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Since the development of semiconductor materials several decades ago, both theoretical and experimental 

work has been done to investigate the properties of devices made by them. Silicon (Si) and germanium (Ge) 
materials are advantageous for producing high-performance field-effect transistors (FETs), due to their high 
electron and hole mobilities. The electron and hole mobilities in Si are 1600 cm2NS and 430 cm2NS, while 

the values in Ge are 3900 cm2NS and 1900 cm2NS, respectively. Performance improvements in 
semiconductor devices follow Moore's Law, which states that the component density on an integrated chip 
doubles every two yearsしand the fabr�cation of traditional transistors continued to scale down following this 
rule. However, transistors have a practical limit, leading to leakage current as the gate length decreases. 1 This 
limit results in higher heat and fabrication cost. Miniaturizing the dimensions of devices has become a pressing 

need, which can increase not only a density on a chip but also improve the speed of transistors. One 
dimensional structure materials such as Si and Ge nanowires(NWs), have been considered as channels for 
nanoscale transistors with high speed, high integration, and low power consumption through gate-all-around 
transistors. The developments ofNWs include the innovation of architecture between Si and Ge, such as core­
shell, core-multishell, and alloy structures. 2·3 Because the c�re-shell structure can suppress scattering and 

separate carrier transport from impurity doped regions, a fast carrier transport can be realized with these 
devices. Impurity doping is also important to functionalize NWs for novel devices.4-6 Therefore, p-Si/i-Ge 

core-shell NWs and p-Si/i-Ge/p-Si core-double shell NWs were fabricated to study this phenomenon. The 
precise analysis of NW structures and impurity doping in NW s was performed. In addition, the interface 
properties between Si and Ge layers was characterized to show the intermixing of core-shell. structures. 
Moreover, SiGe alloy NWs with impurity doping were synthesized to study the properties of NWs. These 
results show that the good compatibility and scalable synthesis of Si and Ge NWs may provide remarkable 
progress for complementary metal-oxide semiconductor (CMOS)-integrated circuit technology and high-speed 
devices. 

1. Formation of p-Si/i-Ge core-shell NWs by using bottom-up method
This chapter presents the formation and characterization of p-Si/i-Ge core-shell NWs grown using bottom­

up method.5 The growth ofNWs were done by using chemical vapor deposition (CVD) with the vapor-liquid-



solid(VLS)mechanism.7Thisprocessisnotonlyuniversalfbravarietyofcatalysts(Au,Al,Cu)butalsocan

beusedwithmanydifferentprecursor､gaseous, liquidandsolid).TheVLSgrowthallowsfbreasymodulation

ofnanowirediameterandlengthbycontrollingconditionssuchasdepositionrate,temperature,andpressure.

InthischaptelJAunanoparticleswereselectedasthecatalystfbrNWgrowth.Boron(B)impuritieswere

introducedintheSiregiontopreparep-typeNWs,whichisoneofthefUndamentalmethodsofimproving

carriertransportinsolids.p-Si/i-Gecol･e-shellNWsandp-Si/i-Ge/p-Sicore-doubleshellNWswerefabricated

tosuppressimpurityscattering.TheschematicoftheseNWsisshownillFigurel.Thecore-shellNWstructure

showsashaminterfacethatisnecessaly A…n.…堂､e…
I

fbrtherealizationofhighmobilityFETs

by separating the carrier transport

regionfromtheimpuritydopedregion.
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Schematicofthep-Si/i-Gecore-shellNWCVD

Moreover,Si/Gecore-shellNWsshow growthprocess:(a)-(c)depositionofcolloidalAucatalystseeds

promise fbr suppressing surface ontheSi(lll)substrate; (d)fbrmationofp-SicoreNWsby

scatteringofcarriers. SiH4gasHux;(e)finalp-Si/i-Gecore-shellNWs.

