Strained Si;_,C, Thin Films on Si grown by Chemical Vapor Deposition
—new approachegoward high speedMOS devices—
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Epitaxial Si;_,C,, films were grovn on Si(001) by chemicalvapor deposition(CVD) at substrate
temperature®f around200°C. SiH, diluted with H, was usedas a reactantgasand CoHy, CH, or
SiH,(CHs), were adoptedas a C sourcegas. The vibration modeat 607cm™!, which indicatedthe
presencef the C atomslocatedat the Si substitutionalsites,was obsered in both Fourier transform
infrared absorptionand Ramanscatteringspectroscopyf the samplesannealecat 600to 700°C. The
C compositionwas controlledby varying the C-sourcegas/SiH ratio. The maximumsubstitutionalC
composition®f 3.5 at.% wassuccessfullyobtained.

Theensemblévionte Carlosimulationpredictedthatthe low-field electronmobility of tensile-strained
Sig.09Co.01 is 1.3timeshigherthanthatof Si. Furthermorethe straineffect on the electrontransportis
moreohviousin the velocity-overshootphenomenon.

1 Intr oduction

Recently the group IV alloys suchas Si; _«_,Ge,C, andSi;_,C, have attractedattentionbecause
they are potentialnew materialswhich openbandgapengineeringn Si technology Furthermorethe
challengeof improving device performances carriedout by enhancemendf carriertransportin MOS
channeby using Si; _, Ge,/strainedSi structure[1]. In this papeywe focuson the Si/strainedSi; _, C,,
structuresince Si;_,,C, hasseveral advantagescomparedo Si;_,Ge,: We canselectmary kinds of
hydrocarbongasas a C sourcefor epitaxy of Si;_, C, andthey are not toxic, while GeH, which is
usuallyusedasa Ge sourcein GS-MBE (gas-sourcenolecularbeamepitaxy)is toxic gas.Furthermore,
thethermalconductvity of Si;_,Ge, is inferior to thatof Si[2].

However, the growth of C-containingepitaxial alloy is difficult dueto the very low solid solubility
of Cin Si. Previous methodsfor depositingepitaxial Si; —x—,Ge,C, andSi,_,C,, suchasMBE and
ultrahigh-vacuumchemicalvapordeposition(UHV-CVD), realizedSi alloyswith only 1-2at.% C [3, 4,
5, 6]. To date,we have studiedthe epitaxialgrowth of Si by mercurysensitizegphoto-CVD[7], plasma-
CVD [8] andHW-CVD [9] at substratdéemperaturesower than200°C. Sincethe epitaxial gronth of
Si by thesemethodsproceedsindernon-thermalequilibrium conditions,heary doping canbe realized
without the solid solubility limitation [10, 11]. In this study we appliedthesemethodsto the growth of
Si;_,C, alloy. We firstly describethe electronmobility enhancementis tensile-strainedi; —,C, by
usingMonte Carlo simulationthendemonstrat¢he epitaxialgrowth of Si; _,C, by photo-andplasma-
CVD.



2 Calculation of electron mobility in strained Si,_,C, by Monte
Carlo simulation

Figure1 shavs schematidllustrationsof the crystallattice for strainedSi; _,C, on Si, andthe sub-
sequenenegy splitting of the Si; _, C,, conductionbandedge.Becausehe equilibrium lattice constant
of Si;_, C, is smallerthanthatof Si, a pseudomorphitayer of Si;_,C, grown on Si is underbiaxial
tension.The strainlifts the sixfold degenerag in the conductionbandandlowersthetwo perpendicular
valleys (labeledA, in Fig. 1) with respecto the four in-planevalleys (A4). Electronsare expectedto
preferentiallyoccupythe lowerenegy A, valleys, reducingthe effective in-planetransportmass. The
enepy splitting also suppresseitenvalley phonon-carrieiscattering,increasingthe electronlow-field
mobility.
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Fig. 1: Schematidllustrationsof strainedSi; _,C,,.

