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Abstract

This thesismakes a systematic study of the physical

propertiesofsmallsemiconductorI凪rticlesofSiandGewitha

unified standpintoverlapplngthesmallf凪rticlearida∬氾rPhous
●

semiconductor.ThereareTnaintvo叩 SeSOfthisthesisWork:

Oneistoinvestigate finite-sizeeffectson thevibrational

mdesinnonpolarsemiconductors.Theotheristocontributeto

thestdyofthestructureofamorrhousSiandCk.

Theinvestigation iscarried outbyusing触 ぬn scattering

s阿 trOSCOPy incombinationwithelectronmicroscopy.The触 I

sI治etrafromthegas-evapratedSif払rticlesWith free tDundAry

conditions are measured for the first time. The structural

changesofthe Siand Ge particles in thin filmsare detected

zmdamlyZedbythe触 陀m SCatteringmeasurementssueeessftnly.

■
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TheauthorfirstdemonstratesthattheSiparticlesassmall
●

as100Ashowan amorphous-likebroad細 めnSpectrumeventhough

theirstructqre iscrystalline.Theparticlesizedistribution,

theelectrondiffractionpatterns,thesizedependenceofthe
払出岨nSpectrumarealsodiscussed.ThestructureoftheSif旭∫-

ticlesischeckedbythermalamealingandlaserirradiationex-

periments.

Astructuralchangeofevap ratedSifilmsi血 edbyther一

malamealingisprobdby触 蛤nSCattering.Thetwo-stepstruc-

turalchangewithtwoactivation energiesisobservedforthe

firsttime.Thelowenergyobtainedisthelowestvalueinthose

reprted previously.The地皿m SCatteri噌 Stuly isextended to

glowJischarge-depositedSifilms.Somecomentsaregivenon

thetheoreticalstudiesdealingwiththefinite-sip:eeffects,

arxlitispintedoutthatthelackofpropertheoryatpresent.

TheRamandepolari21ation ratio ofsmallSiparticles is

measuredforthefirsttime.Theresultshowsthat仙 concepts

are inoperative to the small Siparticles,and the broad
am rrhous-likes野 Ctradonotmeanthecontinuousrzmdomnetwork

structureormolecular-likeCluster.

Germaniumf凪rticlesbthwith freetntmdzLry COnditionsar°

inthinfib aresttdiedbyusingthesameanalyticalmethodas

used fortheSiparticles.Thetwo-StepChangesareobserved

showing thesimilaritiesbtweenSiとmdGe.Possiblemechanisms

ofthetwo-Stepstructuralchangearediscussedbased on the

microcrystallinemodelinstead ofthecontinuousrandomnetwork

血 eュ.
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Chapter 1

Introductory Remarks

1.1 SmallParticleStdy

lnourdailylife,WeliveinavarietyofpdereLndsTTnll

f温rticles.Theraintx仰,tihichoccursduetolightscatteringby

atmosphericprticlesofraind.Tops,isoneofthemost impres-
sive phenomena innature.Ourmdernlifeisalsosurroundedby

theindustrialfacilitiesutili2;ingpotJderorsmallparticles･

Forexample,blackpotJdersareindispensabletoanelectronic
copler,and smallmagneticparticlesareapplied tomedia of

magneticrecorders.Inaddition,smallparticlesexistnotonly

ontheearthbutalso in interstellarspace.An interstellar

dust,thesmallparticlessparselypopulatingtheregionsbe-
tween stars,tellsusvaluable information on the birth and

groIJth of stars. Thusa great interest in the small particles

spreadsoverengineersand scientistsfromasurprising variety

ofdisciplines; electrical engineering,solid-sate physics,

chemistry,astronomy,meteorology,zmdbiophysics.

Inordertotreatthesmallparticlesinawidefield,itis

necessarytorevealthefundamentalnatureofthe smallpar-

ticles.Atpresent,however,wearefarfromthefullunder-

std ing ofthenatureoftheparticles.Thedifficulty to un -

derstwd the variousprope rtiesofthe small阿 ticles results

fromtheirsmallersizethan ausualsi21eOfbulkmatter.

Sincethepropertiesofbulkmatterareknovntodiffercon-

siderablyfromtheatomsofwhichitiscompsed,itisexpected
thatatsomestage inthefragmentationofabulkmatterits

propertiesbgintochangedrastically.Thusitisdesired to

constructnewtheoreticalconceptsandexprinentaltechniques
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fortheresearchon thesmallparticles.Now a new field in

solid state physics grotJS aiming to study the physical

properties of solids smaller than l FLm in sip:e,Which are

calledbyvarioustermssuchassmallparticles,ultrafineI迫r-

ticles,microerystals,nzmocryst息Ilitesormicrocryst且Ilites.

工nspiteofthedifficultyintreatingtheoreticallyandex-

perimentally,thesttAyofseatteri噌 andabsorptionoflightby
smallf凪rticlesisoneofthemostsuccessfulfield.Becausethe

scattering zmd absorption oflightby sTnall metallic f凪rticles

result in thebrilliantcolorsofstained glassesltheoptical
propertiesofsmallparticleshaveben the subject of intense

investigations froththe latenineteenth century.1)A wide

varietyofopticalspectra ofsmall‡凪rticlescan 也 explained

in tens of special electromagnetic oscillation in thepar-

ticles,called electromagnetic surface modes or surface

plaritons.2) TYleCOnCeptOfthesurfacepIaritonsisextended

tootherparticles such assemiconductorones,and hasbeen

successful in explaining experimental results.For example,
Ibyashi3) hassummariZ:edthetheoriesofthesurfacenodesin

thesmallparticlesandhasshowedhowthesurfacemdescanhe

identifiedexperimentallyforinfrared srxectraofMP particles

zmd蝕打阻nS匹CtraOfGapI温rticles.

Itisnotedthatthesuccessofsurfacemi esinsemiconduc-

torf迫rticles islimitedtosmallioniccrystals.Thenotionof

electromagneticsurfacemodesisvalid only forpolarphonon

mdes.Howeverinthesemiconductorf払rticlesnonplarmaterials

suchasSiandGeareveryimrx3rtanttm auSefinite-si2:eeffects

on the nonpolar particlesmust be clarified to reali2:e

mier∝leviees.Thereforthevibrationalandopticalproperties

hasbenthesubjectofratherintenseinvestigationsinrecent

2



years●

1.2 Amorphou革SemiconductorSttRiy

Amorphousmaterials,minlyoxideglasses,areabuldwtas

muchassTnallparticlesinnature.Beforethelasttwodecades,
theinterest in amorphousmaterialshas lain in the ther-

modynamiealandstructuralaspectsasasolid in thevitreous

statesorthequantun statisticalstudiesasarandomnetwork

system.Nowmuchattention isdevotedto amorphousmaterials,
mainlyamorphoussemiconductors,from viewpintofsolid state
physicsaimed for thepracticalapplication to electronic

devices.

Thisdrastic change results from thediscovery of the

valency controllability in glow-discharge-produced amorphous

siliconbySpearand LeComber in 1975.4) Since then,a con-
siderableamountofintensiveinvestigationshasbeencarried

outonthepreparationtechnology,theelectronicpropertiesof
amorphoussiliconand relatedTTnterialS.Nowadaysintensiveef-

fortshaveproducedvariouspracticaldevicesutilizing amor-

phoussiliconsuchaslow-costsolarcells,thin filJrLStransis-

tors,andintegratedphotosensors.

Fortheamorphoussiliconaswellastheotheramorphous

materials,thechemicalbrdingstructureisoneofthemostim-

rx)rtantprO野rtytOClarifythet鼠Sicnature.The血 血ing con-

figurationshavebeninvestigatedbythevibrationalproperties

throughRamanand infrared spectroscopy.In fact,thevibra一
七ionalmodes measured in Raman and infrared spectra have

revealedthelocalbondingenvironmentandtheroleofincor-

poratedatoms.5-7) Theobservationobtainedbythevibrational

sttdyhascontributedeffectivelytoward improvingthedevice

3



eharaeteristic.

Althoughamorphoussemiconductorshavebenusedsuccess-

fullyintheapplicationfield,thereisacontroversyinafun-

由 皿entalaspectofthestructuralmdels.Aconflicttxtweenthe

twomdels,i.e.amicrocrysta11inemi elandacontinuousran-

domnetworkmodel,hasbenmade.Itseemsthatthecontinuous
random network modelhas generally been favored in Western

papers.Howeverafewanalysesinfomativedataobtainedby,
mainly,high-resolutiontransmissionelectronmieroscopyhave

supported themicrocrystallinemodel.8･9) Thereforfurther

studiesaredesiredtoconfinnthestructuralmi elsbyusi噌 a

varietyofe¥perimentalmeth∝k andtheoreticalapproach.

1.3 Scope ofthePresentWork

Asmentioned intheprecedingsections,investigationsof
boththefinite-sizeeffectsonphysicalpropertiesofsmall

particlesandthestructureofamorphoussolidsareizTIPrtant

for not only a basic research but alsoan applied field.

However,upto thistime,nooneconsidered incormeetionWith
thesmallsemiconductor-f払rticlestudyandtheamorphoussemi-

conductorstdy.Ⅵle authorpintedoutforthefirsttimethat

thestudiesoverlappingtheabovetwo fieldsarepossibleby

considering smallparticlesormicrocrystals fornonplarsemi-

co血 tors,SiandGeelements.
TherMrPSeOfthisthesisworkistocarryoutasystematic

investigation on smallsemiconductorparticlesand amorphous

semiconductorswithaunified standpint.Aconsiderableeffort

isf凪idtoinquireintotheappearameoffinite-sip:eeffectsof

Siand Ge substwcesonthevibrationalproperties.Thevibra-

tionalproperties.areexaminedexperimentallyby,mainly,using
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Raman scatteringmeasurement.Thevibrationalmodesarealso

usedtoanalyzethestructuralchangesofSiandGefilms.

InchaptPr 2,theauthorgivesthepreparation methd and

thef温rticle-si2;eanalysisofgas-evaprated smallsiliconpar-

ticles.Theparticle-sizedependenceof触 ISpectraOftheSi

particlesisdiscussed in_cormectionwiththeirelectrondif-

fractionpatterns.10･11) Thencharie£intheRam spectrum in-

ducedbythermalamealingorlaserirradiationareexamined to

clarifythestructureoftheSif凪rticles.12-15)

Chapter3dealsWiththesmallSiparticlesinthin films.

Changes in the Raman spectra of evaporated14･16) and glow-

dischargedep⊃sited l?) thinSifilmsarediscussed in terms of

thepeak frequencyar° linewidthofaTO-likemodeandavolume

fractionofcrystallinity.TheeffectsofthermlIm ealing for

theevaporatedfilmsandofthedepositioncondition点forthe

glovdischargedepsited film on themuぬn Spectra giveus the

structuralinfom tionoftheSifilJnS.

Inchapter4,acomprativesttdyofSiparticlesandfilms
isgivenbyusingthemeasurementoftheRamandepolarization

ratio.18)Theresultpresented inthischaptershowsthatthe

plari2:ationpropertiesoftheSifilmsarenot interpreted by

thecontinues random networkmdeltut favor themicroerysta1-

1inemcxlelinstead.

Inchapter 5, the investigationdealingwith the sTTnll Si

particlesisextendedtosmallgemaniumparticles.19･20)The

sane analyticalproceduresasused fortheSiparticlesareap-

plied to the structural interpretation of Ge particles and

films.Theresultsobtained inthischapteragreewith those

describdintheprecedingchapters.