Variousmethodswereused to

characterizethecore-shellNWs.Ramanmeasurementisausefillmethodtodetennineimpuritydopingand

bondingstatesinNWsbyidentifyingthevibrationalmodesofimpurityatoms.8,9Thepositionsandshapeof

Ramanopticalphononpeakscanbeusedtoevaluatetheelectricalactivityofdopantatoms.Crystallinityand

〃
(a)interface of core-shell NWs can be (a) ¥
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characterizedbyTEMwithEDXmappin9.The "

stressbetweenthecoreandshell layerscanbe 鳥豊罵、
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analyzedbyestimatingthelatticeconstantsof "2
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NWswithXRDmeasurements.First,p-Si/i-Ge ｡舗蝋＊

l'c) p-s!ﾙGeNWsl (d) p-Si/i-GeNWscore-shellNWswithBdopinginSicoreregion
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was cleaned usingwater, ethanol, and Figure2. (a)Lowand(b)highresolutionTEMimages

isopropanol.Next,thenativeoxideontheSi ofp-Si/i-Gecore-shellNWwithashellgrowthof60s.

waferwasremovedwithahydrogenfluoride Thescalebarof(a)and(b)are50nmand5nm,

(HF)solution.SiH4(100%),GeH4(100%)and respectively.(c)STEMimageand(d)EDXmapping

B2H6(1%inH2)gascswereusedtofbnnp- withthescalebarsoflOnm.Theredcolorandgreen

Si/i-Gecore-shellNWs.TEMimageswith colorsareSiandGe,respectively.
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EDXmappingofp-Si/i-Gecore-shellNWsareshowninFigure2.Thelow-resolutionimageinFigure2(a)

showsaunifbrmstructurealongtheNWgrowthaxis.Clearlatticefiingesareobservedinthehigh-resolution

image,asshowninFigure2(b),showingthattheNWhasgoodclystallinity.Thei-Gehasasinglecrystal

structure.FromtheSTEMandEDXmappingimages,inFigures2(c)and(d),thep-Si/i-Gecore-shellNWs

showaclearinterfacewithoutsignificantintennixingbetweentheSicoreandGeshell layers,demonstrating

thefbrmationofasharpinterface.

Figure3showstheopticalphononpeaks
(c)
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observedbyRamanspectroscopyfbrthep-

Si/i-Gecore-shellNWs.Thecomparisonsof

B2H6dopinggasesnuxesfi･omO.lsccmto

O・5sccmareshowninFigures3(a)and(b).

Thepeaksobservedataround300cm-'and

520cm-IcorrespondtotheGeandSioptical

phonon peaks, respectively. Asymmetric

broadeningoftheSiopticalphononpeaks

wasobservedwithincreasingBdoping.This

isdue totheFanoeffect causedbvthe
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interference between discrete optical Ramanshjit(qnv) Ramanshin(cm･')

phononSandthecontinuumofinterband Fignlre3.Ramanspectraofp-Si/i-Gecore-shellNWsgrown

electronandholeexcitationsindegenerately withB2H6fluxesfi℃mOsccmtoO.5sccmobservedfbr(a)

dopedNWs.'0'''ThesamephenOmenoncan Siopticalphononpeaksand (b)Geopticalphononpeaks.

bedetected inGeoptical phononpeaks, (c)Geopticalphononpeakscomparedtobulk-Ge, i-Ge

whichcanalsobeexplainedbytheFano NWs, i-Si/i-Gecore-shellNWs,andp-Si-i-Gecore-shell

effectinducedholegasaccumulationinthei- NWs.

