能带吸收的特征,呈现出Ec-0.26eV
的掺杂能级.霍尔效应测试表明硅膜层具有较高的载流子浓度,超过了8×1018cm-3.
关键词:激光物理;脉冲激光;磁控溅射;硅;超掺杂;深能级杂质
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StudyofTitanium-dopedSiliconFilmsPreparedbyMagnetron
SputteringandNanosecondPulsedLaser

WANGKai,LIXiao-hong,ZHANGYan-bing,WENCai,LIUDe-xiong
(JointLaboratoryforExtremeConditionsMatterProperties,SchoolofScience,SouthwestUniversityofScience

andTechnology,Mianyang,Sichuan,621000,China)

Abstract:Animprovedhyper-dopingprocesshasbeendevelopedwhichcombinesthevacuummagnetron
sputteringcoatingandthe532nmwavelengthvisiblenanosecondpulselasermeltingtopreparethesilicon
thinfilmsoftitaniumdoping.Thecharacteristicsofhyper-dopedlayerandtheinfraredlightabsorption
propertiesofsiliconthinfilmwerestudied.TheX-rayphotoelectronspectroscopyshowsthatthetitanium
concentrationofdopinglayerofsampleismorethan1% (thecorrespondingtitaniumatomconcentration
isabout5×1020cm-3),higherthanthehyper-dopingconcentrationoftitaniuminsilicon.Andthe
thicknessofhyper-dopinglayerismorethan200nmwhichimprovesobviouslycomparedwithtraditional
technology.Thevariablerangeoftheconcentrationoftitaniumatomsisnotmorethan20%,andthe
atomdistributionismorehomogeneous.TheglancingincidenceX-raydiffractionpatternshowsthatthe
crystallinityofthesiliconthinfilmlayerispolycrystallinestructureandabout25%aroundafterpulsed
lasermelting.Atthesametime,theinfraredlightabsorptionmeasurementshowsthatthehyper-doping
siliconthinfilmhashighinfraredabsorptivityinwavelengthlargerthan1100nm.Thehighestinfrared
lightabsorptioncoefficientofsampleisalmostto1.2×104cm-1,whichisfarmorethanthatof
monocrystallinesilicon.Thematerialhasobviouscharacteristicsofsub-bandabsorptionandshowsa
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donorimpurityenergyleveloftheEc-0.26eV.TheHalleffectmeasurementshowsthatthethinfilm
layerhashighcarrierconcentration,over8×1018cm-3.TheHalleffectmeasurementshowsthatthethin
filmlayerhashighcarrierconcentration,over8×1018cm-3.
Keywords:Laserphysics;Pulsedlasers;Vacuum magnetron;Silicon;Hyperdoping;Deeplevel
impurity
OCISCodes:160.6990;260.3060;310.6860;350.6050;140.3460;140.3390

0 Introduction
Atpresent,thehighestefficiencyofsilicon-basedsolarcellsisonly26.3%[1].Oneofthereasonsfor

limitingofphotoelectricefficiencyisthatthebandgapofsiliconis1.12eVwhichmakessiliconcannot
absorbinfraredlightofwavelengthgreaterthan1100nm.Forthesamereason,thesilicon-based
photoelectricsensorcannotrespondtotheinfraredlightwithwavelengthgreaterthan1100nm[2].In
1997,LuqueAproposedaneffectivewaytoimprovetheinfraredabsorptionbyintermediateband,which
makestheprocessofabsorbingphotonswithenergybelowthebandgappossible[3-4].Thetheoretical
photoelectricefficiencyofIntermediateBandSolarCell(IBSC)canexceed60%[5].Impurityintermediate
bandisaneffectivewaytopreparematerialsofintermediatebandbyhyper-dopingofdeepenergylevel
impurityinsilicon[6].Theimpurityintermediatebandcouldforma″ladder″inforbiddenbandtoenhance
theinfraredabsorptionofsilicon[4].

