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Epitaxial Si ���	� C� films were grown on Si(001) by chemicalvapor deposition(CVD) at substrate

temperaturesof around200


C. SiH� diluted with H� was usedas a reactantgasand C� H� , CH� or

SiH� (CH )� were adoptedas a C sourcegas. The vibration modeat 607cm��� , which indicatedthe

presenceof the C atomslocatedat the Si substitutionalsites,wasobserved in both Fourier transform

infraredabsorptionandRamanscatteringspectroscopyof the samplesannealedat 600 to 700


C. The

C compositionwascontrolledby varying the C-sourcegas/SiH� ratio. The maximumsubstitutionalC

compositionsof 3.5at.% wassuccessfullyobtained.

TheensembleMonteCarlosimulationpredictedthatthelow-field electronmobility of tensile-strained

Si��� ��� C��� ��� is 1.3 timeshigherthanthatof Si. Furthermore,thestraineffect on theelectrontransportis

moreobviousin thevelocity-overshootphenomenon.

1 Intr oduction

Recently, the groupIV alloys suchasSi ��������� Ge� C� andSi ����� C� have attractedattentionbecause

they arepotentialnew materialswhich openbandgapengineeringin Si technology. Furthermore,the

challengeof improving device performanceis carriedout by enhancementof carrier transportin MOS

channelby usingSi ���	� Ge� /strainedSi structure[1]. In this paper, we focuson theSi/strainedSi ���	� C�
structuresinceSi ���	� C� hasseveral advantagescomparedto Si ���	� Ge� : We canselectmany kinds of

hydrocarbongasas a C sourcefor epitaxy of Si ���	� C� and they are not toxic, while GeH� which is

usuallyusedasa Gesourcein GS-MBE(gas-sourcemolecularbeamepitaxy)is toxic gas.Furthermore,

thethermalconductivity of Si ���	� Ge� is inferior to thatof Si [2].

However, the growth of C-containingepitaxial alloy is difficult due to the very low solid solubility

of C in Si. Previous methodsfor depositingepitaxialSi ��������� Ge� C� andSi ���	� C� , suchasMBE and

ultrahigh-vacuumchemicalvapordeposition(UHV-CVD), realizedSi alloyswith only 1–2at.% C [3, 4,

5, 6]. To date,we have studiedtheepitaxialgrowth of Si by mercurysensitizedphoto-CVD[7], plasma-

CVD [8] andHW-CVD [9] at substratetemperatureslower than200


C. Sincethe epitaxialgrowth of

Si by thesemethodsproceedsundernon-thermalequilibrium conditions,heavy dopingcanbe realized

without thesolid solubility limitation [10, 11]. In this study, we appliedthesemethodsto thegrowth of

Si ���	� C� alloy. We firstly describethe electronmobility enhancementsin tensile-strainedSi ���	� C� by

usingMonteCarlosimulationthendemonstratetheepitaxialgrowth of Si ���	� C� by photo-andplasma-

CVD.



2 Calculation of electron mobility in strained Si����� C� by Monte

Carlo simulation

Figure1 shows schematicillustrationsof the crystallattice for strainedSi ���	� C� on Si, andthe sub-

sequentenergy splitting of theSi ���	� C� conductionbandedge.Becausetheequilibriumlatticeconstant

of Si ���	� C� is smallerthanthatof Si, a pseudomorphiclayer of Si ���	� C� grown on Si is underbiaxial

tension.Thestrainlifts thesixfold degeneracy in theconductionbandandlowersthetwo perpendicular

valleys (labeled � in Fig. 1) with respectto the four in-planevalleys ( � ). Electronsareexpectedto

preferentiallyoccupythe lower-energy  � valleys, reducingtheeffective in-planetransportmass.The

energy splitting alsosuppressesintervalley phonon-carrierscattering,increasingthe electronlow-field

mobility.
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Fig. 1: Schematicillustrationsof strainedSi ���	� C� .

To studyin-planeelectrontransportin thestrainedundopedSi ���	� C� layergrown on theSi (001)sub-

strate,weusedanensembleMonteCarlosimulation.Conductionbandstructureandphysicalparameters

of theSi ���	� C� alloy wereassumedto bethesameasthoseof Si sincethecarbonfraction � in thepresent

studywasassmall as1at.%. Acousticphonon,intervalley ! - and " -type phononscattering,were in-

cludedin thepresentmodelandalloy scatteringwasneglectedin thecalculation.Thevelocity-fieldand

velocity-timecharacteristicsareshown in Figs.2 (a) and(b), respectively. Thetemperatureandthecar-

bonfractionwasassumedto be300K and1 at.%, respectively. Thelow-field electronmobility of Si is

1200cm� /Vs while thatof strainedSi��� ��� C��� �#� is 1600cm� /Vs, asshown in Fig. 2 (a). Furthermore,the

velocity-overshooteffect is enhancedin thestrainedSi ���	� C� .