Geregion.Tbconfirmthis､theout-difFusion

ofBatoms廿omthep-Sicoretoi-Geshell layerswasinvestigated.Thedi"usionofBatomseasilyoccursif

intennixingoccuredattheinterfacebetweentheSiandGeregions, leadingtotheSiGeopticalphononpeak

ataround400cm-' intheRamanspectrum・NoSiGeopticalphononpeaksweredetected, indicatingthat

intennixingisnegligible.Theseresultsproveholegasaccumulationinthei-Geregionfi･omtheBdopedp-Si

region.AdownshifioftheSiopticalphononpeakcomparedtobulkSiwasalsoobserved・ThiSisduetOtenSile

stressandBdoping.BecausethelatticeconstantofGeislargerthanthatofSi,thefbrmationofGeshelllayer

inducestensilestressintheSi layer. Inaddition､thedownshiftcanbealsoexplainedbytheFanoeffectdueto

impuritydoping.ThevaluesoftheGeopticalphononpeaksarehigherthanthoseofbulkGe,showingthe

fbnnationofcompressivestressincore-shellNWs.TheGepeaksmovetoalowerwavenumberathigherB2H6

gasflux,duetoincreasedholegasaccumulation.TheRamanspectraofbulk-Ge, i-GeNWs, i-Si/i-Gecore-

shellNWs,andp-Si/i-Gecore-shellNWsarecomparedasshowninFigure3(c).Thepeakofi-GeNWsshiHed

toalowerwavenumbercomparedtobulkGe,duetothephononconfinement.Thei-Si/i-Geandp-Si/i-Ge

core-shellNWspeaksshowupshifiedcomparedtothevalueofi-GeNWsduetocompressivestress.Thepeak

ofp-Si/i-GeNWsshowsaslightshifitolowwavenumberduetoholegasaccumulationinthei-Geregion.



Theseresultsshowthatcarriertranspoltregioncanbeseparatedfiomthedopingregion(p-Si)byfabl･icating

core-shellstructure,whichcanprovideanopportunityfbrnextgenerationhighmobilitydevices.

2.Formationofverticalandcatalyst-fh･eep-Si/i-GecOre-ShelINWSbyuSingtOP-dOwnmethod

AlthoughSi/Gecore-shellNWsexhibitthe

outstanding ability to suppress impurity

scatteringandimprovecarriermobilityinfilture

devices、 theNWgrowth requires ametal

catalyst suchasAunanoparticles.Auatoms

easilyinducedeepenergylevelsintotheSiand

Gebandgaps,actingasrecombinationcenters

ofcarriers.Thiswill reduce theelectrical

propertiesofNWs. Inaddition,thediifusionof

Auatomsfi･omthecatalvsttothesidewallof
〃

theNWsalsoneedstobeconsideredathigh
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Figure4.SEMimagesofSiNWsfbmedby(a),(b)
growth temperatures. Controlling the

bottom-upmethod,(c),(d)top-downmethod.
orientationandalignmentfbrNWs isalsoa

probleminVLSgrowth.Therefbre,acatalyst-fi･eemethodwithgoodalignmentcontrol isnecessaryfbr

realizingfUtureNWdevices.2Here,weuseatop-downmethodbasedonnanoimprint lithography(NIL)to

fabricatep-SicoreNWarrays,whichcaneffectivelyavoidmetalcatalystcontaminationandproducevertically

alignedNWs.Subsequently,p-Si/i-Gecore-shellNWarraysandp-Si/i-Ge/p-Sicore-doubleshellNWarrays

werefbrmedandcharacterized.

Figure4showsthecompassionofNWsthatwerefbrmedbythebottom-upandtop-downmethod. In

Figures4(a)and(b),SiNWsbasedonthebottom-upmethodgrownbyCVDshowhighdensityandrandom

growthdirections.ThelengthoftheNWsdependsonthegasnuxrateandgrowthtime・ Incontrast,theSi

NWsbasedontop－downmethodbyusingNIL

showunifbnnandverticalstrucmre,asshownin

Figures4(c)and(d),whichwillbebeneficialfbr

integrationwith electronic devices. TheNIL

processincludesUVLimprint lithography, lifi-o丘

andBoschetchingusingSF6andC4F8plasma.'2'13

Thediameterofp-Siisaround200nm.Tbremove

surfacedefectsandcontrol thediameterofNW

arrays,thechemicaletchingandthermaloxidation

wereperfbnned.ThemorphologyandsizeofNWs
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weremeasuredbySEMas showninFigure5.
Figm｡e5.SinanOa汀ayswiththefbllowingconditions