To studyin-planeelectrontransportin the strainedundopedsi; _,C, layergrown onthe Si (001) sub-
strate we usedanensemblévionte Carlosimulation.Conductiorbandstructureandphysicalparameters
of theSi, _, C, alloy wereassumedo bethe sameasthoseof Si sincethecarborfractiony in thepresent
studywasassmall as1at.%. Acousticphonon,intenalley f- and g-type phononscatteringwerein-
cludedin the presenimodelandalloy scatteringvasneglectedin the calculation. The velocity-fieldand
velocity-timecharacteristicareshavn in Figs. 2 (a) and(b), respectrely. Thetemperaturendthe car
bonfractionwasassumedo be 300K and1 at.%, respectiely. Thelow-field electronmobility of Si is
1200cn?/V's while thatof strainedSig.g9Co.o1 is 1600cm?/Vs, asshawvn in Fig. 2 (a). Furthermorethe
velocity-overshooteffectis enhancedh thestrainedSi; _,C,.

Thesesuperiorfeaturesof strainedSi;_,C, causetheimprovementof device performancenot only
submicrorbut alsodeepsubmicrorMOS device. Next, we will describeheepitaxialgrowth of Si;_, C,,.

3 Experimental

Epitaxial Si;, C, films weregrown by CVD methodsusinga gasmixture of SiH, andH,. TheC
additionwascarriedoutusingCsHsz, CH,4 or SiH2(CHs)2. In thisreport,we mainly describeheepitaxial
grownth with CoH, gas. For the mercury sensitizedphoto-CVD method,the light sourcewasa low-
temperaturélg lampradiating254nm (40mw/cn?) and185nm (lessthan10mw/cn?) resonancéines.
The SiH, flow ratewasmaintainedat 10sccm.H, andCsHs flow rateswere3—40sccmand0-0.1scem,
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Fig. 2: Electrontransporipropertiesof strainedSi; _,C,,.

respectiely. Thesubstrateemperaturevas225°C. For the plasma-CVDmethod the electrodedistance
of 40mmandRF plasmapawer of 127mW/cn? wereused.The SiH, flow ratewasmaintainedcat2 sccm.
Hs andC,H- flow rateswere17—-160sccmand0-0.1sccm,respectrely. The substratéemperaturavas
210°C. For both methods the films were grown on floating zone(FZ) n-type Si(100) substratesvhich
werecleanedin organic solvents,etchedby 20% hydrofluoric (HF) acid andrinsedin deionized(Dl)
waterfor ex situ preparationNo in situ treatmentsverecarriedout. The growth ratewasabout0.1nm/s
andthefilm thicknessvasabout200nm.

The epitaxialgronth wasconfirmedby reflectionhigh-enegy electrondiffraction (RHEED). The op-
tical andstructuralpropertiesveremeasuredby Fouriertransforminfraredabsorptiorspectroscopy-T-
IR), Ramanscatteringspectroscopyand high-resolutionX-ray diffractometry(HRXRD) using copper
K. X-rays. The distribution of the elementswithin the films wascharacterizedy secondaryon mass
spectroscopySIMS).

4 Resultsand Discussion

Figure3 shaws the dependencef thefilm structureon boththe flow rateratio of C,H- to SiH, and
theflow rateratio of Hs to SiH4. Thesolidlinesin thefigureindicatethe epitaxial-amorphouboundary
of the film structure. It was shawvn in our previous work that atomic hydrogenwas requiredfor low-
temperatureSi epitaxy[7]. Thus,theresultshavs that more Hs dilution is requiredfor epitaxy by the
two CVD methodswith increasingC additionandthatthe amountof H atomsin the gasphaseor onthe
growth surfacds reducedoy reactionswith C-basedadicalsgeneratedrom CoHs.