Inthefinalchapter,someconclusionsobtainedthrough this

5



thesisworkaresummarized.
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Chapter2

Gas-EvaporatedSmallSiliconParticles

2.1 Introduction

Finite-sizeeffectsontheplarvibrationalexcitationsof

smallioniccrystalshavebeendiscussed inanumberofex-

perimentalandtheoreticalstl｣dies.Thestatusofthisresearch

areawasSurveyedin1970byhppinzmdEr41man,1)zmdrecently

byhyashi.2)Anessentialfeatureofthefinite-sip:eeffectsis

theappearanceofsurfacephononmodesorsurfaceplaritons,
whichhavebeenpredictedbyan electroma虐netictheory.3･4) Ex-

perimentalobservationofthesurfaceIわononmdeshastanmade

forsmallcrystalsofvariousTnaterials, e.g.Zわo,5･6) ト垣OI7-9)

and Gap,10)by infrared absorptions-7,9)or Raman
scatteringeI10)measurement;theresultshavebensuccessfully

interpretedintermsoftheMietheoryl･11)andaneffective

medium theory.12･13)Inaddition,thecoupling betweensurface
phononsandsurfaceplasmonshasbeenreportedforthesmall

crystalsofCdO,14)Gay,15)andGaAs.16)Howeverasmentionedin

§1･1,theinvestigationconcernedwiththefini.te-si2:eeffects

Wererestrictedtopolarmodesin.ioniccrystals;onlyafew

sttdiesofthefinite-sizeeffectshavebenmadefornonp lar

materialssuchasgraphite17)and也ronnitride.18)

On theotherhand,microcrystallinesiliconaswellasger-

maniun havereceivedcurrentinterestinafieldofaJTK)rPhous

semiconductors.TYlemicrocrystallineSiandGeareun critically

supposedtobethematerialsconsistingofmicrocrysta19em-

tx!ddedin amorphousmatrix,butthesestructtm lm:delsarein
controversy.工nthesttxliesoftheseTTnterials,RaIIぬnSCattering
hasbeenusedtocharacterizethestructural orderofaJnOrPhotB

9



film19-21)and the changes in the Raman Spectra due to the

variationofcryst且Ilitesizehaveben reprted.22-24)However

allexperimentsonmicrocrystalshavebeencarriedoutinthe

fom offilm;the触 lぬnSpectraOfthesTTRllI凪rticleswithfree

b血 ryconditionshavebenmeasuredonlyforgermanium.25)

Stimulatedbythesituationmentionedatx)ve,wecarriedout
a systematicexT氾rimenton the抽打出m SCattering from the small

siliconparticlespreparedbygas-evaprationteclmique.26･27)

Asfarastheauthorknov,thisworkisthefirstexperimentson

thesmallSiparticlesWith freeboundaries.Accordingly,we
reI氾rttheeffectoff温rticlesizeon theRaman sP CtraOfthe

Siparticles in cornectionvith an electron diffraction sttRiy.

We find that the Siparticles possess the same crystalline

structureasthebulkSiinspiteoftheiramorphous-likeRaJTW

spe ctra.Moreover,verevealthespectralstructurebyresolving
theRaman spectra,and proposea new surfacemodewhose in-

tegratedintensitydecreaseswithan increaseoftheparticle

size.Thebhaviorof触 n spectruminducedbythermalamea1-

ingorlaserirradiation isalsomeasuredtoclarifythestruc-

tureoftheSiI凪rticles.28-3日 . Finally,SomecoTTmentSOn the
theoreticalstLdiesrelatedtothepresentexprimentaregiven,

suggesting a lack ofproper theory to account for the results

fully.

2.2 Exprimental

ThesTTnllsiliconrRrticleswereprepared by thecustomary

gas-evaporation technique,32･33)inwhichbulkmaterialsare

evapratedinan inertgasatalowpressure･工nthepresentex-

periment,crystallinesiliconchipswereeⅥ1Ⅰ泊mtedfromaboron
nitride boat in an argon gas.A schematic diagram of the

10



pref温rationsystemisshowninFig.2.1.InordertoobtainTDuCh

sm llerparticlesthan thoseobtainedpreviously,33) aseriesof
experiment.ら･vascarried outatpressuresbelow 1Torr,which

wereoneortwoordersofmagnitudeloverthan thecustomary

condition.33)

BeHJo√

Sub ーstrote BNBo～- ■■■■■■■lここここ■-■- -■
■l

l

l l J ∫Pressur
Vocuum Gouge

ArCos

BorTlb

Fig.2.1 Sehematiediagramofthepreparationsystemof

smllsiliconparticles.
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meparticlesip:eWasCOntrOlledbytheargongaspressureI

withconstantconditionsoftheevarx)rationtemperatureandthe

distancetXtWeenthetDrOnnitridetx)atand the substrate.The

gaspressuretJaSVaried fromO･lto 1Torr forthesamplesof
the sip:edepndenceexperimentland waskeptat O･17Torr for

the samplesofthethermal amealing End the laser irradiation

exp riments.

Thesiliconpowderwascollected onto the substratesof

variousmaterials:glasscoveredwithevapratedthinahmi num

film,quartz,sapphire,singleCrystalsilicon,andtungsten.

ThedifferencesintheRamanspectrameasuredWerehardlyob-

servedamongthesubstratematerials,exceptforsinglecrystal
siliconused inthethennalannealing (seethelaterdiscussion

in §2･5).mugtheresultsreI氾rtedinthischapterweremostly

obtainedfromthesamplescollectedontotheglasscoveredwith

thealuminumfilmforas-depsitedmeasurement加 auseofacom-

pleteabsenceofthescatteringmaxima fromthesubstrateanda

reduction oftnckground noise.On the other hand,the s叩 1es
collected ontothequartz,whichwas stableduring theheat
treatment,wereusedforthethemtalarnealingaJd thelaserir-

radiationexpe riments.

The thermalannealing was carried out in a quartz tube

evacuateddo柵 topressureoftheorderof 10-6 Torr.Thetub

containingtheszmpleswasinsertedinan eleetricoven･Thean-

nealingtemperaturewaskeptataconstantvalueWithin2%ina

range of 100 to 800oC.The armealing timewas fixed at 30
minutesforallresultsrep rtedhere.The s叩 lesamealed at

thedesiredtemperaturewerequenchedtoroomtempe ratureinthe

Vacuum.

Inthe鞄m scatteringmeasurements,veusedaSPBⅨRAM

12



5MdoublemonochromatorwithstwdardcooledI血Otomultiplierand

photoncountingsystem.Themeasurementsweremdeatroomtem-
O

peraturein早COnVenient90oscatteringgeometrywith 4880A
line ofan argon ion laserasan exciting source.The laser

p werusedforthesizedependenceandthethermalamealingex-

perimentswaslessthan 50mWtopreventalocalheatingofthe

samples,bcauseweobserved thatnochanges isdetectable for
samples irradiated ata laserpwerbelow 50mW.In laser ir-

radiationexpriment,leavingamarginweusedarx)werof30mW

astheconditionunderTAichthetemperatureofasfutIPleiscon-

sideredtotx atroomtemperature,andcarriedoutanexperiment

forlaserheatir唱 atPWerSatX)Ve80mW.

Subsequently,thepowderslmPlescollectedonamicrogrid
coated with a carbon thin film were studied by a JEM-200CX

(JEOL)electronmicroscope operatedat200kV.Accordingtothe

usual TnZm er,10I34) themicrographsobtainedwereusedtodeter-
mine theaverageparticle si2:e aofsmallSiparticles.The

electrondiffractionf凪tternSWerealsomeasured.

TheRaTnan spectra fortheparticle-sizedependenceWere

analyzedbyaDuPont310CurveResolver.Thespectracould也

resolved intoseveralcoTTP nentSinarangeof250to600cm-I,

assuming Gaussian lineshapes.This analysis was suitable to

reveal speCtralchanges,andhasbeensuccessfullyappliedto
prob thecrystallinityofevapratedSifib assho柵 inChap-

ter3.

2.3 Si2;eAmalysisandElectronDiffraction

Theaveragefぬrticlesizeadetemi ned from themicrografh
ら

variesfroTn70to 220AWith increasing theargongaspressure

from0.1to 1Torr.Itisnotedthatt,hevaluesobserved are

13



similar to the sizeofmicrocrystalsobserved inmicrocrystal-

linesiliconfi山鳩.22'23)

Todeducethegrowthkinetidsofthesiliconparticles,We
examine the si乞:e distribution.Arepresentative sizehistogram

forthes別Tlplepref凪redatthepressureof0.5Torrisshownin

Fig.2.2.Ithasbenknotm 34･35) thatthesizedistributionof

inert-gas-evapratedparticlesiswelldescribdbyalog-nom l

distributionfunction:

(1nd∫-1nd)2
f(dl)=

(27r)I/2 h6
exp [-

21n26
], (2.1)

where dx and 6 are the individualparticle size and the

geometric standard deviation.This log-normalcurve is also

plotted inFig.2.2;thecurvecalculated fromtheexperimental

valueslisted inthecaptionreproducesfairlywellthehis-

togram.Moreover,6 agreesVithan emplricalruleforthewidth
●

ofthedistribution.That islregardlessofthe materials,6
hastofallWithinatd givenbyJ=1.48± 0.2forcrystal-

line inert一gas-evaporatedparticles;although silicon isex-

cldedfromtheconsideration.34･35) thesaneistruefortheSi

f汲rticlesinvestigatedhere(6=1.39).

Theaboveresultimplies34) thattheSiparticlesareformed

bythe followingprocess:Theatomseffused･from the heated

vaprsourcelosetheirenergyrapidlybycollisionwiththegas

atoms,the stable clusters of the atoms are produced by
homogeneousnucleation,ar° thoseembryonicparticlesthengrow

byliquid-likeCoalescencetoform largegrains.This isthe

firstobservationofthelog-normaldistributionforthesizeof

Sir凪rticles.

14
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Fig.2.2 Sizedistribution for the siliconparticles

preIぬredatthepressureof0.5Torr.Thestaplesdenotethe
ら

mmberofparticlescountedpersize interval20A.The

bl1-sha野°ctm erepresentsafittoalog-no工¶凪ldistribu-

tionfunctioncharacterizedbythefollowingvalues:a=103
C
A and q= 1.39, 姑ere aand 6 arethestatisticalmedian

andthegeometricstandarddeviation.Theareaunderthe

curveisputeqtAltotheareaunderthehistogram,400par-
e

ticlesx 20A.
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Next,-JeSho-IinFig･2･3twoelectrondiffractionpatterns
ぐ

obtained from thesampleshaving ♂=70 (the left)and 220A
(theright)correspndingto,resp∋ctively,thesmallestfmdthe

largest dsproduced in thepresentexperiment.Debye-Scherrer
亡

ringsareclearlyobservableevenforthes別nPleswitha=70A,
andthebrightsptSareOftenfoundforthesamplespreparedat

higherpressure･An analysisofthesediffractionf氾tternSShows

that the Sirnrticleshave the ordinarydiamond structure;the

latticeparameterscalculatedfrom (111),(220)and (311)planes
亡

are 5.41,5.40 and 5.43 A respectively,and agree with the
亡

standardvalueofsilicon (5.43A)Withinanexperimentalac-

CuraCy･

0
d-70A

0
d=220A

Fig.2.3 Electrondiffractionpatternsofthesiliconf凪r-
C

ticlesl.Tithd=70 (theleft)and220A (theright).
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From theresultspresented血 ve,wecanconcュdethatthe

Siparticlespssessthesameirnerstructureasthebulkcrys-

tallineSi.Inthiscontext,thepresentsiliconI払rticlesare
temedthesiliconmicrocrystalsreasornbly.

2･4 Si2;eDependenceof細 胞nSpectra

lntheprecedire section,itwassho柵 thatthesiliconf凪r-

ticlespssessthecrystallinestructure.工ncontrasttothis

result,theRaman spectraoftheSiparticleschangefroman
⊂

amorphous-likebroadspectrum (♂=70A)toamixed spectrum
O

Withcrystallineand amorphous-likephases (d=220A).This

si2:edependenceisshoTm inFig･2･4.Itissome血 tsiTnilarto

theea畠eOfmicrocrystallineSifilms22･23)thatthecrystalline

modeatthefrequencyofslightlyhelow 520cm-1 growswith in-

creasing a.However,thespectraarenot identicaltothoseof
thefilms;forexample,theshiftofan apr払rentpeak psition

inFig.2.4islargecompredWiththatofthefi血 containing

the same sip:e OfTnicrocrystals.22･23)Furthermore,the

''amorphous-1ike●'spectrum oftheSif払rticlesdifferssubstw-

tiallyfromthatofamorphoussiliconfilms.30)

Toclarifythespectialstructure,weresolvedtheRaman

spectra intoseveralcomponents;twotypICalresolveds阿 tra
■

are sho柵 in Fig. 2.5.The resolved cotnpnents are classified

into four modestnsed on thecenter frequency in the range of

250to 600cm-1.Therelative integrated intensity I (theper-

centagearea ofthe indivi血凪1compnentto thetotal area･)of

eachmi eisplottedasafunctionofdinFig.2.6.Inthefol-

lowingdiscussion,each relative integrated intensity ∫is

designatedbythesubscriptofthecenterfrequency･

17
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Fig.2.6 Dependeneeoftherelativeintegrated inten-

sitiesJ岳oftheresolvedmodes ontheaverageparticle

sip:e a.The solid linesareleast-squaresfitstotheex-

perimentalpints. Inour resolvingprocedure,theerrors
of Iand thecenterfrequencyareestimatedtobeatDut5%

and10cm-1,resrectively.

Weshallbeginwiththeidentificationofthefourmi es.As

isclearlyseen inFig.2.6,Z300 and Z480 arenearlyconstant

independently of ♂.Because ofthese tendenciesand their

frequencies,weassignthesemdestoLA- (7300) 即1d防 (Zdβ0)
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like-phononmodesobservableinamorphoussilicon.20)Onthe
otherhand,since Z520 increasesas aincreases,thismode is

assigned to the allowed-TO-phonon mode of crystalline

silicon,36) whichmeansthe血 earisingfromtheallowedI125･
symetry q～ Oopticalphonon.Ⅰnrelationtothismode,it

shouldtk notedthattheallowed-TOmdesoftheswpleshaving

d ) 100Åarecompsedoftwoparts;thesearesho柵 bybroken

linesinFig.2.6.Onemdewithhigherfrequency isnarrower

thantheotherlowermodefmdappe arsinthesampleoflargea.