Chemicalposishetching(CPE)solutionsinclude
(a)HNO3/HF/DI(50:1:20)etChing, (b)HNO3/HF/DI

hydronuoricacid(HF),nitricacid(HNO3),acetic
(400:1:20)etching, (c)thermaloxidation, (d)SiNW

acid(CH3COOH),anddeionized(DI)water.The
arraysdiameterdiStribution.



thermal oxidation process involves
(a)

fbnningaSiO21ayerbyO2annealingand iCesl

subsequentlyHFetchingthelayer.The
≧二一

diameterofp-SiNWs issigni6cantly :
三二 一

reducedbvCPEsolutionswhile the
一

roughnessofsurfaceincreasesasshown
一

inFigures5 (a)and(b).ThiSCanbe 25ZG
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smoothsurface,asshowninFigure5
Figure6.Ramanspectraofp-Si/i-Ge/p-Si core-doubleshell

(c).TheNWdiameterdiStribution is
NWsobservedfbrvariousoutermostp-Sishellgrowthtimes:(a)

shOwninFigure5(d).Theresultsoftwo
Geand(c)Siopticalphononpeaksand(b)Geand(d)Sioptical

CPEsolutionsshowthatthereisawide
phononpeaksasafilnctionofshellgrowthtime.

distribution of diameters fbr the

HNO3/HF/DIwatersolutionandHNO3/HF/CH3COOHsolution,correspondingto-40%to+30%and-25%to

20%,respectively,demonstratingthattheCPEmethodleadstohighsurfaceroughness.Ontheotherhand,the

resultofthethennaloxidationmethodshowsasmallerdistribution(±10%)thanthosebytheCPEmethod,

demonstratingthatthethennaloxidationprOcessismoresuitablefbrreducingthediameterandmaintaininga

smoothNWsurihce.Variousthicknessesofi-Geshell layerswerefbnnedonp-SicoreNWstofabricatep-

Si/i-Gecore-shellNWarravs.Thecrvstallinitvandstainincore-shellNWswerecharacterizedbvRaman
ご ~‐ ~豆 ご

spectroscopyandXRDmeasurements.Theholegasconcentrationinthei-Geshellcanbeenhancedatlonger

shell growth time、 resulting inan

enhancementoftheFanoeffbct.The

laniceconstantsofSi andGeare

calculated using Bragg's Law,

showingtherelaxationofcompressive

stressoftheGeshellwithincreasing

thickness.Tbfilrtherincreaseholegas

accumulation in theGe region, a

catalyst-廿eep-Si/i-Ge/p-SiNWarray
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was fabl･icated.Theoutermostp-Si

layerwasibrmedbySiH4(19sccm) FigureZTEMandEDXmappingobserve･fbr(a)an.(p)p"
aidB2H6(02sccm)gasesat700｡C Cecore-shellNWs, (c)and(d)p-Si/i-Ge/p-S|corc-doubleghell

NWs,(e)Geopticalphononpeaksobservedfbrbulk-Ge,p-Si/i-Ge
p-Sishelllayerswithdifferentgrowth

core-shell,andp-Si/i-Ge/p-Sicore-doubleshellNWs,(f)qand(9)
timesof30,60,80,andlOOswere

made.Figure6showsthatGeoptical robservedfbrcore-shellandcore-doubleshellNWs.



phononpeakshaveadownshifitolowerwavenumbersandasymmetricbroadeningbyincreasingtheoutermost

Sishellgrowthtime.ThisisduetotheincreaseintheholegasaccumulationintheGeregion,asbothsidesof

thep-Si layersinduceholesintheGeregion.TheintensityoftheSiopticalphononpeaksincreasedwith

increasingshellgrowthtime・TheSiopticalphononpeaksalsoshoweddownshiftingwhenthep-Sishell

growthtimeincreased.ThisisalsoduetotheFalloeffectcausedbyBdopinginthep-Sishelllayers・InFigure