Inrecentyears,therearemanystudiesonthedopingofdeeplevelimpuritiesinsilicon,inwhich
titaniumandsulfurareoftenusedinhyper-dopinginsilicon[7-9].In2017,ZHANGTingreportedthat
sulfurdopinginsiliconbyfemtosecondlasertoenhancetheinfraredresponseinlargewavelengthrangehas
beenrealized[10].ButSULLIVANJTpointedoutthattheenergylevelsofsulfurinsiliconareshallowand
thoseoftitaniuminsiliconareclosertotheintermediateofthebandgap.Therefore,titaniumisabetter
choicefortheintermediatebandofsiliconthansulfur[11].Therequiredconcentrationofhyper-dopingis
about5×1019cm-3exceedingthesolidsolubilityofdeepenergylevelimpurityinsiliconwhichismerely
about1016cm-3[12].Forelementswithsuchlowsolubility,itisnoteasytoachievethehighdoping
concentrationrequiredforimpurityintermediatebandbythermalequilibriumtechnology.Atpresent,
therearesomekindsofnon-equilibriumtechnologywhichcouldbeusedinhyper-dopingofdeepenergy
levelimpuritysuchasultrashortpulsedlaserhyperdoping,ionimplantingfollowedbypulsedlaser
melting,andpulsedlasermixing[13-15].Forexample,in2017,YUXin-yueusedthefemtosecondlaserto
preparedgoldhyper-dopedblacksiliconmaterialwithhighinfraredabsorption,butthethicknessofthe
dopedlayerislessthan100nm[16].Currently,thecombinationofionimplantationandultravioletpulse
lasermeltingisoneofthemostcommonmethodsfordeeplevelimpuritydoping.Forinstance,in2014,
UMEZUIusedtheionimplantationand355nmpulselasermeltingtodopetitaniuminsilicon.However,
duetothelimitedpenetrationdepthofionimplantationandultravioletwavelengthlaser,thethicknessof
thedopedlayerisverylow,lessthan200nmgenerally.Toothindopinglayershouldhaveverylimited
absorptionoflight.Andthedistributionoftitanium atomsisuneven,theimpurity withdoping
concentrationsbelowtheMottlimitwillactascompositecenter,reducingtheelectricalpropertiesof
materials.Therefore,thehomogeneousdistributionofdopingimpuritiesisveryimportant[17].
Inthispaper,anew hyper-doping methodofmagnetronsputteringcombined withthe532nm

nanosecondPulsedLaserMelting(PLM)isdeveloped.Themagnetronsputteringiseasytocontrolthe
thicknessofthefilmandtheproportionofsiliconandtitanium.Moreover,itallowsthetitaniumatomto
diffusefullyinthefilmbecauseofthelooseandporouspropertiesofamorphoussiliconfilm.Thelight
absorptioncoefficientof532nmlaserinsiliconissmallerthanthatofultravioletlaser,andthepenetration
depthfor532nmlaserislargerthanthatforultravioletlaser,about500nm[18].Thetitaniumatom
concentrationinthepreparedtitaniumdopedsiliconmaterialisabove5×1020cm-3.Thethicknessof
dopinglayerisover200nm,whichishigherthanpreviousresearch.Theconcentrationoftitaniumvaries
lessthan20%andthedistributionoftitaniumatomishomogeneous.Inthewavelengthgreaterthan1100
nm,thehighestabsorptioncoefficientiscloseto1.2×104cm-1,soitincreaseseffectivelytheinfrared
absorptionperformanceofsiliconmaterials.
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1 Experiments
  Thesandwichstructureofthisthinfilmis
showninfig.1.Double-sidedpolishingn-type
monocrystalline silicon (111) slice with a
thicknessof400μm (ρ=5~10Ω·cm,n=5×
1015cm-3atroomtemperature)isusedasthe
substrateformagnetronsputtering (JGP-560B,
Sky Technology Development,China).Three
layers(amorphoussilicon,titanium,amorphous
silicon)were deposited alternately onthe Si
substrate.Thethicknessofamorphoussiliconfilm