ItistJ-Orthnotingthatthesamesplithasalreadybenobserved

intheRamanspectraofmicrocrystallinesiliconfilJtLS･37-39)

Forthissplitofthecrystallinemde,vetentativelygiveour
interpretationasfollows.AThenarrowermdedue,certainly,to

thewave-vectorselection ruleappearsonly血en thef温rticles

aresufficientlylargetoregardthemassinglecrystalsfor

触 蛤nevent,Whilethebroadermodeoccursinrelativelysmall

crystallineparticlesandtheshifttolowfrequencyofthis

modearisesfromfinite-sizeeffectsdiscussedblow.

Incontrasttothemdesstated atnve,theremaini噌 mi e

withthefrequencyof430cm-I hasadifferentcharacter,i.e.a

decreaseofZ43D Withanincreaseofa.Althoughu}-likem咲leof

am叫 oussiliconwasob占ervedatabut380cm-1,20)wecannot

accepttheassignmentof Z430 tOtheLD-likemdetm use Z430

isverydifferentfrom Z300 and Z480 insi2:edependenceandthe

uゝlikesigrlalofamorI九〇ussiliconwasfrequentlymuchweaker

than thoseoftheothermodes.40) Consequently.weassignthis
mi etoanewsurfacemode;thistern comesfromitscharacter

thatthesurfacecontributionduetodecreasingdappearsasthe

increasingofZ430.

TheresultstatedatK)VeindicatesthattheSi‡凪rticlesas
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C
smallas100Ashowaamorphous-1ike馳畑坦nSpe ctrumeventhot唱h

theirstructure isCrystalline.To interpret thisobsem tion,

wereferto soTPe theoreticalsttdiestoaccountforthe蝕むnan

spectraofamorphouszmd/Ormicrocrystallinesilicon.23･24･41-

43)Thesecalculationsarebased on a relaxationofthewave-

vectorselection-rule23･24･43)ornormalmodecalculation.41･42)

Themainmotivationoftherecentsttdies23･24･43)istoexplain

theredshiftaswellasthebroadeningoftheRaman allowed

m咲le;thisaim isachieved insemlquantitativefashion.Inf温r-
●

ticular,theresultofthecalculationtnsed on therelaxation

ofthewave-vectorselection-rule24･43)isabletoexplain the

observationoftheshiftandthebroadeningofthe触 ぬnallowed

mcdeobtained fromhighlycrysta11i2:ed siliconfilms (seeChap-

ter3).

Astothe細 胞nSpectraOfthesmallSi‡凪rticleswiththe

freetDl∬darycondition,nonofthestudiesgiveusanoverall
agreementWith theexperimentalresults,especially the

amorphous-likespectraoftheparticleswiththecrystalline

structureandthespectralstructureinvolvingthesurfacemde.

Thedisagreementbetweenthetheoreticalstudiesandtheex-

perimentaloneisdue,presumably,tothelackofthefullcon-

siderationtoimportanteffectssuchasapropersurfaceCon-

tributionanda sizedistributionencountered in realsamples.

Theattempttointerprettheamorphous-likeRamanspectrahas

suggestedbyconsideringthecontributionfromthefreesurface

layersofthesmallparticles.44･45)Inthepresenttime,
however,thefullunderstwdingisnotyetachieved.Sofurther

experimentalandtheoretical SttxliestJill也 requiredtoaccount

fullyfortheobservedresults.Forthispurposethepresent

WorkmaygivesomeinformationtoonetdlOVilュinvestigatethe
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subject.

2.5 Am ealingBehaviorofぬ∬凪nSpectra

lnordertocheckthestructureofthesiliconparticle,it

isusefulto examineWhether the 触 Iぬn Spectra Ofthe silicon

f凪rticlesareaffectedbythethe工¶凪larnealing28-30)zmd laser

irradiation.28I31)

TheresultoftheisochronalamealingexperimentontheSi

‡温rticlesisshowninFig.2.7.Thechangeinthe触 ISP etra

bytheamealingisslightoverthewholetemperaturerange.We

believethatthisisCausedbythestabilityoftheparticle

with thecrystalline structure.Next,we resolved theRaman

sPCtrainFig.2.7byusingthesameprocedureasappliedin §

2.4.Thesmallchange inducedby theamealingcan b resolved

intheregionbetween thesurfaceand Tt>1ikemCdesasabroad

comp nent (～450cm-1),togetherWiththeothermdesdiscussed

in §2.4.Thedependenceoftherelativeintegrated intensities

oftheTO-like,thesurfacewdtheadditionalmodesonthean-

nealingtemperatureisshowlinFig.2.8.TYleOriginofthisad-

ditionalmdeisattributedtotheformationofSi-0tx)mdonthe

surfaceby itsdependence ofthe relative integrated intensity

ontheamealingtemfCrature.30)Thatis,thismderesultsfrom

thevibrationoftheoxygenatomalongalinebisecting theSi-

0-Siangle,Which hasbeen the subjectoftheoreticaland･ex-
perimentalinvestigationsonvitreoussilica.46-49) 弛 uswecon-

chxlethataslowriseoftemperatureformstheoxidationlayer

onthesurfaceofthecrystallineparticleand eachparticle

remainsse‡凪rately.
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ofthe¶)-like,thesurfaceandtheadditionalmi esonthe

zm ealingtemperature.Asto'lsil0●-mde,Seethetext.

Incontrasttothethermalameali鴫,thelaserirradiation

irducesthesharpcrystallinepeak onthefbmZm Sf治CtrumOfthe

Sif凪rticles.TheobservedchaJieSareCOruideredtoindicatean

increaseinthegrainsizeofrRrticlesasalaseramealingef-

fect,b詑auSeahighenergyofthelaseryieldsarapidriseof

temperature･Thatis,thegrowthofparticlesisproducedby

laserheatir唱 inamannerlikethesurfacemelti噌 COalescence

discussedinChapter5.

Toestimatetheelevatedtetnperatureduringlaserirradia-

tion,weusetherelationshipbtweenthepeak frequencyshift
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andthelinewidthofthe蝕打岨nSpeCtrum･Forthesamesがllple,ve

measured the 地肌且n Spectra athigh-pwer irradiation (atx)ve 80

mW)zmdata low-pwer level (30mW)aftercooling.An example

oftWo鮎川岨n Spectraforthehigh-andlow-f氾Werlevelsisshown

inFig.2.9.Atthehigh-pwerlevel,the姐 Tぬn Spe ctrumShifted

tothe lower-frequency sideandbecamebroad;thisfrequency

shiftandthebroadeningapprentlyindicatearise in tempera-

tureduring laser irradiation.Toquantitativelyestimatethe

temPrature,veassumethatthetemperaturedependenceofthe

frequencyshiftandthelinevidth (afullWidthathalfmax山肌m)

oftheRam spectrumfromtheSif凪rticlesisthesameasthat

forbulk Si.Thisasstmption isreasonabletm auseofthedis-

cussion stated in thischapterthattheSif温rticles are crys-

talline.

We then comrRred our observed valueswith the theoretical

resultreportedbyBalkanskieta1.50) Theircalculation in-

cludedcontributionsfrom four-phononarharnonicprocessesand

hasprovided a good fit to the experimental values for the

frequency shift and the linewidth up to 1400Ⅹ.It is,there-

fore,appropriatetocompreour results.

Figure2.10showsacomparisonbtweenthetheoreticalline

forbulk Siand themeasured pints for the Sif凪rticlesasa

relationshiptxtweenthepeakfrequencyshiftandthelinewidth･

Thedampingconstant (thelinewidthaccordingtoour terTTl)r
ar° thefrequency shift △ arespecified asa function oftem-

peratureTbythe expressions50)

r(n=A ll+
ex-1

]+B ll+
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and

A(n =Cll+
ex-1

]十か [1+
ey - 1 (ey - 1)2

(2.3)

where.1-=huo/47EkBT,.Y=huo/67tkBT,histhePlanck'scon-
stant,kBBoltm constant,uothe触 岨nfrequency (528cm-1

forthepresentcase),andA,B,C,andDareconsbntsfounded
byBalkanskietal.SO) tobe1.295,0.105I-2.96,and-0.174

cm~l resPetively.ThetheoreticallinepttedinFig.2.10wa£

derivedfromeqs.(2.2)and (2.3)byeliminatingthef凪rameter

T.An additional asstmptionWasmadeinordertoplottheex-

perimental pints;thatallfinite-sizeeffectsareincltRled in

thelow-powerspectrum.Thusthedifferencesinthepeak

frequencyshiftandthelinewidthariseonlyfromthetempera-

turerisefromroomtemperature.

Itisevidentthattheagreementb∋tweenthee草野rimental

p intsandthetheoreticallineisfairlygod inspiteofour

siTnPletreatment.Inadditionwecan estiTTntetheelevatedtem-

peratureduringlaserirradiationfromFig.2.10;forexample,

atapwerof300mWthetemperatureisestimatedto也 1106E.

Wethusconcldethatthechangeobservedinthe蝕uMm spectrum

ofthesmallSif凪rticlesduringlaserirradiationiscausedby

atemperatureriseinthesamemamerasthatdlichtakesplace

inbulkSi.Thisisconsistent,togetherWiththeconclusion

fromthethemalannealingresults,Withouroplnionthatthe
●

szTRllSif凪rticlesarecrystalline.
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2.6 Summary

ln order tq examine thefinite-size effects of smallf凪r-

ticleswith freetx)undarycondition,wemeasured for the first
time the馳Ⅶ旧n Spectra from thesmallSiparticlespreplredby

gasevaprationtechnique.Theelectronmicroscopicstudyshoved

thatthesi2:edistributionoftheSif温rticlesiswelldescrib∋d

byalog-no工m ldistributionfunction,andthattheSif凪rticles
pssessthecrystallinestructure.

The particle-size dependence of the Raman spectra Was

clearlyobservedandanalyzedbyresolvingthespectra intoa

netJSurfacemodefmdthreeknovm modes.ⅠtwasnotedthattheSi
⊂

f凪rticlesassTnallas 100A showan amrphous-likebroad Raman

spectrum even though theirstructure iscrystalline.Wecom一

mentedsometheoreticalstudiestointerpretthisobservation;

howeverwementionedthatthefullunderstanding toaccountfor

theobservedresultsisnotyetachieved.

Theeffectsofthethermalarnealingandthelaserirradia-

tionon theRamanspectraoftheSiparticlesWerealsodis-

cussedtocheckthestructureoftheSiparticles.fbthresults

tJere interpretedbyconsidering thestructureoftheSipar-

ticlesastheCrystallineone.
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Chapter 3

Small Silicon particles in Thin Films

3.1 Intrduction

RaJnan SpeCtrOSCOpyisnon-destructivezmdisoneofthemost

usefulteclmiquesforcharacteri2:ingthestructuresofamorI血ous

materials.1IIn particular,amorphousandmicroerystalline

silicon (a-or JLe-Si)havebeenstudiesextensivelybyRaman

scattering asamodelforamorphous semiconductors.工tis

generally accepted that the Raman spectrum of a- or FLe-Si

evolvesfromabroad spectrumaround480cm-1 characteristicof

anamorphous film to a single-linespectrum around 520cm-1

characteristic ofbulksiliconcrystal (e-Si),de野ndingonthe

crystallinityofthefilm.Thisfeaturehasbeenreported for

variousfilmspreparedbyavarietyofmethodssuchasglo14-

discharge(GD),2-7) sp ttering8-10) andchemicalvapordeposi-

tion.11･12) Ⅰn these experiments,theabovechange in Raman

sPetrumhasbeenutili2:edasafastconvenientmethodofdeter-

minir喧 Whetherthefilmiscrystallineoramorphous.

Itisnoted that,however,theso-CalledamorP ous spectrum
doesnotnecessarilymeanarandomnetworkstructure.Wehave

O
indicated inChapter2thattheSif払rticlessmallerthan 100A

showtheamrphous-likeRm spectrumeventhot噂htheparticles

arecrystalline.On thebasisofthisobservation,weextendour

investigationtosTTnllSiparticlesinthinfilr旭.

First,wedemonstratethat13I14) 地肌ぬn SCattering measure一

れentallowsustodetermine quantitatively the structural

properties, especially thechange inerystallinity,of so-
Cal1ed a-Si film prepared by theclassicalevapration JTNeth∝1.

EvaporatedSifilmsareusedbecauseoftheirsimplenature,
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whichshowsnocomplicatedeffectssuchasthosee叩 tedtotc

prducedbytheGDtechnique,e.a.theeffectsoftheincorpra-

tionofhydrogenandofthecomplexpreparationconditions.Re-

searchintothesefilmsisthusexrectedtogiveamoredetailed

tmderstanding oftheir structuralproperties.In fact,wewill
shotJinthischapterthatthestructuralchangeofthermally-

amealed a-Sifilmscan b probedsuccessfullyby触 蛤nSCatter-

ing.Moreover,theenergyofactivation of the crystalli21ation

will也 deducedfromthevolumefractionofcrystallinitydeter-

minedbyresolvingthespectrum.