7,theTEMimagesandEDXmappingshowthefbrmationsofp-Si/i-Gecore-shellNWsandp-Si/i-Ge/p-Si

core-doubleshellNWs.TheGeshell layerclearlyshowslattice廿inges, indicatingthati-Gelayerissingle-

crystalline.Figure7(e)showsacomparisonofGeopticalphononpeaksobservedfbrbulkGe,p-Si/i-Gecore-

shellNWsandp-Si/i-Ge/p-Sicore-doubleshellNWs.Thedownshiffandasymmetricalbroadeningcouldbe

observedinp-Si/i-Gecore-shellNWs､duetoholegasaccumulation・Inaddition,thephenomenonwasmore

obviousfbrthep-Si/i-Ge/p-Sicore-doubleshellNWs,demonstratingenhancementinholegasaccumulation

inducedbythep-Si layers.Tbestimatetheholegasdensityinthei-Geregion,theFanoequationwasusedto

fittheGeopticalphononpeaksobservedibrp-Si/i-Gecore-shellNWsandp-Si/i-Ge/p-Sicore-doubleshell

NWs.Theequationisasfbllows:

I=I｡(鶚1
where(o,q,andloarewavenumber,asymmetlyfactonandprefactor, respectively. E isdefinedas (⑩一

"p)/rwhere(,)pandrarethephononwavenumberandlinewidth,respectively. InFigures7(f)and(9),

thevalueofqandrdecreasedwithincreasingi-Geshellgrowthtimefbrp-Si/i-Gecore-shellNWs,which

canbeattributedtothereductioninholegasdensitycausedbytheincreaseinthethicknessofi-Gcshell layers.

Howevel;bothvaluesincreasedfbrp-Si/i-Ge/p-Sicore-doubleshellNWswithincreasingoutermostp-Sishell

layersthickness.Thisisduetoanincreaseinholegasaccumulationinthei-Geshellregionbythefbrmation

ofthedoublep-Sishelllayers,showingthatholegascanbeeffectivelyincreasedbyconstructingcore-double

shellstructure.

3.InterfacialIntermixingofGe/SiCorGShellNanowiresbyThermalAnnealing

Thermal annealing is acrucial process fbr

溌索Ⅷ4i ~| ~急ゞ斡艸』optimizingelectricalpropertiesinelectronicdevices
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NWswas investigated, showing the effects of

temperatureandpressureontheNWsduringpost-

annealing.Figul･e8showsSEMimagesandRaman

spectrafbri-Ge/p-Sicore-shellNWsunderdifTerent

annealingtemperatures.Annealingwascarriedout

between500and900｡Cfbrlmin.Thepressure
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i-Ge/p-SiNWsobserved

a仕erRTAAT(b)700｡C,

Figure8.SEMimagesofi-Ge/p-SiNWsobsel

conditionwassettolOOPa.Annealingbelow800｡C fbr(a)as_grown,samplesa仕erRTAAT(b)700
has littleeffectonthesurfacemorPhologyofthe (c)800｡C,(d)Ramanspectraofi-Ge/p-SiNWs

(d）
~



NWs.Whenthetemperature increased

fi･om500to700｡C, threepeakswere

observedintheRamanspectraataround

300,400,and520cm-',correspondingto

Ge-Ge, Si-Ge, and Si-Si vibrational

optical phononmodes、 respectively) as

showninFigure8(d).TheobservatiOnOf

Si-Gepeaksisduetointennixingatthe

interfacebetweenGeandSilaVers.The
‐

Ge-Gepeaksshowadownshifftolower

wavenumbers, which is due to

compressivestressrelaxationcausedbyー一一一一r一ー一一一 ‐ー ｰ‐ー一一一一 一－---一ー一一ー一－ 一一一一一一一 一‐ゾ
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Figure9.SEMimagesofi-Ge/p-SiNWsafterRTAunder
theintennixingofGeandSiatoms.The