Fig.1 ThesketchofthestructureofSi-Ti-Si

is250nmandthatoftitaniumfilmis2.5nm.Theatomcontentoftitaniumofthinfilmisabout0.5%.
ThesethreelayersSi-Ti-Siformasandwichstructure.Thesputteringpowerofsiliconis100Wandthatof
titaniumis60W,theflowrateofargonofsiliconandtitaniumis40sccm,andthesputteringtimeof
siliconis11minandthatoftitaniumis30s.Thepurityofsiliconandtitaniumtargetmaterialishigher
than99.995%.Aftersputtering,thesesamplesaremeltedbyNd∶YAGnanosecondpulsedlaser(Quanta-
RayProSeries,SpectraPhysics,USA,wavelengthof532nm,frequencyof10Hz,andlaserpulsewidth
of20ns).Theparametersofpulsedlaserincludefivekindsofenergydensity(0.2J/cm2,0.25J/cm2,
0.3J/cm2,0.35J/cm2,0.4J/cm2)andtwokindsoflaserscanningspeed(0.05mm/s,0.01mm/s).And
thesizeofthelaserfaculais1mm×10mm.Inaddition,thesamplewasannealed(500℃,10min)before
PLM.Theexperimentalparametersofallsamplesarelistedin Table1.Infraredlightabsorption
characteristicsofsampleshasbeenanalyzedbyUV-3150infraredspectrophotometerinwavelengthrange
of1000~2000nm (ShimadzuCorporation,Japan).Thestructuralpropertiesoffilmsampleswere
measuredbyGlancingIncidenceX-rayDiffraction(GIXRD)(XPertPro,PANalyticalB.V,Netherlands)
attheangleofglancingincidence(ω)of1°.ThecarrierconcentrationwasmeasuredbyHMS-3000Hall
EffectMeasurementSystem (ECOPIA,Korea).Theatomconcentrationoftitaniumofsamplewere
measuredbyX-rayPhotoelectronSpectroscopy (XPS)(ESCALAB250Xi,ThermoFisherScientific,
USA).ThethicknessoffilmsamplesismeasuredbyScanningElectronMicroscope(SEM)(UItra55,Carl
zeiss,Germany).

Table1 Thefabricationparametersofsamples

Sample No.1 No.2 No.3 No.4 No.5 No.6 No.7
Energydensity(J/cm2) 0.2 0.25 0.3 0.3 0.3 0.35 0.4
Scanningspeed(mm/s) 0.05 0.05 0.05 0.05 0.01 0.05 0.05
Thermalannealing – – – 500℃,10min – – –

2 Resultsanddiscussion
2.1 Structuralproperties
  Fig.2showsthattheGIXRD diffraction
patternforallfilmsamples.Allthefilmsamples
haveaveryvisiblecrystallizationpeaksat56.1°.
Calculated by software of JADE6.0, the
diffractionpeakat56.1°correspondstothecrystal
face(311)ofsilicon.Inaddition,therearesome
smalldiffractionpeaksinotherlocationsofthe
diffractionpattern,buttheintensitiesofthemare
toomuchweakerthanthatofthepeakat56.1°.
Thecrystalfaceandchemicalcompositionofall
diffractionpeaksofsamplesareshowninFig.2.It
iseasytoseethatthethinfilmofsamplehasno

Fig.2 TheGIXRDdiffractionpatternforallsampleswith
theangleofglancingincidenceω=1°
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compoundoftitanium.Thepositionsofdiffractionpeakofsomesamplesoffsetrelativetoothersamples,
whichshouldbeduetosiliconlatticedistortioncausedbyimpuritydoping.Overall,thethinfilmlayerof
sampleshascrystallizedpartially.