ThelR spectraof theas-gravn andannealedamplegyronvn by plasma-CVDwith a CoHs/SiH, ratio
of 0.005areshavnin Fig. 4. It is well known thatavibrationmodeat607cm~—1, indicatingC atomsatthe
Si substitutionakites,is obseredin the Si;_,,C, alloy [12]. An IR peakat 1950cm™! originatingfrom
the Si-H,. configurations obseredin theas-gravn sample This IR peakdisappeari thefilm annealed
at500°C, indicatingthedesorptiorof H atomsfrom thefilm. ThisIR obsenationcorrespondsvell to the
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Fig. 3: Dependencef film structurebothonthe C;H»/SiH, andon Ha/SiHy.

XRD results,asindicatedbelov. TheC vibrationmodeat 607cm™! is obseredin theannealedample
but not in the as-gravn sample. The Ramanspectraalsoshav the samevibration modein the samples
annealedat 600°C, indicatingthat part of the incorporatedC atomsare locatedat the Si substitutional
sites.

TheXRD (004)spectraareshovnin Fig. 5. It is expectedhatthe C incorporationinto the Si layerwill
decreasthelattice constantHowever, the XRD peakof theepitaxialSi,_, C,, films is shiftedto alower
degreecomparedo the peakof the substrate.In our previous work, we found that the lattice of low-
temperatureSi epitaxialfilm is expandedby incorporatecH atomsin the centerof the Si-Si bond[13].
Thisis dueto increasingH incorporationwith increasinghe additionof CoHs. In orderto desorbtheH
in thefilms, we carriedoutthermalannealingn N, atmosphereThe XRD peakpositionsof the epitaxial
Si;_,C, layerandthesubstrateareof the sameorderafterannealingat 500°C. Theseresultsindicatethe
desorptiorof H atomsin the Si-Sibondby annealing.The XRD patternof the layerannealedt 700°C
revealsthatthe lattice constanis smallerthanthatof Si.

The lattice constantof the annealedSi;_,C, layer decreasesvith increasingC,H»/SiH, ratio, as
shavnin Fig. 6. Theformationof Si;_,C, alloy is confirmedfrom theseresults.We have obtainedsimi-
lar FT-IR, Ramanspectraand XRD measuremenesultsfor thesampleggrovn by photo-CVD.Thesub-
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Fig. 4: IR spectraof theas-gravn andtheannealegamplegrown by plasma-CVD.
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Fig. 5: XRD(004) spectraof Si; _, C, asafunc- Fig. 6: XRD(004) spectraof annealedSi; _,C,
tion of annealingemperature. asafunctionof C fraction.

stitutionalC compositionsverecalculatecconsideringhestrainin thefilms usingVegards law, whichis

basednthelatticeconstant®f Siand3C-SiC.The maximumsubstitutionalC composition®f about2.3
at.% and2.7 at.% wereobtainedoy the mercurysensitizedbhoto-CVDandplasma-CVD respectiely.

Furthermorewe obtainedC fractionof 3.5at.% with SiHy(CHj3)» asa C sourcegasby plasma-CVDWe
ascertainedhat the crystallinity of theseannealedsamplesvasalsoepitaxialby RHEED obsenations,
which revealedstreakpatterns.The ratio of the substitutionalC compositioncomparedvith thetotal C

compositiorestimatedy SIMS wasabout50-70%.

5 Summary

Si;_, C, films weregrown on Si(001)by mercurysensitizegphoto-CVDandplasma-CVDatsubstrate
temperaturesf around200°C. We found thatthe hydrogendilution ratio requiredfor epitaxialgrowth
increasedwith increasingthe CoH»/SiH, ratio. FT-IR and Ramanspectraof the samplesannealedat
600-700C shaved the C local vibration modeat 607cm™!, indicatingthat part of the C atomswere
locatedat the Si substitutionakite. XRD patterngevealedthatthe lattice constanbf thelayerannealed
at700°C wassmallerthanthatof Si. The formationof Si; _, C, alloy wasconfirmedfrom theseresults.
Controlof the C compositiorwasachiezedby varyingthe CoH»/SiH, ratio. Themaximumsubstitutional
C composition®f 3.5 at.% wassuccessfullyobtainedby plasma-CVDwith SiH,(CHs)2 gas.
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