N2pressureof(a)4Pa,(b)20Pa,(c)50Paat800oC(d)
enhancementoftheSi-Sipeakintensity

Ramanspectraofi-Ge/p-SiNWs.
and its upshift aredue to improved

cIystallinitythankstotheannealingprocess.Tbfilrtherelucidatetheintermixin9,theeffectofthepressureof

the annealing environment was

investigatedbyvalyingitfi･om4to50

Pa､asshowninFigure9.Thei-Ge/p-Si

core-shellNWs didn't showdrastic

changesatpressuresIowerthan20Pa,

while theNWs were significantly

brokenbyannealingatapressureof50

Pa・ This canbe attributed to the

enhancedbondbreakingofSi-Si and

Ge-Gebyhigh-pressureannealing.The

Si-Si peaksintensityincreaseddueto

theimprovedclystallinityoftheSishell
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intensityofGe-Gepeaksreducedwith Ramanshift(cm~')

increasing pressure, indicating the FigurelO. (a)Ramanspectraofi-Ge/p-SiNWsobserved

intermixingofSiandGeatoms.Figure fbras-grownsample,thesamplesunderthepressureof4

Paand6× 10-6Paannealing.TEMimagesandEDX10(a)showsacomparisonofsamples

annealed at 4 and 6 × 10-6 Pa, mappingof(b)as-grownsample,(c)annealingsample.

reSpectively,showingthat lowpressure

cansuppressintennixing,whileitcanbeincreasedathigherpressure.FigureslO(b)and(c)showTEMimages

withEDXmappingwithandwithouttreatments.Aclearcore-shellstructureisshownfbrtheas-grownsample,

asshowninFigurelO(b).Howevel;anon-sharpinterfacebetweenGeandSilayerscanbeobserved,dueto

theintermixingofGeandSiaiterannealing.Theseresultsconfirmedthatintennixingoccurredattheinterface



ofthecore-shellNWsduetothethermalannealing.

4.FormationofSiGealloyNWs乱ndtheirimpuritydoping

Si,_xGexalloyNWsisalsoanimportantSi-Genanowirestructure，Thealloycompositioncanbe

reproduciblycontrolledoverawiderangeofcompositionsbycontrollingtheSiH4andGeH4Precursors.

ImpuritydopinginSi,_xGexalloyNWscanbeusedto

producen-typeorP-typeNWs, showing intriguing

potential technological applications・ Theeffectsof

growthtemperature,flowrateofSiH4andGeH4,and

B2H6 gas doping onSi,_xGex alloyNWswere

invcstigated.FigurellshowstheschematicandSEM

images of the alloyNWs at various growth

temperatures・ThesampleratioofSiH4andGeH4was

setto6:1.UnifbrmallovNWswereobservedwhenthe

growthtemperaturewasIowerthan520oC､asshownin

Figuresll(a)and(c).Aucatalystcanbeobservedon

thetipofNWs､ indicatingtheNWsweregrownbythe

VLSmechanism.However, afilrther increaseinthe

growthtemDeraturecausedthefbnnationofataDered

Sil､xGexalloyNWs
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Figurell.SchematicandSEMimagesoftheSi,_
thetipofNWs､ indicatingtheNWsweregrownbytheジ

xGexalloyNW(a),(c)unifbnnand(b),(d)tapered
VLSmechanism.However, afilrther increaseinthe

structure.

growthtemperaturecausedthefbnnationofatapered

NWstructure,duetovapor-solid(VS)growthonthesidewallsoftheNWs,asshowninFiguresll(b)and(d).