ThecrystallinityofallfilmsamplesarefittedbyusingJADE6.0,andthesedatasareshowninTable2.
Thecrystallinityofthesamples(No.3-No.5)withlaserenergydensityof0.3J/cm2areallhigherthanthat
ofothersampleswithlowerorhigherenergydensity.ThesamplesNo.1andNo.7havethelowest
crystallinity,theyare4.76%and5.95%respectively.Itmakesaconclusionthatthecrystallinityofthe
thinfilmincreasesfirstlyandthendecreaseswiththeincreaseoflaserenergydensity.Lowenergydensity
cannotmeltthethinfilmofsamplefully.Overhighenergydensitywillbreakthelatticestructureandthe
crystallinitywillbelower.Inthesamelaserenergyof0.3J/cm2,thesampleNo.5withlowlaserscanning
speedhasthehighestcrystallinity,about24.41%.Andinthesamelaserscanningspeedof0.05mm/s,the
crystallinityofthesampleNo.3withoutthermalannealingisveryclosetothatofthesampleNo.4with
thermalannealing.So,thethermalannealinghasnoobviousinfluenceonthecrystallinity,andthelow
scanningspeedof0.01mm/swillpromotethecrystallinity.Overall,afterPLM,crystallizationhappensin
amorphoussiliconfilms,anditshowspolycrystallinestructure.

Table2 Thecrystallinityofallsamples

Sample No.1 No.2 No.3 No.4 No.5 No.6 No.7
Crystallinity% 4.78 9.29 13.07 12.45 24.41 8.26 5.95

  Figure3showstheScanningElectronMicroscope(SEM)imageofsampleNo.5(0.3J/cm2)andNo.7
(0.4J/cm2)withdifferentlaserenergydensity.Itisclearthatthethinfilmofsamplewillbepeeled
partiallyafterPLM.ThethicknessoffilmofsampleNo.5decreasedfrom500nmto300nmaroundwith
laserenergydensityof0.3J/cm2.Whenthelaserenergydensityis0.4J/cm2,thefilmofsample(No.7)is
brokenalmostentirely.Sothecrystallinityofthinfilmofsamplewillbelowerwhenthelaserenergyistoo
high.

Fig.3 TheSEMimageofsamples

  Figure4showsthedepthprofilingpatternof
thesample(No.5)afterPLM measuredbyX-ray
Photoelectron Spectroscopy (XPS),the atom
concentrationandtheatompercentageoftitanium
ofsampleareshowninFigure4.Combinedwith
theresultofGIXRD,thethinfilmofsamplehas
nocompoundoftitanium.AfterPLM,theatom
percentageoftitaniumofsampleismorethan1%
intherangeofdepthof220nmaround,sothatthe
atomconcentrationoftitaniumdopinginsiliconis
morethan5×1020cm-3.Thisconcentrationof
titanium atomishigherthanthehyper-doping
concentration oftitanium in silicon.And the

Fig.4 Theatomconcentrationandtheatompercentageof
titaniumofsampleafterPLM
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thicknessofhyper-dopinglayerismorethan200nm.Furthermore,thedistributionoftitaniumatomis
veryhomogeneous.Thevariesrangeofconcentrationislessthan20%around.Obviously,themethodof
magnetronsputteringcombinedwithpulsedlasermeltingcaneffectivelyachievethehyper-dopingof
titaniuminsiliconwithhighthicknessofhyper-dopinglayerandhomogeneousdistributionoftitanium
atom.
2.2 Infraredabsorptionproperties

Fig.5showstheinfraredreflectivityofallsamplesandthemonocrystallinesiliconwaferwithout
coatinginthewavelengthrangeof1000~2000nm.Thereflectivityofallsamplesarelowerthanthatof
monocrystallinesiliconwafer.Whenthelaserenergydensityincreases,thereflectivityofthesamples
decreasesfirstlyandthenincreasesuntilitisclosetothatofsiliconwafer.Thereflectivityofsamples(No.
3~No.5)withlaserenergydensityof0.3J/cm2islessthanthatoftheothersampleswithlowerorhigher
energydensity.Inthesameenergydensity(0.3J/cm2),thethermalannealingmakesthereflectivityof
No.4higherthanothers(No.3andNo.5),andwhenthelaserscanningspeed(0.01mm/s)islow,the
reflectivityofthesampleNo.5isalsothelowestinallsamples.Figure6showstheinfraredtransmittivity
inthesamewavelengthrange.Thesituationissimilar.Thetransmittivityofsamplesislowerthanthatof
siliconwafer.Thetransmittivityofthesamples(No.3~No.5)withtheenergydensityof0.3J/cm2isthe
lowest,andthesampleNo.5withlowscanningspeed(0.01mm/s)hasthelowesttransmittivity.So,the
reflectivityandtransmittivityofallsamplesarelowerthanmonocrystallinesilicon.