Next,the触 ISCatteringmeasurementisappliedtocharac-
terizeCD-depsitedSifilm.Wediscusstheeffectsofpref凪ra-

tionparametersonthestructuralpropertieswiththeaidofthe

volume fraction ofcrystallinity used for the evaporated Si

film,aswellasthelinevidthoftheRamanspectrumandthe

crystAllitesizecalculated fromX-raydiffraction.Theresults

presentedinthischaptershowthatthevolumefractionofcrys-

tallinitycharacterizesqu titatively the structumlchange of

JLC-SifilJn.Inadditionweconsiderthefinite-sizeeffectson

the触 n spectraofGD-de‡氾Sited 〟e-Sicomparingwiththeex-

perimentonthermallyamealedSifilmreprted inthischapter

andthecalculationTTd ebyRichtereta1.16)

3.2 Experimental

The silicon films used in the present experiments were

preI温redbyvacuumevapration;e-Sichipswereevap ratedfrom

a也ron-nitrideboatinavacuumoftheorderof10-6 Torr.All

derDSitsweremadeonto e-Siwafersatroom temperature.Since

thefilmsweresufficientlythick (～10〃m),thesubstratesdid
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notaffecttheobservedRaman spectra･Theas-pre‡凪redtJafers

Weresplitintosmallchipsatnut1cm2 inarea,zmdthesechips

wereusedforas.eriesofthermalamealingexperiments.

The sampleswereplaced in a quartztube evacuated to a

pressureoftheorderof10-6 Torr,theninserted inanelectric

oven.Thearnealingtemperature T3 0feachrulュtJaSmaintainedat

aconstantvaluetJithin2%,arldvariedfrom 100tolOOO●C.The
armealingtimelJaSfi_yed at 30minutesforallresultsreprted

here. The samples annealed at the desired temperature were

quenchedtoroomtempe ratureinvacuum .

Ontheother･hand,the jL(ナSifilmsweredepositedbyRF

plasmadep Sitionfrommonosilane (SiH4)dilutedwithhydrogen

t0 3m01%.Acaf凪Citivelycoupledcross-fieldsystemly'ithaRF
oscillator of 4MHzand DCelectric field applied perpen-

dicularlytotheRFelectric field wasemployed forthederx)si-

tionofSiH4･¶-eRFrDWer,tJaSVaried from 40 to 300W and IX:

biasvoltagell,aSCOntrOlled from - 50to+100V,tJhere the ∝

biasvoltagetJasmeasuredtJithrespecttothesubstrate.TYleto-

talgas floIJrate Waskeptat 70cc/minwithagaspressureof

0.9 Torr.The substrate of tトty【把 CryStalline SiWas used and
iLs temperature rs waskept at 250,300and 35()oC.Using the
abveI温rameterS,We get the JJC-Si fibswith abut 1 JLm in

O
thickandthedePSitionrateofr).24-6.17A/Sec･

TYleCryStallitesizedofthejLe-Sifilmwasevaluatedfrom

thetJidthof (111)and (220)peaksof冗-raydiffractionI泡ttern

usingtheScherrerfomllla.

The Raman spectra of tmth the evarnrated and α)-deI氾Sited

si_ljcon films tJereTneaSured in aconvenient90oscattering con-
r･;

figuration tJithabっut50mW of4880Aargon-ion laserradiation

focusedbya(っylindricallensatroom temperature.TheRa皿an
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spectrometertJaS a SPEX RAM 5M doublemonochromatorWith

standard(Tool(ラd photomultiplierandⅠ血otoncounting system.The

R･arnanspectraWereanalyzedbyaDuPont 310CurveResolver;

†･hisapproach isthesameasusd forthesmallSiparticlesin

Chapter2.

3.3 StructuralAnalysisofEvapratedFilms

TheresultsobtainedbyRim scatteringTneaSurementOf a-

fmd 〟e-Si haveben interpreted in tem lS Ofchaqes in the

T0-2-4･7･8･17･18)and TA-1ike18･19)phonon frequencies,the

linevidthoftheTO-likephononband,3･7･9-12･17･18)andthe

volumefractionofcrystallinity.5･6･20)Theseparametershave

bencorrelatedWithammtnrofphysicalpropertiessuchasthe

electricalconductivity,4-6･17･18･20)opticalgap,9)h3nd angle

ordihedralangledistortion,9･21)and densityofdangling

b nds.10)Inthissection,wewilldiscussthestructumlchange

ofthe evaporated 8-Si film in termsof the frequencyand

linevidthofthem-likephononmdeandthevolumefractionof

crystallinity vl of the film,limiting thefrequency region to
thatcorresprdingtotheTOtwdine-Si.

Figure3.1showsaseriesof加 担n S阿 traOfevapratedSi

filmsannealed at various temperatures.The spectrum ofas-

deposited film is a broad asyTnmetric hump arotlnd 480 cm-I

characteristicofso-Called a-Si,While,forthefilmsannealed

attheannealing temperature T｡ 〉700oC,a sharp structure
slightlybelow 520cm-1dominatesthespectra.Theseresults

clearlydemonstratethegrowthofthecrystallites inducedby

theheattreatJnent.
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Fig･3.1 A seriesofRam SpectraOfevaPmtedsilicon

filmsarnealedatvarioustenp rattueB.
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Fig.3.2 Dependenceofthepeak frequencyand linewidths

of TO-likemode on the annealing temperature Ta.The

linewidthsaredetemined intwoways.(Seedetailsin the

text.)

InFig.3.2,theapf払rentpeak frequencyar° thelinevidths

ofthe TO-likemode are plotted as a function of Ta. The

linetJidthsweredetemined intwoways;onewastheusualfull

widthathalfmaximum,asstmingthe2:erOleveltocorresp⊃ndto
the intensity at 600cm-I (closed circles),ard the otherwas

obtainedbydoublingthevaluemeasured fromthepeak tothe

halfmaximum Onthehigh-frequencyside(opencircles).Thelat-

terhasbenusedtoavoidthecontributionoftheu}-1ike血 血
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tothelinewidth.10･18) Ⅰn thepresentresult,however,thede-
pendenceofthetwo linewidthson Ta showsaverysimilarten-

dency,soitis_difficulttodiscussthecontributionoftheLL>
likeTTKXleinthistJay.

Themostprominentfeaturesobserved inFig.3.2arethe

abruptchangesinboth thepeak frequencyandthelinewidths

justatx)ve700oC.Thisindicatesthatthelargegrowthofcrys-
taIlitestakesplacevigorouslyatx)vethistempenture.However,

thisteznperatureisnotnecessarilytheuniquetemperatureOf
●

crystalli2:ation, tm use itsvaluedepends strongly on thean-

nealir喧 COnditionsand isalSoaffectedbyacotnplex effect of

theTO-and LO-likemodes.In fact,in s別れplessubjected to

preheattreatmentatabout600oCfor30minutes,theabrupt

changeswereobservedatatenTperature100oClowerthanthatof
theatDVeCase.Moreover,thefollowingdiscussionusing vF Will

show thatthestructuralchaJ唱etakesplaceataconsbntrate

fromaconsiderablylowertemperature.

Letusnowconsider v/ dedwedfromtheRamanspectrum.To

ourknowledge,therearetwometh∝k ofdetemi ning yF fromthe

measured触 岨nSpeetra6･7･20) apartfroTnanalysisofpolari2:ed

Raman scattering,which issuitableforquasi-singlecrystal
silicon22) butnot for thepresentcase.Mishima et81.5･6)

Simplyused the ratio of thepeakheightat520cm~l to the

heightat480cm-1, dIileTsu eta1.20) usedtheintegrated in-

tensitiesoftheresolved血 escorrespndi噌 tOthecrystalline

andamorphous-likeparts.Inthepresentdiscussion,Weadopta
methd similar to the latter,b∋cause itseems that thefh
peakheightsusedintheforⅡ肥rdonotcorrectlyreflectthena-

tureoftheregionprobdbythelaserban.

Thus,themeasuredRamanspectrawereresolvedintoseveral
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compnentsintheregionfrom250to600cm-1, aSstmingGaussian

lineshapes;thisprocedureisthesameasusedin§2.4.Typical

resolvedmodes-areshotm inFig.3.3.Althoughtheresolved

mCdescontaintheLA-andu)-likemodessimilartothesmallSi

f凪rticlesdiscussedin §2.4, thesearenotthesubjectofthe

presentdiscussionmdarenotshowninFig.3.3.仙enweobtain

theintegratedintensitiesofZcfmd Za asthecrystallinecom-

Pnentandtheamorphous-likeone,itisassumedthatZcar° Za
representthecontributionsfromtheingredientsofsufficiently

largecrystallites vf andtheremainscompsedofsmallercrys-

tallites(1-vF)intheprobdvolume.Thatis, theyaregivenby

Zc=∑c V/ and Za=∑a (1- vF), (3.1)

where ∑ isthe integrated crosssection overthe resolved

frequencyrange.SinceZcand Zaaremeasuredonthesa∬肥SCale,

eveninarbit工もryun its,weCan definevlas

vF=Zc/ (Zc+qrZa), (3.2)

whereqristheratiooftheintegrated抽lmanCrossSectionfor

thecrystallinetoamorphous-likef温rtS,∑cand ∑a.
ThisprocedureissimilartothatofTsu eta1.20) except

thattheyattributeZctothearearemainingunderthecurve

afterZahasbeensubtractedfromthetotalspectn皿 .Weblieve

thatourmethd ofdeternini噌 Zc and Za ismoreappropriatebe-

cause thevaluesof Zcand Z∂ obtainedarefreefromthecon-

tributionfromtheI｣0-likemodeandaeeidentalmodesarising

fromimpwitiessuchasoxygenintr血 cedduringthedeposition.
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Fig･3.3 Representativefh spectraresolvedintocrys-

tallineTnrt(a)and amorphous-likepart.Thevaluesindi-

catedbythediredtedlinesarepeakfrequenciesinem-I.
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Tocalculate v/ usi噌 eq.(3.2), wemusteStimte6r.The

valueof♂rhasbeenreportedtobefromabout0.1for a-Si

filmsrelative.torx)1ycrystallineorsingle-crystalSi 23･24) to

0.88for8-SifilJnSrelativeto JLe-Si.20〉 Obviously,thevalue
of d■rvaries with various parameters such as the exciting

photon energy and thecrystallite size. However, we have used

hereaconsbntvalueof0.8as Tsuetal.havedone.20) This is

reasonablebeausetheopticalpropertiesofthecrystallinezmd

amrphous-likephases'aresimilarinacoexistentfilm.

Thenvediscussananalysisofthestructuralchangeof

evapratedsiliconfi山nusing vF.Thekineticsofthetransfor-

mationofstructurearecorrmonlydescribedbytheAvmi for-

mula.25-27) ForaprocessactivatedthermallyWithasingleac-

tivationenergy Ea ata fixed temperature Ta,which isexactly

thepresentcase,theAvramifom 止aIncomes

1-vl=(1-vFO)exp l-Aexp (-Ea/kB Ta日, (3.3)

there vloistheinitialvaluebeforetheamealingzmd A isa

constzmtunderthepresentconditions.

Usingeqs.(3.2)and (3.3),wegivetheArrheniusplotsof

lnl(1-vFO)/ (1-vt)] inFig.3.4,dIerethetwos別mplesets
areused.Theclosedcirclesandthecrossesdenote,respec-

tively,non-トeat-treated films (thesameasthose inFig･3･1)
andfilmspre-heat-treatedatatDut600oCfor30minutestefore
the regularamealir唱. In spiteofthedifferent value of vfO

(vfO=O or 0.16),the structuralchangeoftwo samplesets
obysthesameequation,eq.(3.3).

44



AnneqLingTemPe｢qlu｢e (●C)
tOOO800 600500 400 300

Fig.3.4 Arrheniusplotsoflnl(1-vFO) / (1-γEH ver-

susinversete岬 rature,Tdlere Vfo and vFareValuesbfore

andafterannealing.Thecirclesandcrossesdesignate

samplesets WithoutandWithpreheattreatment,respec-
tively.TheSOlidlinesareleast-squzuesfitstotheex-

perimentalpoints.Also,theactivationenergyEa isthe
sloI治Oftheatx)vesolidlines.