TEMmeasurementswereusedtoevaluatetheclystallinityofSi,_xGexalloyNWs,asshowninFigurel2.The

growthtemperaturewas420｡C.ThealloyNWsaresingleclystalline.TheEDXmappingandline-scanpro61e

revealedthatSiandGeatomswereunifbrmlydistributedinSi,_xGexalloyNWs,asshowninFiguresl2(c)
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theCeconcentrationinalloyNWs increasedat

lowergrowthtemperatures.Thecompositioncan

becontrollednotonlybychangingthegrowth
40

temperaturebutbymodulatingtheratiosofSiH4

andGeH4precursorgases.RatiosofSiH4and

GeH4廿om2:ltolO:1wereinvestigated.The

growthtemperaturewassetto475oC.Thetapered

NWstructurewasobtainedfbrratiosfiom2:1 to

4:1,whilethesamplefbnnedbytheratiofi･om6:l

tolO:1wereuntapered.Figurel3showsRaman

andXRDmeasurementsfbrdifferentratiosof

SiH4andGeH4.TheRamanpeaksweredominated

atabout300,400,and500cm-',correspondingto

~(d)（c) SiGeNWs ．
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Figurel2.(a)and(b)highresolutionTEMimagesof

Si,_xGexalloyNWs.(GI･owthcondition:SiH4:GeH4=

10:l.7;temperature:420｡C).(c)EDXmapping,(d)

linescanoftheNWs.



theGe-Ge,Si-Ge,Si-Si

vibrational modes,

respectively,asshownin

Figurel3(a).InFigures

13 (a) and (c-e), the

several weak peaks

between420and460cm-

' werealso observed,

which could be

interpretedaslocalSi-Si

vibrationinthepresence

of neighboring Ge

1 ，0

刈

刈

刑

Ｏ

Ｚ

４

６

ｌ

~
~
~
~
~
~
~
~

４

４

４

４

Ｈ

Ｈ

Ｈ

Ｈ

ｅ

ｅ

ｅ

ｅ

Ｇ

Ｇ

Ｇ

Ｇ

４

．

４

．

４

．

ｊ

ｅ

Ｈ

Ｈ

Ｈ

Ｈ

Ｇ

Ｓ

Ｓ

Ｓ

Ｓ

Ｓ

一
一
一
一
一
一
一

ｊｂ

~一

』

』

(a） 、 ’二
１

１

１

１

２

４

６

０

宝

罠

二

１

４

４

４

ｑ

Ｈ

Ｈ

Ｈ

Ｈ

ｅ

Ｇ

Ｂ

ｅ

Ｇ

Ｇ

Ｇ

Ｇ

４

４

４

４

Ｈ

Ｈ

Ｈ

Ｈ

Ｓ

Ｓ

Ｓ

Ｓ

８

６

４

２

０

０

０

０

エ
］
勗
巨
④
》
星
で
の
型
一
便
臣
』
◎
之 1

シ
ご
唖
匡
①
》
ご
］

－ ’一Iー一望

0．0
一

2“ 300 4” 500

Ramanshift(cm･ ')

600
2726

８

１

″

内

必

Ｓ
ｅｃｒ

29

Ｅ

Ｏ

Ｃ

Ｊ

《

ｄ

５

く０２

０

８

釧

鞄

bJU

~(d)~４

２

０

８

６

４

２

０

８

０

０

０

９

９

９

９

９

８

３

３

３

２

２

２

２

２

２

520
565

６

４

２

０

０

０

０

０

４

４

４

４

（
・
Ｅ
Ｓ
畢
這
画
色
国
上
旬
庫

０

０

０

０

１

０

９

８

５

５

４

４

（
』
Ｅ
○
）
亟
重
飼
嵩
③
Ｆ
冒
匡

（
一
Ｅ
○
）
ご
差
岬
匡
毎
Ｅ
句
匡

０

５

釦

６

５

５

５

５

く
一
》
営
勾
誼
信
。
⑨
、
曾
署
勾
刮

398 ０

０

７

６

４

４

~

5．45

396 一
Ｉ 1 1 540

ロ 一 ・ 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10

SIH4#GcH4 SiH4/GeH4 SiH4,/GCH4 SWf4/GcH4
atoms.TheSi-Simode

Figurel3.ThevariedratiosofSiH4andGeH4from2:ltolO:lobservedat(a)
shi仕ed towards higher