Fig.5 Thespectraofthereflectivity Fig.6 Thespectraofthetransmittivity

  InFig.7,subtractingthelightabsorption
coefficient(α)ofsiliconfrom thatofsamples
obtainsthelightabsorptioncoefficientoftitanium-
dopedsiliconthinfilm.Theinfraredabsorptivityof
allthesamplesishigherthanthatofsiliconwafer
andthesamplewithoutPLM.Itcanbeseenmore
clearlythat,inthewavelengthlargerthan1200
nm,theinfraredabsorptioncoefficientofthethin
film layeris morethan 3×103 cm-1.The
maximum ofthelightabsorptioncoefficientis
closeto1.2×104cm-1.Whentheenergydensityis
0.3J/cm2,thelightabsorptioncoefficientofthe
samples(No.3~No.5)ishigherthanothers.The

Fig.7 Thelightabsorptioncoefficientofthethinfilm
waferofsamplesandsilicon

higherorlowerlaserenergyleadstolowerlightabsorptioncoefficient.Inaword,theinfraredabsorption
coefficientofthethinfilmlayerofsamplesincreasesfirstlyandthendecreaseswhenthelaserenergy
densityincreasesfrom0.2to0.4J/cm2,andtheabsorptioncoefficientreachthehighestwhentheenergyis
0.3J/cm2.

Inthesamelaserenergyof0.3J/cm2,thesampleNo.5withlowlaserscanningspeedof0.01mm/s
hasthehighestlightabsorptioncoefficientof1.16×104cm-1.Inthelaserscanningspeedof0.05mm/s,
theabsorptionofthesampleNo.4withthermalannealingisclosetothatofthesampleNo.3without
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thermalannealing,andthelightabsorptioncoefficientcurvesofNo.3andNo.4haveanintersectioninthe
wavelengthof1560nmaround.Suchrelationsshowthatthelightabsorptioncoefficientishigherwhenthe
laserscanningspeedis0.01mm/s.Moreover,thelightabsorptioncoefficientcurvesofsamples(No.1~
No.3,No.6~No.7)aremorehorizontalthanthosesamplesofNo.4andNo.5.Theabsorptioncoefficient
curvesofsamplesNo.4andNo.5haveadownwardtrendwhenthewavelengthisincreasing.

TheabsorptioncurvesofsamplesNo.4and No.5showclearlythattheadditionalabsorption
enhancementsoriginatefromthesub-band.Moreover,thereexistsdonorimpurityenergybandofEc-0.27
eVtoEc-0.26eVoftitaniuminsilicon[11].So,theenergygapwidthofthesub-bandofsampleshasbeen
calculatedtoverifytheexistenceoftheimpurityenergylevels.ThemethodofTaucPlotisusedto
calculatetheenergygapwidthofsub-band(Eg)[19].TheformulaofTaucPlotisgiven,whereαislight
absorptioncoefficientofsample,histheplank’sconstant,andvisthefrequencyofinfraredlight.Figure
8givestheplotofhvand(αhv)1/2ofthesampleNo.5.