Thesesuperiorfeaturesof strainedSi ���	� C� causethe improvementof device performancenot only

submicronbut alsodeepsubmicronMOSdevice. Next, wewill describetheepitaxialgrowth of Si ���	� C� .

3 Experimental

Epitaxial Si ����� C� films weregrown by CVD methodsusinga gasmixture of SiH� andH� . The C

additionwascarriedoutusingC� H� , CH� or SiH� (CH )� . In thisreport,wemainlydescribetheepitaxial

growth with C� H� gas. For the mercurysensitizedphoto-CVD method,the light sourcewasa low-

temperatureHg lampradiating254nm(40mW/cm� ) and185nm(lessthan10mW/cm� ) resonancelines.

TheSiH� flow ratewasmaintainedat10sccm.H� andC� H� flow rateswere3–40sccmand0–0.1sccm,
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Fig. 2: Electrontransportpropertiesof strainedSi ���	� C� .

respectively. Thesubstratetemperaturewas225


C. For theplasma-CVDmethod,theelectrodedistance

of 40mmandRFplasmapowerof 127mW/cm� wereused.TheSiH� flow ratewasmaintainedat2sccm.

H� andC� H� flow rateswere17–160sccmand0–0.1sccm,respectively. Thesubstratetemperaturewas

210


C. For both methods,thefilms weregrown on floatingzone(FZ) n-typeSi(100)substrateswhich

werecleanedin organicsolvents,etchedby 20% hydrofluoric(HF) acid andrinsedin deionized(DI)

waterfor ex situ preparation.No in situ treatmentswerecarriedout. Thegrowth ratewasabout0.1nm/s

andthefilm thicknesswasabout200nm.

Theepitaxialgrowth wasconfirmedby reflectionhigh-energy electrondiffraction(RHEED).Theop-

tical andstructuralpropertiesweremeasuredby Fouriertransforminfraredabsorptionspectroscopy(FT-

IR), Ramanscatteringspectroscopyandhigh-resolutionX-ray diffractometry(HRXRD) usingcopper

K ( X-rays. The distribution of the elementswithin the films wascharacterizedby secondaryion mass

spectroscopy(SIMS).

4 Resultsand Discussion

Figure3 shows thedependenceof thefilm structureon both theflow rateratio of C� H� to SiH� and

theflow rateratioof H� to SiH� . Thesolid linesin thefigureindicatetheepitaxial-amorphousboundary

of the film structure. It wasshown in our previous work that atomichydrogenwasrequiredfor low-

temperatureSi epitaxy[7]. Thus,the resultshows thatmoreH� dilution is requiredfor epitaxyby the

two CVD methodswith increasingC additionandthattheamountof H atomsin thegasphaseor on the

growth surfaceis reducedby reactionswith C-basedradicalsgeneratedfrom C� H� .

TheIR spectraof theas-grown andannealedsamplesgrown by plasma-CVDwith a C� H� /SiH� ratio

of 0.005areshown in Fig. 4. It is well known thatavibrationmodeat607cm��� , indicatingC atomsatthe

Si substitutionalsites,is observedin theSi ����� C� alloy [12]. An IR peakat 1950cm�)� originatingfrom

theSi-H� configurationis observedin theas-grown sample.This IR peakdisappearsin thefilm annealed

at500


C, indicatingthedesorptionof H atomsfrom thefilm. This IR observationcorrespondswell to the



Fig. 3: Dependenceof film structurebothon theC� H� /SiH� andon H� /SiH� .

XRD results,asindicatedbelow. TheC vibrationmodeat 607cm��� is observed in theannealedsample

but not in theas-grown sample.TheRamanspectraalsoshow the samevibration modein thesamples

annealedat 600


C, indicatingthat part of the incorporatedC atomsarelocatedat the Si substitutional

sites.

TheXRD (004)spectraareshown in Fig. 5. It is expectedthattheC incorporationinto theSi layerwill

decreasethelatticeconstant.However, theXRD peakof theepitaxialSi ���	� C� films is shiftedto a lower

degreecomparedto the peakof the substrate.In our previous work, we found that the lattice of low-

temperatureSi epitaxialfilm is expandedby incorporatedH atomsin thecenterof theSi-Si bond[13].