ItisevidentthattheevapmtedSifilmsarecrystalli2:ed
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intwostageswithEa=0.35and0.87eV inourmeasurement
range.Thevalueof E｡ istheslopedeterminedbyaleast-

squaresfitto.theexfだrimentalpoints.工tispintedout for

thefirsttimethatthestructuralChangecontimesfrom r∂ く

400oCataconstNtrate.Inとddition,wepstulatethattheEa
of0.35eVisidenticaltotheactivationenergyfortheviscous

flowofSi,0.37eV(8.63kcal/mol).28)

Theactivationenergyforthecrystalli21ationof a-Sihas

bendetenninedbydifferentmeasurementteclmiques (e.ど.Raman

scattering,25)Ⅹ-raydiffraction,27)opticaltransmission,29)

andco血 tivitymeasurement30))forvariouspref払rationmeth∝k

(e.g.Sputtering,25)GD,20)chemicalvapordeposition,27)and

evaporation29･30)).Thesevalueslieintherangefrom0.8to

4.9eV,zmdseveralinterpretationsofthelargescatterhave

bきenfoundintheliterature.25･27,29･30)However, thesecarnot

fullyexplainthepresentresult.Ourinterpretationwillbe

given in Chapter 5incornectionwiththeresultofgermanium

f凪rticleszmdfilms.

3.4 StructuralAnalysisofGlow-DischargeDepositedFilms

Inthissection,veconsiderthestructuralpropertiesof
GDっまepsitedsiliconfilmsbyusingthevolumefractionofcrys-

tallinity･vl,which isthesameasdefined in §3.3,the

linevidth(fullWidthathalfmaximum)of蝕むW lpeakr,andthe
crystallitesi2:ed.AexampleoftheRamanspectrun andits

resolvedmdesisshowninFig.3.5,inwhichthepref鼠ration

conditionsaregiven.Our阻inpurpseistodiscusstheeffect

ofpreparationconditionsonthecrystallinityofthefilms.
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Fig.3.5 Aex叩 Ieofthe蝕manS阿 trLm arKlitsresolved

mdesof GD-depositedsiliconfi加担.Zcar° Za aret九e in-

tegrated intensities ofthe crystalline･zmd amorrhous-like

compnents.Thevaluesindicatedbydirectedlinesarepe王止

frequenciesincnll
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First,thedependenceof v/,r anddontheRFpoweris

shown inFig.3･6.Asthef氾Werincreases,the increaseofthe

crystallinity isobserved.Inf凪rticular,vl hasa linearcor-
relationWith thepwer.In contrast to vF,dand r indicate

more complicated bhavior:ahas the Ⅱ旺Ⅸimum around 180W zmd

thendecreasesgradually;simultaneously,r decreasesfirstand

thentheminimum atthatpwerandthenincrease.Thecha∫喧eat

thepwerklowandabove180Wareprotnblycausedby,resrec-
tively,the increaseofsmallercrystallites,andthestress

formed inthefilmaswellasthefinite-sizeeffectsdiscussed

indetaillater.

It is instructive to compre the atx)ve resultswith those

reported by Mishima et a1.,5) because they have clearly

descritxd the effect of RF pwer on the crystallite fomにd in

GDJep sited JLe-Si.Theyhaveconcludethatthevolumefraction

ofcrystallinity increaseswith increasing the pwer,and that

thisincreasearisesfromtheincreaseofthenunbrofcrystal-

1ites tJithout any acc叩 nyi噌 Char唱e in the crystallite size.

mefomerconclusionagreeswithoursinspiteofthedifferent

methodofdeterminationof vF; thelatter,however,disagrees
with ours.We feelthatthe constant value of d is a over-

simplifiedassumption.Theresultreportedhere indicatesthe

variationofawiththerx)wer. Moreover,thefi山脇 depsitedat

atx)ve 180Wshowthedecreaseofdbuttheincreaseof vF. Thus

IJeCOnCludewith theaidof vF thatthedense filmswith the

crystallitesaredepsit.edathighpwer.
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Fig･3･7 The volume fraction oferystallinity y′,the
linewid也 of触 始れ peak I.,aTXlthecrystAllitesi2edasa
functionofthe班 biasvoltqe.
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Seeond,Ⅴ′,r and♂areplottedasafunctionoftheDC
biasvoltage Vb inFig.3.7.Theobserved featuresin this

figureareasfollows:(1)VFS inthefilmsdepositedatthe

substratetenTpe ratureTs=250arx1300●Carenearlyconstantin
our experiJZLentaIcondition,血 tyFS inthefi山坦depositedatTs

=350●Chavethemaxinum Ⅷlueamund50Vandaredegradedby
thepsitive Vbhigherthan 50V.(2)Thefilmsderx)Sitedat Ts

=250and300oCareverydifferentfromthosedepsitedatTs=
350●C inthe Vbdependenceofr;r80ftheformerfilms
dm eviththecha∫lgeinVbfrom-50to100V,butrsofthe
latterfilmsincreasewitJlthesamechange.(3)工ncontrasttO

vl aJd r, ゐ areirdependentofTs;theyhavemaximumaround 50
V.

SeveralgroupshavereprtedtheeffectofDCbiasonthe

struettm lproperties.31135) Fromthec叩 鼠rlSOnOftheresults
●

reported previously with ours,we suggest the following
interpretation:Intheconditionofnegative Vb,thegrowing

surfaceissubject tothebombardment ofpositivelycharged

radicals.Thereforetheincreaseinrofthefilmdepositedat
Ts=250or300oCcome8fromthestressi血 edbythe地 d一

Rentdurir唱 thegr如 h,althot喧hthehigherTs (350●C)relaxes
thisStress.On theotherhand,thepsitivebiaspromotesthe
growthofcrystalliteuptoabout50V.Thistendencyagrees

with the resultsreportedby Matsuda eta1.35) However the

decreaseofdat V♪higherthan50Vdisagrees;thisisat-

tributable.atleastinpart.tothedifferentmethd applying

班 biasvoltage.Finally,weconsiderthattheVbdependenceof
v/ andr isdifferentfrom TsJs ttheabove (1)and (2)).Zt
seemsthatSiHxradicalsarerelatedtothisdifference.Since

thehigher Ts enhancesthesurfacemobilityofdiffusingradi-
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Gals,31･35)itmay relax the stress;or,since the first

hydrogenevolution takesplaceatabove 300.C,36･37)itmay
hirderfromgrowingthecrystallite.Thesecontraryeffectsmake

theexperimentalresults intricate,and thefurtherstudy is
neededforfullclarificationoftheformtionkinetics.

At last,a comparison of our experimental results with
several theoreticalcalculations is made on the first order

Ramanmodeobserved insiliconfilms.The formation oflarge

mieroerystalsinSifilmsgivesrisetothesharpcrystalline

mode,whichmoreorlessaccompaniesthe frequency Shiftand
broadening.Severalattemptstoestimatethe finite-sip;eef-

fects ofmicrocrystals on this spectral Change have been

refX3rtedintermsofacontinuous一血 bm-networkstructure,10)a

verysimplevalence-force-fieldmodel fortwo-dimensionalSi

thin slab,38)and a relaxation ofthewave-vector selection
rule.7'16J39)

ThecalculationtELdelpropsedbyRichter eta1.16) isthe

mostsuitAbleforcα町凪ringour resultsbecM eOftheirsimple

htvalt血ble results. 工n theirmodel,the localization due to
the relaxation oftheConservation ofcrystalmomentu皿 in

microerystalhas b endescribdbyaneww efun ction ¢ in the
fom

r2

少(qQ,r)=Aexp l-(
L

)/(- )-iqo･p]u(qo･T),(3.4)
2

where qoisthephononwavevector,L isthediameterOfthe

sI血ericalcrystallite,and u(qo･r)hastheperiod_icityofthe
lattice.Theqtm tity ¢ isno longertheeigenfunction of qo,
soitleak toabroadeningoftheRm -activelineard acon-
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comitantredshiftofitsmeanpsition.Richteretal.'sresult

isshownby thesolid line inFig.3.8.工n this figure,our

results of the evaporated and theGD-deposited Si filmsare

plottedbyopen以1dclosedcirclesres阿 tively.
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Fig.3.8 C叩 risonbtweentheexprimental血ta (closed

ard opencircles)andthecalculatedlinend ebyRichteret

a1.16) (solid line).Theclosedandopencirclesdenote.
resf妃etively, theG… epsitedSifilmandtheeⅥlPratedSi

filmamealedthe工¶凪1ly.
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Inspiteofthegreatsimplificationinvolved,therelation

between the shift ofpeak position and the linewidth for

evarx3mted film zm ealed thermally isexplained fairlywellby

thesimplemdel.However,thisisnotthecaseintherelation

fortheGD-depsitedfilm;allthep⊃intsobtainedappearonthe

high frequency sideofthecalculated line.Thisisprobably

caused by the effectofstress.me shift to higher frequency

sl増geStSaCOmPreSSive stress.40) In adLhtion,wecan estimate

thestressto也 severalktn r, which isthe same order ofthe

otherestimation.33'41) Theaboveresultshowsthattherelaxa-

tionofthet甘aVe-VectorSelectionruleiseffectiveforthein-

terpretationoffinite-si2:eeffectofthemicrocrystalsinfi山n.

Butitmust也 noted thatthe finite-si2:eeffectsofthesmall

particlesWithfreetn血 ryconditionarenotexplainedbythe

relaxation of theWave-Vector Selection rule only.The

amrphous-like broad srnctrum ofsmallSiparticlesWithcrys-

tallinestructurediscussed in §2.4isnotinterpretedbythis

mdel.Although some mechanismsareprop)忌ed,42･43) furtherex-
pe rimentalard theoreticalinvestigationsarerequir占d.

3.5 Sum ry

EhTaPratedsiliconfi山岨 Zm ealedthermallyatvarioustem-

peratureswerestudiedbyRamanscattering.TheRam s阿 tra

Wereamlyzed intermsofthepeak frequencyandthelinevidths

fortheTt)-likemdetogetherwiththevolume fractionofcrys-

tallinity vf determined from the integrated intensitiesof

resolvedmodesCorresponding totheCrystallinepartand the

a∬氾rPhous-likeone.Moreover,by fitting v′ to theAvranifor-
mula,we found the tt40 different activation energy for the

structuralcharlie.Theverylowactivationenergyof0.35eVwas
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determined and found tobetheaetivationenergyforviscous

flowofSi.

Thefh scattering stはlywas exterded toα)-deposited Si

films.medeperxlenceofpreparationpm tersoftheRF p⊃wer

ar° the∝ bias voltage on the structural properties wasdis-

cussedbyusing v/,thelinewidthofthe触 ISpectrum,andthe

cryst且11itesizedetermined fromX一mydiffraction.Inorder to

interpretthe finite-sizeeffectofsmallparticleformed in

film,wec叩 redour exprimentalresultsofevapratedandGD-
depsited filmswiththetheoreticalcalculationmadebyRichter

etal.;Which isbased on the relaxation ofthewave-vector

selectionrule.Wesuggested thatfurtherstudy isneeded to

clarifythefinite-si2:eeffectsforthesⅡ凪11particles.
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Chapter4

RamanDepolarizationAnalysisof

SmallSiliconParticles

4.1 Intrduction

ltiswell-knotm thatthestructureofthe触 ぬntenSOrCan

bedetermined from theRamanpolari21ation analysis ofan

orientedsi噌1ecrystal.On theotherhard,thesytZmetryCharac-

terofvibrationalmi esforr血 止yoriented saEPlessuchas

smallparticlesand fluid systemsarecharacteri2:edbya

dep lari2:ationratioA definedastheratioofthede‡氾Iari2:ed

totheplarized馳u阻nintensities.Inanycasethepolari2:ation

propertiesofthe触 m spectrumofamaterialprovideuswith

thesyTtm tryCharacterfor触 迫n-activemdes.

Thusvediscuss in thischaptertheRm polarization

measurementOfsmllsiliconf凪rticlesl)followingour previous

Ramanscatteringstudyofthesamesubstance;intheprevious

st巾 describd inChapters2and3wedidnotpaymuchatten-

tiontotheplarizationproperties.Themotivationofthiswork

istwofold:toinvestigatefinite-sizeeffectsonthevibra-

tionalmi esfrom thep intofviewofthesyTTmetryproperties

andtoContributetothestudyofthestructureofamorphous

silicon.Thedep∋ndenceofthedeplarizationratio p forthe

Siparticlesontheparticlesizeisreported forthefirst

time.Thentheresultsarediscussedbyamlogywithliquidsarid

gases2) fundcompredWiththeresultsoffunOrI丸ous Sireprted

previously.3-6)

4.2 ExperimentaI

ThesmallSiparticleswerepreparedbythegas-evaporation
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teclmique.Detailsoftheexperiments arethesa∬把 aSgivenin

§2.2.Byvaryingtheargongaspressurefrom 0.1to1Torr,we
O

obtained theSiparticle960to350A intheavengeparticle

sized.Thesize血 veredeterminedfromelectronmicrogra沖S

obtainedbyaHitAChiHS-7Delectronmicroscope.