αhν( )
1
2=A hν-Eg( ) (1)

  Extrapolatingthestraightlineofabsorption
edgeofthegraphtotheabscissaaxistoobtainthat
theenergygapwidthofsub-bandofsampleis0.89
eVaround.Thisvalueisveryclosetothedonor
impurityenergyleveloftheEc-0.26eVgenerated
fromtitaniumdopedinsilicon.Thisenergylevel
servesasa″ladder″toenhancetheabsorptionof
siliconforthelowerenergyinfraredphotons.So,
the infrared absorption coefficient of silicon
materialsbecomeshigher.Overall,theresults
showthatthedopingenergylevelexistsinthe
samples,andenhancestheinfraredabsorptionof
siliconthinfilmlayer.

Fig.8 ThegraphofTaucPlotmethodofthesample

2.3 Halleffectproperties
Table3showsHalleffectdata.Thecarrierconcentrationofallfilmsamplesoutclassesthatof

monocrystallinesilicon,andthesheetresistancelowerthanthatofsilicon.Titaniumisusuallytoplayasa
donorimpurityinsilicon,andthereforethemaincarrieriselectronandthecarrierconcentrationis
negative[20-21].Whenthelaserenergydensityincreases,thecarrierconcentrationwilldecrease.Forsamples
(No.3~No.5)withlaserenergydensityof0.3J/cm2,thecarrierconcentrationiscloseandhigherthan
thatofothersampleswithlowerorhigherlaserenergydensity.CombinedwithFigure7,thesampleNo.5
hasthehighestcarrierconcentrationandinfraredabsorptioninallsamples.Obviously,it’seasytoseethat
whentheinfraredabsorptioncoefficientofthesamplesincreases,thecarrierconcentrationwillshowan
increasingtrend.Forthesamples(No.3~No.5),thecarrierconcentrationismorethan5×1018cm-3.So,
theconcentrationoftitaniuminthesamples(No.3~No.5)isveryhigh.
Table3 Theelectricaldatasofsamplesandthesubstratesilicon,includingcarrierconcentration,mobility,andsheetresistance

Sample Carrierconcentration/cm-3 Mobility/(cm2·V-1·s-1) Sheetresistance/(Ω·□-1)

No.1 -2.82×1018 1.21×103 91.15
No.2 -1.55×1018 1.31×103 76.7
No.3 -7.12×1018 8.59×102 59.98
No.4 -6.26×1018 8.56×102 58.23
No.5 -8.43×1018 7.18×102 51.6
No.6 -3.84×1018 1.36×103 59.19
No.7 -2.81×1018 1.33×103 82.15
Silicon -5×1015 4.56×103 105.4
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3 Conclusions
Inthispaper,anewkindofhyper-dopingtechnologyisproposedtopreparetitaniumhyper-doped

siliconfilmsbycombiningmagnetronsputteringandpulsedlasermelting.Theresultsshowthatthe
crystallinityofsiliconfilmsisabout25%afterpulselasertreatment.Thetitaniumconcentrationofsample
ismorethan1% (about5×1020cm-3),higherthanthehyper-dopingconcentrationoftitaniuminsilicon.
Thethicknessofhyper-dopinglayerismorethan200nm,whichimprovessignificantlythanprevious
studies.Thedistributionoftitaniumatomisveryhomogeneousandtheconcentrationchangeislessthan
20%.Thismeansthatthisnovelhyper-dopingprocesscannotonlyachievehigherthicknessofdoping
layer,butalsocontroltheuniformityoftheimpuritiesatomsdopedinsilicon.Anditcanobtainthehyper-
dopedsiliconmaterialswithexcellentstructuralproperties,whichhasgreatsignificancefortheresearchof
theimpurityintermediateband materials.Furthermore,theinfraredabsorptionofthinfilmsamples
isenhancedobviouslyinwavelengthlargerthan1100nm.Thehighestlightabsorptioncoefficientisabout
1.16×104cm-1.Thesamplesshowasub-bandwiththeenergygapwidthof0.89eV.Obviously,thegood
performanceofdopinglayercanpromotetheinfraredabsorptioneffectively,anditformstheimpurity
intermediatebandinsiliconmaterial.Thetitanium-dopedsiliconfilmswithgoodphotoelectricproperties
arehopefullyusedinphotoelectricdevices.
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