This is dueto increasingH incorporationwith increasingtheadditionof C� H� . In orderto desorbtheH

in thefilms, wecarriedout thermalannealingin N� atmosphere.TheXRD peakpositionsof theepitaxial

Si ���	� C� layerandthesubstrateareof thesameorderafterannealingat500


C. Theseresultsindicatethe

desorptionof H atomsin theSi-Si bondby annealing.TheXRD patternof thelayerannealedat 700


C

revealsthatthelatticeconstantis smallerthanthatof Si.

The lattice constantof the annealedSi ���	� C� layer decreaseswith increasingC� H� /SiH� ratio, as

shown in Fig. 6. Theformationof Si ���	� C� alloy is confirmedfrom theseresults.Wehave obtainedsimi-

lar FT-IR, RamanspectraandXRD measurementresultsfor thesamplesgrown by photo-CVD.Thesub-

Fig. 4: IR spectraof theas-grown andtheannealedsamplesgrown by plasma-CVD.



Fig. 5: XRD(004)spectraof Si ����� C� asa func-

tion of annealingtemperature.

Fig. 6: XRD(004) spectraof annealedSi ���	� C�
asa functionof C fraction.

stitutionalC compositionswerecalculatedconsideringthestrainin thefilms usingVegard’s law, which is

basedonthelatticeconstantsof Si and3C-SiC.ThemaximumsubstitutionalC compositionsof about2.3

at.% and2.7 at.% wereobtainedby themercurysensitizedphoto-CVDandplasma-CVD,respectively.

Furthermore,weobtainedC fractionof 3.5at.% with SiH� (CH )� asaC sourcegasby plasma-CVD.We

ascertainedthat thecrystallinity of theseannealedsampleswasalsoepitaxialby RHEEDobservations,

which revealedstreakpatterns.Theratio of thesubstitutionalC compositioncomparedwith thetotal C

compositionestimatedby SIMSwasabout50–70%.

5 Summary

Si ���	� C� films weregrown onSi(001)by mercurysensitizedphoto-CVDandplasma-CVDatsubstrate

temperaturesof around200


C. We foundthat the hydrogendilution ratio requiredfor epitaxialgrowth

increasedwith increasingthe C� H� /SiH� ratio. FT-IR andRamanspectraof the samplesannealedat

600–700


C showed the C local vibration modeat 607cm�)� , indicatingthat part of the C atomswere

locatedat theSi substitutionalsite. XRD patternsrevealedthat thelatticeconstantof thelayerannealed

at700


C wassmallerthanthatof Si. Theformationof Si ���	� C� alloy wasconfirmedfrom theseresults.

Controlof theC compositionwasachievedby varyingtheC� H� /SiH� ratio. Themaximumsubstitutional

C compositionsof 3.5at.% wassuccessfullyobtainedby plasma-CVDwith SiH� (CH )� gas.

References

[1] K. Rim, J.L. Hoyt andJ.F. Gibbons:IEEE Trans.ElectronDev. 47 (2000)1406.

[2] J. P. Dismukes,J.Ekstrom,E. F. Steigmeier, I. KudmanandD. S. Beers:J.App. Phys.35 (1964)

2899.

[3] H. J.Osten,J.GriescheandS.Scalese:Appl. Phys.Lett. 74 (1999)836.



[4] A. C. MocutaandD. W. Greve: J.Appl. Phys.85 (1999)1240.

[5] K. B. Joelsson,W. Ni, G. Pozina,L. HultmanandG. V. Hansson:Vacuum49 (1998)185.

[6] J.L. Hoyt, T. O. Mitchell, K. Rim, D. V. SinghandJ.F. Gibbons:Thin SolidFilms 321(1998)41.

[7] T. Oshima,A. YamadaandM. Konagai:Jpn.J.Appl. Phys.36 (1997)6481.

[8] Y. Jia,T. Oshima,A. Yamada,M. KonagaiandK. Takahashi:Jpn.J.Appl. Phys.32 (1993)1884.

[9] T. Watahiki,A. YamadaandM. Konagai:J.Cryst.Growth 209(2000)335.

[10] A. Yamada,Y. Jia,M. KonagaiandK. Takahashi:Jpn.J.Appl. Phys.28 (1989)L2284.

[11] T. Oshima,K. Abe,A. YamadaandM. Konagai:Jpn.J.Appl. Phys.34 (1995)L1425.

[12] M. Meléndez-Lira,J.D. Lorentzen,J.Menéndez,W. Windl, N. G. Cave,R. Liu, J.W. Christiansen,

N. D. TheodoreandJ.J.Candelaria:Phys.Rev. B 56 (1997)3648.

[13] K. Abe,T. Watahiki,A. YamadaandM. Konagai:Jpn.J.Appl. Phys.37 (1998)1202.