The払uarlmeaSurementSWeremadebythe sa∬肥 aPPratuSaS

used in §2.2･ToamlyzetheI氾Iarizationproperties, were-

corded lh nspectrawithtwodifferent･触 旺m Plarizationcon-

figurationsusir唱 theright-anglescatteringgeometry.Thatis,

thescatteringintensitiesofdepolari2:ed (Zy)andpolari2:ed

(Za)spectrawereobtained attheX(Z訂)Y以ldX(ZZ)Ygeometries

resTnCtively, dlereX axisisthenforthedirectionoflaser

banwithitselectricvectorintheZdirectionand Yaxisfor

thedirectionofscattered light.Thuswecandefine the

deplari2:ationratiop asZγ/ZB.ThemeasuredvaluesofA were

Calibratedagainst referencepeaksofCarbon tetraehloride,

vhose 218-and 314-cm-1 linesareknotm tobecompletely

deplarized (A=0.75).

4.3 Discussionof触 nDef氾1ari乞ationRatio

TbefX)larized (ZB)ard dep larized (Zy) 触 凪n S阿 tra for
ら

ther凪rticles350ard 60Ainsi2;eareShotm inFig.4･1･For
O

particles smaller than about 100 A, the polarized and

deplarized spectrashowabroadzmor〆10uS-likebmd.Forlarge

prticles,thesp etraCOnSistofasharpcrystallinepeakanda

broadamorphous-1ike血 血.Thesizedependenceoftheplari2;ed

anddeplarizedspectrapresentlyobservedissimilartothatof

un-rx)larizedspectrapreviouslyobserved (see§2.4).
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RAMAN S川FT (cm~l)

Fig･4･l Deplari2;ed (Zγ)ard plari2:ed (ZB)払m Spectra
O

ofthesmallsiliconI冶∬ticles350and 60Aintheaverage

f払rticlesi2:ea.
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Fig.4.2 加plariZationratiop ofthe smllsiliconf楓r-

ticleSaSafunctionoftheaverageparticlesi2:ed.There

arethree Asdetemi ned from the whole spectrum (a solid

line),the crystallinenode (a broken line),and the

BunOrPotB-1ikemi e(a血shJottedline).

Toobtainthedeplarization ratio A,vefirstintegrated

the polari2:ed and depolari2:ed_intensities over the Whole

spectralrangestudiedandthen tooktheratio.Furthermore,

sincethespectraconsistofseveralmi es,wealsoobtained the
depolarization ratio A for each component.Todo so,the
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S阿 traWeredeeomI氾Sed into thecompnentsbythesameresolv-

ing procedureused forum-polarized spectra (see §2.2).Then

theratioswere.Calculated from the integrated intensitiesof

tworesolvedmodes,theamorphous-likemode (～ 480cm-1) and

thecrystallinemde (～ 520cm-1).

Theobtainedvaluesofpsareshotm inFig.4.2asa fum I

tionof d.The p of whol e s阿 trumdecreasesfrom0.45atd=
O o
60A to0.25at a=350A . The psofamorphous-likeand crys-

tallinemodesare slightly largerandsmallerthanthe p of

姑olespectrum,respectively,inthesizeraJieOfFig.4.2.¶le
sp氾trumOftheparticlesWithsTTnllersizeisdominatedbythe

amorphous-likemde,thus A oftheamorphous-likemde tecomes

accurate forsmaller size.工ncontrast,since the sp氾trum for

largersip;eisdominatedbythecrystallinemi e,an errorin A
ofcrystalline mde is small for larger si2:e. Thus we discuss

the implication of Asby sepamting the region into two,the
()

regionsofsizesmallerwdlargerthan atDut100A.

First,wediscusstheresultofA ofcrystallinerFKXie, i.e.

mainlytheregionoflargersize.As reprtedpreviously,1･2･8)

thegas-evapratedSiparticlespossessthecrystallinestruc-

ture.We thus regard the present system as an asse血bly ofthe

f凪rticleswiththe same払班且ntenSOrSaSthoseofthebulk Si･

By analogy with liquids and gases,3) p for the randomly

orientedparticlesisgivenby

∫γ
-- L___】

3β2

ZH 45α2+4β2
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tJhere

α =

β2=

(axx+αyy+α22), (4.2)

[(αⅩⅩ-αyy)2+(αyy-αZZ)2+(az2-αXX)2

+6(axy2+αy22+α2X2日, (4.3)

andαij isthecompnentof紬 はntenSOrS;α2andβ2arethe
▲ ●

isotropICandanisotropICrnrtSOfthetensorJrespectively.

Ⅰnthepresentsystemwecan predictp =3/4, tm useall

thediagonalcompnentsofthe触 antenSOrSforthephononof

F28SymetryinSicrystalarezero.Howevertheexperimental

valuesaremuchlowerthan thepredictedvalue.Weblievethat

thisdisagreementimpliesthatthephononintheSiparticles

hasnomoretheF2ESyTnmetry.Forthegas-evaporatedSipar-

ticlessmallerthanseveral h血 edangstrom,btAkconceptssuch
astheF28 SyTTmetryfmdA-selectionrulearethoughttob in-

operative. If it is so, 刀 should increase to the ideal

deplarizationlimitof0.75asthef鼠rticlesi2:eincreases.To

checkthis,wemdeapreliminaryexperiment.Relativelylarge
O

I泡rticles(～ 1000A)pref凪redbygrindingthebdkSishowp =

0.89.Thisresultindicatesthatthelargeparticlescanbe

regardedassmallcrystalsWiththe F29SyTTmetry.However,it

maybe considered thatthe highervalue than theideal

depolarization limitforaplanepolarized incidentlight
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resultsfrom anatural (un-plarized)incidentlighti血 cedby

amltiplescattering;thenaturallightleads β → 6/7.3) To

elucidatethesi2:eeffectsoff氾Iari2:ationprope rty,furtherex-
C

perinentsconcerningthesizerangea〉350Aarenecessary.It

isnoted,however,that thepreliminary exprimentshowed some

difficulty in making stably theSif凪rticlesmuch larger size;

thisdifficultyisprotxiblycausedbyadecomp sitionofatx)ron

nitridetDatathighevaprationtemperature.

Wenowconsidertheregiondominated by theamrphous-like

mde.Forthisregion,A rangesarotRld0.5, 血ichagreesWith

valuesofaJnOrPhousormicrocrystallineSifilmspreparedby

variousmethods.4-7) IncomparingourresultwiththoseofSi

films,weare interested intherelationshipbtweenthestrue-

turesandthep⊃larizationproperties.KobliskaandSolin9)sug一

gestedthatthepolarizationpropertiesoftheRim spectracan

te used to testthevalidityoftwo structuralmdelsof amor-

phousTTnterials,arardomnetworkmodelard amolecularone.On

thetnsisof theirresults,IqtnlandVepをek7) havesum rized

theprope rtiesofp asfollows:Inacontinuousrandomnetwork

((訳N)mi el,A shouldte frequency-dependentbeeauseallvibra-
tionalmdesWithdifferentlocalsyTFmetryCharacterscontribute

tothescattering.Incontrast,molecular-likeclustersshov A
→ Ointheidealcaseofnointerclusterinteractionbuthigher
valueinthecordensedcase.

e
Thefrequency dependenceof p ofthe f凪rticlesWith 60A

inashowsa featurelessfrequency-independentvalueofabout

0.4,asplottedinFig.4.3.Fi抑 e4.3alsoinclulestheresult
for p ofour evapmted Sifilm,血ichhasbeen considered to
haveatyplealamorphousstructure.Thesevaluesofthepar-

t

ticlesand fi血 arethe same withinan exprimentalerror.As

65



mentionedabove,ifso-calledamorphousSiisCRN,p should

showfrequency-dependentfeature.Howeverthepresentresults

arecontrarytothepredictionoftheC恥Jmi el.Therefore,the

CRNmodelisinadequatetodescribethestructuresoftheSi

f温rticlesand filmsshowingbroad amrphous-1ikeぬⅡぬrlSpectra.

Inaddition,themolecular-likeClustermodeldonotexplain
fullythepresentresults,e.ど.an increasingtendencyof 〟
withdecreasingd,andthesamevaluesfortheparticlesand

films. We thus suggest that neither the CRNmodel nor the

molecular-1ikemi elexplainsthestructuresofmaterialsshow-

ingamorI血ous-1ike触 岨nSpectra.

0
1-
く
∝
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tlV
Z
l∝
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0
d
山
口

400 450 500
RAMANS川FT (cm~')

Fig.4.3 Frequencydependenceofthederx31ari2:ationratio
～

psofthesmallsiliconparticles60Aintheaverage阿 -

ticlesize (asolidline)andofevarDratedsiliconfilm (a

brokenline).
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Aecordingtotheobservationofhigh resolutionelectron

microscopy,8,10) it is apparent thatboth theparticles and

filmsconsistofmicrocrystals.The agreementbetween the

results of particles and those of films indicates that the

structures in both Systemsmust essentially be identical at

least in Raman scatteringprocess.We thusbelieve that the

microcrystallinemdelisappropriatetodescrib thestructures

of the Siparticlesand films.However the reasonwhy small

crystallinef鼠rticlesexhibittheamorphous-likespectra is un -

certainatpresent.ぬ yashiandYazTW tOll) reportedan attempt

tointerprettheamorphous-likesignalasan enhanced signal

from the surface layerofnicrocrystals.Theoreticalinvestiga-

tionsproperlytreatingintrinsicsurfaceeffectsarerequired.

4.4 Sumw y

Wereported forthe first time theRaman depolari2:ation

ratio p ofsmallsiliconparticleswithanaverageparticle
O

size from 60to 350A.The lowvaluesof p for the particles

havingacrystallinepeakwerenotexplainedbyregardingthe

particlesasthebulkSi.Thusbulkconceptssuchasthe F2g

syTtm try Zmd k-selection rulewere inoperative to tile SJTRllSi

f払rticles.Bycompri噌 PSOftheSiparticlesWith thoseof

Si films,we haveshowed that thebroad amrphous-like spectra
do not mean the continuous random network structure or

molecular-likecluster.Theexp riJTkmtalresultspresented here

werenotpredictedbyexistingtheories.Todiscussthe finite-

sizeeffectsobserved here,lattice-dynamicalcalculationsof
触 nscatteringarestror唱Iyneeded.
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Chapter 5

SmallGermanium Particles

5.1 1ntrduction

TheelementsofSiand Geblongtothe samegroupⅣ zmd

havesimilarproperties.Forex以llple,触 ぬnSrXeCtraOfso-Called
amorphousandmicrocrystallinefilmsusuallyexhibittwocom-

ponents,a sharp one called crystalline component,which

res血blesasharppeak observedinbulkcrystals(locatedat520
cm~l forSiand 300cm-1 for Ge),and a broad one called

amorphous-likecoTTP nent,Whichresemblesabroadpeak observed

in so-called amrphous films (located at ～ 480 cm -1 for かSi

and ～ 280cm-1 for a-Ge). So it is informative toexp d our

investigationonthesmallparticlesofSitothoseofGeby

usi噌 thesamemethd.

ThesiZ:edependenceof細 胞nSpectrafromsmllGer凪rticles

withfreeboundaryconditionshasbeenreportedbyHayashiet

a1.1) nleydemonstrated thatthe 蝕ゞ m S甲etrunOfthe GeI泊r-
C

ticlesassmallas80Ashowst九ebroada∬旧rrhous-likefeature;

thisisconsistentwiththeresultofthesmallSiparticles

discussedin仇apter2.Wealsoobservedthesimilarsi2:edepen-

denceof触 ぬnSpectrafromgas-evarDratedGeparticles.

Althougb the si2:edependence is interesting,we focus our

attention,in thischapter,on thestructuralchangesofsmall
GeparticlesbothtJith freeboundaryconditionsand in thin

film.Byusingthesameanalyticalmethodasused fortheSi

f凪rticles,tt401StePStructuralchangeoftheGeparticlesand
filmsisdetectedforthefirsttime.Onthetnsisofmicrocrys-

tAllinemdel,the mechanismsofthistwo-step ch訂喧earedis-
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cussedinrelationtotheresultoftheSirnrticles.West唱geSt

thatthelowactivationenergyofincIPlentStagearisesfrom
▲●

theorderingofsurfaceatomsofmicrocrystals,2) and thelater

highenergyre占ultsfromthecoalescenceofmicrocrystalS.3)

5.2 Experimental

Gentw ium filmswerede‡氾Sited byvacuum evaI氾rationくさfGe

singlecrystal (purity9N港)OntocrystallineSiwafersatroom

temperature.Thefilmsweresubsequentlyfm ealedinavacuum of

theorderof10-6 Torratafixedamealingtemperature Ta from

250to600oC for20or30minutes.