Ramanspectra, (b)XRD;Ramanpeakspositionsasafilnctionof(c)Ge-Ge
廿equencyandwerealso

mode,(d)Si-Gemode,(e)Si-Simode;(f)latticeconstantsasaiimctionofthe
narrower and more

variedratios.

symmetriccomparedto

IowerratiosofSiH4andGcH4,whichcouldbeattributedtoachangeincompositionofSiandGe.'4The

linewidthandasymmetricshapesofSi-GeandGe-Gepeaksarealso important fbr estimatingthe

compositionofthealloyNWs. '4TheintensityofGe-GepeaksdecreasedwithanincreasingratioofSiH4to

GeH4.Asymmetricbroadeningtolowerwavenumberswasobserved, implyingthattheGeatomsaregradually

beingreplacedbySiatomstofbnnaSi-Si local structurebecauseofexcessSiatoms.TheSi-Gemode

exhibitedashifitowardshigherwavenumberthatcouldbeal/tributedtothedecreaseofGeatomssurrounded

bythevibrationsofSiatomsatSi-Gelocalmodes.'5TheproccssisprobablythatthelighterSiatOmsreplaced

theheavierGeatoms.InFiguresl3(b)and(f),XRDmeasurementswereusedtodeterminethelatticecOnstants

andstrainasafimctionofalloycomposition.TheSi,_xGex(111)renectionwashighlightedfbrthevarious

ratiosofalloyNWs.AstheratioofSiH4toGeH4increased,aclearshiftinthe(111)peakswasobserved廿om

bulkCe(27.28｡ )tobulkSi(28.45｡ ).PureSiandGepeakswerenotfbundinthealloyNWs,demonstrating

thatalloyNWswerefbnned.TheaveragelatticeconstantswerecalculatedusingVegard'slaw,showinga

decreasewithincreasingSigasnux,asshowninFigurel3(f)duetotheincreasingSicontentinalloyNWs.

Conclusion

ThegrowthandcharacterizationofSi/Gecore-shellNWsandtheiralloyNWsfbrfilturehigh-perfbrmance

transistorswereinvestigatedinthisthesis.Thefirstchapteraddressesthegrowthofp-Si/i-Gecore-shellNWs

usingthebottom-upmethodofCVD,whichcanproducematerialswithsuppressedimpurityscatteringanda

shaminterfacebetweentheSiandGelayers.HolegasaccumulationcanbedetectedintheGeregionwhen

selectivedopingwasperfbrmedintheSi region,demonstratingthatthecarriertransportregioncanbe

separated廿omimpuritydopedregionbyconsmlctingthecore-shellNWs. Inthesecondchapt"thecatalyst-

fi･eefbrmationofp-Si/i-Gecore-shellandp-Si/i-Ge/p-Sicore-doubleshellNWswasperfbnnedusingatop-
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downmethodasthismethodcanpreventmetalcatalystcontamination.VerticallyalignedNWarrayswere

fabricated,providingapossibilityfbriiltureverticalhigh-speedtransistors.Holegasconcentrationcanbe

effectivelyincreasedbyfbnningp-Si/i-Ge/p-Sicore-doubleshellNWs.Inthethirdchapter,thepost-annealing

treatmentofGe/Sicore-shellNWswasinvestigated.TheclystallinityofSiandGecanbeimprovedaffer

annealing. IntermixingbetweenSiandGeregionwasfbnnedbyusinghigh-temperatureandhigh-pressure

treatments.Inthelastchapter,Si,_xGexalloyNWsweresynthesized･Thecompositionandclystallinityofalloy

NWswereinvestigatedbycontrollingtheparametersofgrowthtemperature,gasflowratioandborondoping.

TheresultsclearlyshowedtheVSgrowthalsooccurredathighergrowthtemperaturesandhigherratiosof

SiH4andGeH4.RamanspectraandXRDmeasurementswereusedtoinvestigatethecompositionandstrain

betweenSiandGe.Borondopingwasperfbrmed,showingGecontentincreasedwithincreasingBdoping.
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