Stna11Geparticleswerealsodepsited ontocrystallineSi

wafersbyevap ratingbulkGefromatu唱StenbatinArgasof

0.75Torr (gas-evaporation).TheGeparticlescollectedWere

thenthermallyamealedinthesa∬肥 VaCuumCOnditionasusedfor

thefilmfor20min.Theannealingtemperature Ta wasvaried

from200to500oCwithastep50oC.
RaJTm SCatteri噌 fromtheas-dep sitedad arnealedsamples

ofparticles and filmswasmeasured by a SPEX RAMAIJOG 5M

spectrophotometerequlPPedwithadoublemonochromatoranda
●

C
photon coun ting system.The 4880-or 5145-A line of an Ar-ion

laserwasusedtoexcitethespectra;toavoidthelocalheating

ofthesamplesofsmallparticles,thelaserpoweratsample

pintswaskeptlessthan 10mW.The触 旧m SPCtrameasuredwere

resolved intocrystallinemode t～ 300cm11)andamorphous-like

one (～ 280cm-1). Theresolvingwascarriedoutonamicrocom-

puter (FbjitsuFM-8)byassumingGaussian lineshapeS.

AftercompletingtheRamanmeasurements,theGeparticles
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were scrapd off from the substrate and dispersed in ethylal-

cohol･Adrop of the alcoholwas put on a standard electron

microscoplC grid covered with a thin carbon film.After the
●

evarx)rationofalcohol,thegridwasexamined_byaHitaChiHS-7D

electronmicroscope .

5.3 触 ぬnSpectraofGerm ium ParticleSinThin･Film
●

The typICal 触 迫n Spectra Of evapmted Ge films amealed

thermallyare sho柵 in Fig.5.1.In the middle part of this

fi抑 e,two Spectra resolved into thecrystallinende (～ 300

cm-1)ard theamorphous-likeone (～ 280cm-1)arealsoplotted.

Thevolume fraction ofcrystal1inity v/ can 也 determined from

theintegrated intensitiesofthecrystallineandany)rbhous-like

mdesbyusingthesamemethd discussedin §3.3.

Thenweapply vf totheAm nifonm止aeq.(3.3)toamlyze

thestructuralchanges.The Arrheniusplotsoflnl(1- vFO)/(1-

vl)】are sho柵 in Fig. 5.2. 工t isevident that the structuml

changeofevaporated Ge films isveildescribed by the same

mechanismobserved in theSifilms (§3.3).Fbrthemore,froma

leastsquares fitto the experimentalpoints,theactivation
■

energyEaisfoundtob O･13eVfortheincipientStageregard-

lessofthearnealingtime , 以Idto也 thevalueatDVe1.0eVfor

the laterstagedependently on the amealing time . It isnoted

thattheenergyofthe incIPlentChangeagreeswith theactiva-
●●

tion energy for the viscous flow of Ge,0.14 eV (2.74

kcal/mol),4) and that thisresultoftheGe film is consistent

tJiththatofevarnratedSifilm (see§3.3).
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Fig.5.1 TypicalRamanspectraofevaporatedgerm ium

filmsannealedattemperature 250,450 and 600 ●C.The
middlepartcontainstworesolvedspectraofthecrystalline

m∝leandtheamorphous-likeone･
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Fig.5.2 Arrheniusplotsoflnl(1-V/o)/(1-Ⅴ′)】versus

inversetemperatureforsamplesannealed,for20and 30

minutes.Thesolidlinesareleast-squaresfitstotheex-

perimentalpints.
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Toourknovledgethevalueof0.13eV forthe incipient

stageisthelowestenergyinthecrystalli2:ationenergiesofGe

filmsreportedpreviously,whichhavescattered inawiderange
from0.18to 3.2eV.5-10) One reason血yveobservethelowest

value isthatthe抱ガm SCattering isvery sensitive to varia-

tionsinstructural orderofsO-calledamorphousstate.Infact

thesttdyusi噌 theRam linewidthonamealedamorphousGeand

Sifilmshasdeterminedavalue forthestructuralrelaxation

energiesofatx)ut0.2eVforh)thGear° Si.9･10) 血icharethe

closestvaluestothepresentresultintheliterature.Andthe

other energiesdetermined by using the other techniques are

higherthanthosevalues.

5.4 加 温nSpectraofGennaniumtbrticlesWithFreeBoundary

Fi乱打e5.3ShowsthedependenceoftheRam spectrumofthe

gas-evaf氾rated GeI凪rticlesontheamealingtemperature T∂.We

can seethattheas-depsitedsampleshowsabroad触 ぬnbmdat

around 280cm~1,theamorphous-like component.It should be

noted that the appearance of the amorphous-like compnent does

not always imply the random network structure of materials

studied;gas-evaprated Si即ld Ge particles smaller than atnut
O

100Ausuallyshow thisamorphous-likecomponent,eventhol鳩h

high resolution electronmieroscoplC Observationsprove that
●

theyarecrystalline.ll･12) 0LlrmeasurementOftheaveragef凪r-

ticle size from theelectron micrographs shows that the as-
C

depsitedsamplecontaincrystallineparticlesassmallas90A.
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Fig.5.3 Depe ndenceof触 ISfeetrafromthesmallger-

TnZniumf凪rticlesontheamealingtemperatureTa.Am exa皿ple1

ofthedecompsition of the s阿 trum into the crystalline

andamorphous-likemdesisshownforthespectrum Ta=400
●C.
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Fig.5.4 Arrheniusplot ofln日1-Ⅴ′β)/(1- Ⅴ′H ob-

tainedbyanalyzingtheRam spectraofthesmallgermanium

particlesshotm inFig･5･3･
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When Ta ≦ 450oC,nodrasticchaJlgeinthe地肌anspectrum
isobserved,eventh仇喧hasmallpeakatroun d 300cm-1 appears

at Ta= 450oC. Themostdrasticchaqeinthes阿 trumoccurs
血en Ta israisedto500oC;thecrystallinepeak atarotmd 300
cm-1 grolJSabruptlyand theamorphous-likecomponentbecomes

veryweak.Wenotehere thatthe s野 etralchangespresented in

Fig.5.3for theGeparticles resembleverymuch thosepre-

viouslyreprted forthermallyarmealedSi (§3.3)andGe (§

5.3)filJTB.

Followi噌 thesameれamerasappliedtotheanalysisofthe

structuralchangeofSi film (§3.3),vededuced the volume

fractionofcrystallinity vF.thenplotted lnl(1- vFO)/(1-
vE)] asafunctionof1/kBTa (Arrheniusplot).This issho柵 in

Fig.5.4indicatingtheclosesimilaritybetweenthesf治Ctral

changesseenfortheGeparticleswith freeb血 yandtheSi

and Geparticles in thin films.Wecan see thattheplot is

foldedatthetemperaturewhere the strong crystallineRaman

peak abruptlyemerges.ForthepresentGef鼠rticles,weobtain
thelowactivationenergyE. =0.10eV,which isslightlylower
thanthatforthe馳 film (0.13eV).Wealsoobtainthehighac-

tivationenergyEa=2.5eV,which isslightlyhigherthan that
for theGe film (1.4eV). It should b stressed thatalthough

thevaluesoftheactivation energy obtained are slightlydif-

ferentfrom thosefortheGe film,theArrheniusplotobtained

isverysimilartothatfortheGefilm.

Thespectralchangesobserved inFig.5.3arecorrelated

with theelectronmierographsoftheGeparticlesbeforeand

afterthethermalannealing.Form the electI･On micrographs

measured,weobserved thatwhen Ta ≦ 450oCthernrticlesize

reTnainsalmostsame,Whileat Ta =500oCther凪rticlesi.ae in-
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creasesabruptly.Wedetermined the averageparticle size d

directly from theelectronmicrograbhsbymeasuring the linear

dimension of･partieles along only one direction of the

mierographs･Theaveragedeteminedbythisprocedureimplies

therotationalaverageaswellastheaverageoverthesip:edis-

tributionasmentioned in §2.3･Theaverageparticlesi21eSOb-
C

tainedarea=89AfortheasJepsitedsampleand a=95, 96
0

and200Aforthes即nplesamealedat Ta=400,450and 500●C,
respectively.Notethattheparticlesbecomeabouttwo times

largerthan beforewhenamealedat500●C.
The above experimental results indicate that an abrupt

growthoftheGef払rticleso∝)urstetween Ta =450and 500oC,
ata temperaturemuch lover than themelting pintofbulk Ge

(934●C);theabnやtgrowth oftheparticlesleadstoan abnやt
increaseintheintensityofthecrystallineRamansignalard

alsoresultsinthefoldingoftheArrheniusplot.

5.5 InterpretationofStructuralCh叫 eOfGeandSi飴rticles

Ourfindingofthetl寸0-StepStruCtumlch叫 e iscommon to

theGep rticleswithfreeh)血 y (§5.4),theGefi山n(§5.3)l

andtheSifilm (§3.3).Sowediscussherepossible Jtmhzmisms

ofthisphenomenonsimultaneously.

Inordertointerpret thisstructural change,weaccepttile
microcrystallinemdelinstead ofthecontinuousrardomnetwork

mdelasthe structureofaJnOrPhous semico血 tors.Recent ob-

servationsbyhighresolutionelectronmicroscopy (冊 )have

giventhedirectevidence ofthevalidity of themicroerystal-

1inemdel:(1)Saito12)showed atnut 14-Asutnicroerystallites

inplan-viewlatticeimagesofvacuum-depositedGe films.(2)

Ounnazd eta1.13)reported 15-30-Asutmicrocrystallitesin a-Si
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observed I甘旺M latticeimagingincrosssectionofSifilTnS.(3)

粗illips eta1.14) Supprted the microerystallinemodelon the

basisofthe observation ofBragg diffraction from super-

nanometer regions of so-called amorphous Si,血ich revealsthe

existenceofcrystallineclusterstoosmallto也 observedbyX一

mydiffraction inbulk.Thelatticefringeshavealsobeenob-

served by 柑顎M for gas-evaprated f凪rticles of Si and Ge,10)

ard a皿氾rrhousfilmsotherthan SizmdGesuchasSiO,16J W)317)
andSiGe.18) It isnoted that these resultsobtained through

HR酔lareconsistentwitムour conclusionpresentedinthisthesis

uptonow.

At first,wediscussthe incIPlentStageWith the low ac-
t●

tivation energy based on themicrocrystallinemodel. Our

resultsindicatethatthecrystallitesi2:eremainsalmostthe

same in the temperaturerange interestedhere.Therefore,Ve
blieve that theprocess involves the rearrangement of surface

atoms.We pstulate thatthe film iscomI氾Sed ofmicroerystals

havingslightlyJeviatedordistortedatomsatsurfacelayers.

Thus themicrocrystals Can 也 restricted easilyby orderingof

thesurfaceatomsfromlowteTTpe ratureataCOnStantrateOflow

energy.Wepresume thisordering to,especially,也 a血 rease

intx)ndangledeviation.

Theab⊃veassⅧtption issupp rted by indirectevidenceex-

tensively. (1)Extemled X-ray-absorption fine-structtue (EXAFS)

measurementsona加rPhousGeshowedtheincreaseofthesecond-

neightx)rpeak strengthwithan atb entOfthelocalorder,8･19-

21) The second peak was considered to be a measure of the
●■

tetrahedralangledistribution.Therefore,sincetheinelplent

change arises from ordering of the bonding angle,it is

reasonablethattheenergyrequisitetothevariationinkmding
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即lgleismuchlowerthan acovalenttx)ndenergythatcorrespords

tochangesinthefirst-neightx)rdistjmCe.(2)工twas rep rted

thatchangesin･the加ndanglewidthof7%,血ichisapracti-

calvalueofthe加ndangledeviation,resultinthedifference

inopticalgapof0.2eVbtweenamorphousGefilmsde‡氾Sitedat

differentsubstratetemperature.22) (3)TheRaman linewidthof

theopticpeak wasappliedtothedeteminationofanactivation

energyforstructuralrelaxationofamorphousfilms.9I10) This

deteminationistnsedontheargumentthatt上ewidthoftheop-

ticpeakincreasesroughlylinearlyWiththeroot一mean-square

bondal唱Iedeviation.23) Thedeteminedvalues(atx)ut0.2eV)of

theactivationenergyareclosetoourvalues.Alltheabove

resultsconfirn our assumptioninconjtnctionwithoneanother.

Howevertheseareonlyindirectevidence,thusfurtherinves-

tigationtreatingour oplnionaswellastheotherpssibility
■

suchasawurt2;itetodiamondtransformationlS) isverydesired

tosettlethestructuralmi el.

Wenowtur･nour attentiontothelatterstage,especiallyto
theabruptprticlegrowthotservedbtweenTa=450and500●C
fortheGeparticles.Webelievethatthepresentlyobserved

particlegrowthcanbewellexplainedbythelowtemperature

coalescenceofofparticles,whichisextensivelystudiedin
connectionwiththegrowthmechanismofsmokeparticles.24-26)

Inthegas-evaporationprocess,thecoalescencegrowthtakes

place inaconvectionstreamofinertgas , insuchawaythat

thesmokeparticlescollidewitheachotherandthenuniteWith

oneanOtherinadefiniteorientationtoninizni2:etheirinter-

faceenergy.王bito26) stdiedindetailthegrowth ttNeChanismsof

Ag particlesbyallowingthesmoketomssaheater.Heshowed

thattheliquid-likecoalescence (fusion)occursat400oCand
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thesurface-meltingcoalescenceat270oC.Itshouldb noted
thatthesecoalescence temperatures aremuch lover than the

meltingpintoftmlkAg (962oC)･Inour ameali噌 eX野riments,
thegrovJthofSiandGeparticlestakesplaceonthesubstrate,

notintheconvection streamofgas.Howeverthecoalescence

growthispssible,becausetheparticlesaresodenselycol-
lectedorf温Ckedthattheytouchoneanother.

Astheoreticallydemonstrated,27I28) themeltir唱 tempemture
andthelkbyetemperatureofsmallparticlesareexpected tob

lowerthanthebulkonesbecauseOfthelargeaAamonicity in

the latticevibration.IftJe adopttheLindeman'smelting

fornula29) forsimplicity,theratioofthemelting t叩 rature
ofa smallparticle T♪ to thatofabulk crystal 'TbCan be

expressedas Tp/Tb=(a p/eA)2,whereapad eAaretheDebye
teTnperatureSOftheparticleandofthebulkcrystal,respec-
tively.Insertingavalueofap determinedforAgsmokefrom∑-

raymeasurement,30) Kaito could obtainavalue of Tp,which

agreesverywellwithhisexperimentalliquid-likecoalescence

tempe rature.Ftuthermore, usingvaluesofthesurface加byetem-

peraturedetem止nd from low-ener官y electrondiffraction (Ⅰ.EED)

measurements,31) hecould Show thatthesurface ⅡだItingcoales-

cenceoccursbytheconnectionof(100)planes.

ForthepresentGeparticles,wecarnotpreciselydetemi ne
tJhich oftwocoalescencemdes, the liquid-likecoalescenceor

thesurfacemeltingcoalescence,takesplace.However,a fact
thatthef凪rticlesobservedbyelectronmicrographsappe artobe

moreorlesselongatedstigeStSthatthesurfacemeltingcoalesI

cencerather than the liquid-likecoalescenceti血esplace,b一
musethe liquid-like coalescence may result in sphericalpar-

ticlesas pinted byRait0.26) After our experinentalresults,
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wecan approxi打払telyset Tp =748K (475oC), thet叩 ratureat

tJlich thecoalescencetakesplace.Then,insertir唱 Tb=1209Ⅹ
and 0b =378･K fortNlk Gel) intothe血 ve relation,wecan
obtain a rough estimateoftheDebyetemperatureofsmallGe

f鼠rticlesas 0p =295E.To our knowledge,neither the X-ray
datanortheLEEDdata,WhichallowustoestimatetheDebye

temperatureofGe f温rticles,areavailable.It isofgreat in-
teresttoperfom X-raywd LEEDe耳Perimentson Ge ard tocom-

f凪retheresultsWiththe血 veestimteofap.

Wefinallydiscussthecrystallizationprocessofso-Called

amorphousSiand Ge films.Asmentioned in before,thedepen-

denceof馳m迫nSpectrumOntheamealingtemperatureand theAr-

rheniusplotobtainedfortheGeparticlesWithfreetD血 ryis

very similar to that obtained for a-Siand a-Ge films.This

close similarity allowsus toassume thatnearly the same

phenomenaoccurinbththegas-evapratedmicrocrystals即Id so-

calledamorphousfilms.Asp⊃inted outatthebgirningofthis

section,the recent HREM observation indicates that the 90-

called amorphous films are Composed of extremely small

microcrystals.Atleastqualitatively,thesemieroerystalsin

the films are expected to bhave like the f鼠rticlesWith free

btmdary.From thepresentresults,wecan attribute thecrys-
tallization process with high activation energy to the coales-

cencegrowthofthemicrocrystals.

Theactivation energy obtained for the Geparticles (Ea =
2.5eV)isslightlyhigherthanthatobtainedfor合一鮎 filJnS (Ea

=1.4eV).¶lisquantitativedifferencemayarisefrom thedif-
ference inthecrystallitesi2:ebforeameali噌 and thebund-

aryconditionattheparticlesurface.Infact,ourasJepsited
C

s別nple contains the crystallite of the order of90 A in size,
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whilethosein a-GefilTTISarerep⊃rtedto也 oftheorderof 14
0

A.13) Inaddition,theGef払rticleshavefreesurfacesandcon-

taminationsaround the particles such as oxygen atoms may

prevent thecoalescence,dlile microerystals in aQ filmsare

closelyf凪Ckedand thebondingbetweenadjacentmicrocrystals

mayexistto some extent.Smallermicroerystalsmaycoalesce

more easily.Furthemore,the f凪rtial b ndiI唱 txtWeen adjacent

microcrystals may facilitate the Coalescence.Thus the

microcrystAls in so-called a∬氾rPhous Ge fiユ皿S Can grow With an

activationenergyloverthan thatfortheGeparticlesWithfree

bWdary.

5.5 SUm ry

lnthischapter, wedealtmainlyt4ithGerRrticlestx)th with

freetx)uldarycorditionsandinthinfilm.Theamlyticalmethd

wasthesameasusedfortheSiparticles.

The structural changes were observed for the Ge particles

tx)thwith free std ing 別1d thoseclosely rncked in thin film.

¶lat is,two-step changesweredetected in the Arrheniusplots
obtainedbyresolvir唱 the触 n spectraofthes別れplesamealed

thermally,indicatingthesimilaritiesbtweenSiandGe.

QlthetnsisofthemicrocrystallinemCdel,thesestructural

changeswereexplained fortheSiandGeparticlesWith free

buldaryconditionsand inthin filmssimultaneously.We sug一

gested that the incIPlent StageWith the lotJaCtivation energy
●

arises from the ordering of the surface atoms,and that the

abruptf凪rticlegrowthofthelatterstagewithhigh activation

energyisattributedtothecoalescenceoftheparticles.
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Chapter6

Conelusions

AsystemticstudyhasbenCarriedoutonthesmllsemi-

conductorparticlesofSiand Ge byusing Raman scattering

s阿 trOSCOPyincombinationwithelectronmicroscopy.Therehave

beenmaintwopurposesofthisthesisWork:Oneistoinves-

tigatefinite-sizeeffectsonthevibrationalmdesinnonplar

semiconductors.Theotheris,byexteTdir唱 theconsiderationon

thesmallf凪rticlestoan amrphoussemicondl肥tOrfield,tocon-

tributetothesttRb,ofthestructureofamorphousSiand Ge.

Forourpurpose,触 但n SCatteringhasbenarx)werfultoolbe-

causeofitssensitivityandadaptabilitytothesemiconductors

ofSiandGe.The触 nspectrafromthegas-evaf氾ratedSipar-

ticlestJith freeboundaryconditionshavebeenmeasuredand

amlyzedbycomprir唱 WiththeSimicrocrystalsI冶eked inthin

film.mestructuralchangesinducedby,lnainly,thermalamea1-
inghavebendetectedbythe細 胞nSCatteringmeasurements.We

havealsomadeaconp risontctweenSif凪rticlesWithGeones.

TTlemainresultsobtainedinthisthesisworkaresum rizedas

follows:

(1J Theaverageparticlesizeaofgas-evarx)ratedSiparticles
ら

deterninedfromthemicrograI血 Variedfrom70to220AIand
thernrticle-sizedistributionwasamly21ed.Wefold that

thesizedistributioniswelldescribdbyalog-nom凪ldis-

tributionfunction.Thegeometricstmdarddeviationinthe

log-no王¶岨1distributionfunctionoftheSif凪rticlesagrees

tJithan emplrical ruleforthewidthofthedistribution;
■

thisdeviationhastofallwithinabmd givenby6=1.48
± 0.2forcrystallineinert一gas-evaporatedparticles.The
electrondiffractionpatternsshowedclearDebye-Scherrer
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rir唱SindictingthattheSiparticlepossessthesamecrys-

tallinestructureasthebulkSi.

(2) TheぬI陀汀1･SpeCtraOftheSiparticles changed from an
O

a∬氾rrhous-likebroadspectrum(d=70A)tDamixedsrxeCtrum
C

withcrystallinearlda∬氾rrhous-likephases (a=220A).It
C

wasnotedthatthesiliconparticlesassmallas100Ashow

anamrphous-likeRaman speetrumeventhoughtheirstructure

iscrystalline.TheRaznzm spectrawereresolved into four

mdesintherageof250to600cmll;thesewereidentified

totheLA-(～ 300cm-1)andTO- (～ 480cm-1)likemi es

observedinso-calledamorphousSi,theallowed-TO-Ⅰ血onon

mi e(～ 520cm-1) ofcrystallineSi. andanewsurfacemde

(～ 430cm-1ト

(3) Inordertocheckthestructureofthesiliconf温rticle,

thethermIamealingandlaserirradiationexperimentswere

made.FortheisochronalarmealingoftheSif凪rticles,the
sma11changewasobservedandattribtedtotheformtionof

Si.0 tx)ndonthesurface.On theotherhand , thesharpcrys-

tallinepeak onthe触 陀ulS阿 trumi血 edbythethelaser

irradiationwaswellarnlyzedbyusingthetheoreticalca1-

culationforbulkSi.ItwasconcltAedthatthechangeob-

servedinthemM岨nSrXeCtrumOfthesmallsiliconparticles

duringlaserirradiationismusedbyat叩 raturerisein

thesamemameraSthatwhichtdtesplacein血1kSi.

(4) Structumlchangesofevarx)ratedSifilJTLSirxlucedbyther一

打aIamealir唱 weremeasuredby触 Ⅰ岨rlsc氏ttering.Thevolume

fI甘Ctionofcrystallinity v/ofthefilmWasdetemi nedfrom

the integrated intensitiesofacrystallineandan

aJTk)rI丸ous-likecomponents.vlwasthenappliedtotheAvrami

fomula,Whichexpressaprocessactivatedthermallywitha
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singleaDtivationenergyatafixed tmperature.We found

thatthetwo-stepstnK:ttualchangewithactivationenergies

of0.35and0.87eV,andthatthelowenergyof0.35eVis

identicaltotheactivationenergyfortheviscousflowof

Si,0.37eV(8.63kcal/mol).

(5)The Raman scattering study Was extended to glow-

discharge(GD)-depsitedSifi血 .Thedepedenceofpref凪ra-

tionparametersofRFpowerandDCbiasvoltageon the

structuralpropertieswasdiscussedby using vl,the
linewidthoftheRaJrLZm S四etrull,and thecrystallitesize

deterninedfromX-raydiffraction.工nordertointerpretthe

finite-sizeeffectofsmallparticlesfonBedinthefi山n,we

comparedourexperimentalresultsofevaporatedandGD-

depositedSifilmswiththetheoreticalcalculationmadeby

Richtereta1.,andpintedoutthatthefinite-Sizeeffects

ofthesmallparticleswithfreetx)血 yarenotexplained

bytherelaxationofthetJaVe-VectorSelectionruleonly.

(6) TheRamandepolarizationratio p ofsmallSiparticles
O

vithan averageparticlesizefrom60to350Awasreported

forthefirsttime.ThelowvaluesofA fortheparticles

havingacrystallinepeak werenotexplained by regarding

theparticlesasthebulkSi.Thusbulkconceptssuchasthe

F28 SyTDmetryandk-selectionruleareinoperativetothe

smallsiliconparticles.Byc印 ring psof thesilicon

particleswiththoseoffilms,weshowedthatthebroad

amorphous-likespectradonotmeanthecontinuousrandom

networkstructureormolecular-likecluster.Theexrだrimen-

talresultspresentedherewerenotpredicted byexisting

theories.

(7) GenTm iumparticlesbthWithfreetx)undaryconditionsand
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in thin film were studied by using the same analytical

meth∝lasused fortheSiparticles.Wefoundthatthetvo-

stepchangesobserved in theArrheniusplotobtained by

resolving the地肌凪n SrCCtra Of the swplesamealed ther-

mally,indicati噌 the similaritiestxtveen Siand Ge. The

activationenergiesobtainedwere0.10and2.5eVfortheGeし

f凪rticles,ard 0.13fmd 1.4eV fortheevaprated Gefib.
Itwasnotedthattheenergyoftheincipientc血 geagrees

viththeactivationenergyfortheviscousflowofGe . 0.14

eV (2.74kcal/nol),andthatthisresultoftheGefilm is

consistentwiththatoftheevapmtedSifilm.

(8) Possiblemechanisms of the two-step structuralchange,
WhichiscoTTmOntOtheGeparticlesWithfreeb血 y,the

Ge film and the Si filJTl,Were discussed based on the
microcrystallinemodelinsteadofthecontinuousra∫domnet-

workmodelasthestrtntureofaJnOrPhoussemiconductors.We
■■

suggested thatthe incIPlentStageWith thelotJaCtivation

energyresultsfromtherearrarLgementOfsurfaceatoms,and

thecrystallizationprocesswithhighactivationenergywas

attributabletothecoalescencegrowthofthemicrocrystals.
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