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Investigation on the strain of siGe／si heteroepitaxial

system durillg high temperat ure annealing by
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Abstract The in丑11ence of thc hlgh temperatlIrP prorI、ssiIlg on the strain sforPd iIl

SiGe llctero epilayer was stlldicd by means of RBs／chⅫ11ellllg Channelmg angⅥlm

8can出un卫the<110>axi“directioIl in the(100)planc was used to char；lctc—zf、

thc∽trazoIlal distortion in tlle SiGc strained layer The straincd crystal structll九，

paraⅢeters were acquire(1 hy∞mblIliIlg the determin；mon of straill with t11e elasticity

t11f：ory 【t i8 shown that thP str aill stored in thc SiGe 8pil8"r has signi矗caI扎ly cha“即

frclaxatioIl f缸tor from O．023 to O．84)aner lligh tenlpPrature annPali”g The p。tcntlal

straill relaxation mechanisTlls wcrc【liscusse(1
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1 INTRoDUCTIoN

sihcon—germanium(sil TGez)i8 playi“g an increasill91y important roIe in m。dern

very—large scale integration(VLSI)technologyl particularly in high—speed deVices for iu—

tllre telecommunjcation apphcatio雌⋯When Sil zGem alloy矗lms are grown epitaxiaUy

on S1hcon substrates，th盯e exists a lattice缸smatch at the i11terface This商smatch

causes a stTain b the Sil一zG％以loy矗liIl，whidl is compTessiVe in the plme of the ln—

terface and tensde perpendicul酊to it T11e 1attice rnjsfit strains at the Sil～Ge，jSi

interface provides a means to adjust the vaknce and conductjon band oH．set Both the

diH毫rent electronic properties of Ge and the strajn in the aUoy layer cause a lowering of

the band署印[2，3】Besides aff毛cting the band structure and op“cal Properties of Si。Gol m

alloy mat盯ials，the strahl also相色cts the morph0109y and growth me cllanism of tIle epi—

t越(ial 1aver As a consequence，the strain in these mms Is an 1mportant parameter，which

a仟色cts the Derformance of SiGe-based devices However，heat treatment processes are

unavoidable dlLring the device Ihbrication such as high temperature anne a：【iIlg for post—

implantation，that wi儿give“se to the strajned SizG01 ．c aUoy epilayer to reIa盖through
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the injection of Injsfit dislocations at the int目fhce，which wn【haVe a lethal inauence on

the deyices．Therefore，the quantitative inf。rmation on the changes of str“n dunng hjgh

tempeTature processing is Very vahlable fbf Si￡G。1一z—base device appIication

SeVer蛆iIlvestigations on the strain stored in the gmaU Iattice nlismatch systems．

such as G8l一。A1zAs／GaAs were reported，in which x—fay dim。ac“on(xRD)惮5』was used

to charactefj2e the stra抽and ns re】axatj。n．However．there are sDme正mitatj。ns(汀the

XRD technique irL determlming the straill stored in the hjghly rnjsmatched SiGe／Si svs—

tem For example，the posjtion of曲e X—ray dj疗raction peak is related co both the

c。Ⅱlposition and the strain of epilayers．If the strain is not negbgible，the compos】t】on

deduced by XRD wm be inaccurate，which wm西ve ri5e to some di历culties in character．

jzing the st伯in stored in the SiGe epilayers．On the other hand，due to low slgnal—to—noise

ratios fbr th虹Ⅱer epita)【ial矗hs。XRD can not be used to evaluate strain stored ln thln—

ner siGe／Si systems accurate】y．i6J Fortunately，RBS／chaImeHng techn0109y is a rellab】e

and accurate method f曲deter枷ng the c。mposition of an aⅡoy and the stTain st。red

血the epit a】(ial mm出rectly and nondestructively
f7j

IrL th8 present work，th8 grazing RBS technique with an improved depth res01ufion

w粕employed to accmately deterrnjne the Ge c。ntent in the thin SiGe／Si systelll The

ion cha丑neUng ang_lllar scan was used to characterize the s拈ain change stored in Very

thin SiGe 8pilayers d1Iring hjgh temperature processing．AFM(atomic force I面croscopy 1

waS used to characterize the surface m∞phology of the virgin and annealed sanlples

2 THE STRAIN SToRED IN THE sj／siGe／si HETERoEPITAcIAL

SYSTEM

The coherent酽owth of a SiGe a11。y行l】1l on Si substrate r。qujres that in-plaIle lattice

constaJlt at the interface is equal to that of the Si substrate The SiGe矗lIn being“ee of

dislocations is taken by a homogeneous tetragonal distorti。n．The tetrag。nal distortlon

in the distorted crystal was denyed from the formuja(8：

￡T 2(8ll—ai)／ab．：lk=△目／$in自cos日

where 8”and 81 are the in．plane and normal 1attice constants，re5pectiVely，mmlk】5

the SiGe aUoy bulk lat“ce con$tanti 8 is the an百e between the<lOO>and<tlo>

oTientation in the substrate and△扫is the anglll盯di抒毛rence m the substrate and epilayer，

which can also be referred to as a Hnk angle 19j
Fjg．1n

0j iIldjcates schematicaUy a crystm

ceⅡof the SiGe auoy印itaxial 1ayer The ceU with a buu(1attice constant岛cml b9

bia瓤aUy campressed in the growth plane and parti以Iy or fIdly match the in—plane 1attlco

constant of the substrate The average in—plane strain and p盯pendiclllaT strailt of the

SiGe alloy epita剜甜lay盯are given by

ET=(8ll～abulk)／8bt，11c ￡』：('j—al，nlk)／8bulk (2)
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a J；abu】k{【1+(2cl2／c11)]旭1／tan8，)+(2c1 2／f11)j} {3)

wKch can be easny。bt alned froIn the 1attice geometry and the elasticlty theory‘‘1

IIl thjs formllla c11 and。l 2 are the elastic constant s of the SiGc layer No data fjom

reliable experimental measurements of t11e elastic constaJlts of the SiGe alloys have been

publlshed to date The data that exist suggest that the SiGe蛆loy elastic constants can be

adequately determjIled usi“g slmpIe line甜rule—ofrnixtures(ROM)interp。1ations Iro rI】

the elastic constants of pure Si and pure Ge ablilk蟠the 1attlce constant of SiGc a】k叮

bull(materials，which was obtained by using Dismtll【es’s data【1
2
The value。f口t i11 Eq：j

was de“ved from the equation，口，二疗一△日，wh盯e△曰was obtajned仔om experinlent a】

Fu¨y stmlned

PartlaIly 8t他Ined

Unst陀ined

SI subst怕te ce

讪 知

1 r／

． ／
1_，’

。一J

‘／

V 1 r 1

1·—————_

a8l

【001】

Iayer

Fig．1 SclleIImtic illllstmti。n uf L11e SiGP al】。y‘、p11ayer oIl tlle Si sI山strate i11d记ati醐化一1 lc。‘f

collstaIlts and a“gle involvI、d 111 stTaln

CoⅡlbining Eq 1 with Eq 2 or Eq 3，once△8t was deriVed fTom the determjnation

of山p cllrves f。r the Si／slGe／Si<100>sample along the<1 lo>脚出direction in the

(100)pl弧e，the tetragonal distortion ET，paraIlel strain 5¨and perpendiclar straill。3“

be obtained Therefore，au the hfortnation on stra血and c。ystal昏eometry pararneters

can be obtainedby means of RBS／Charule王ing
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3 EXPERIMENTAL

The Si／SizGel～T／si heteroepitaxial samples used for this study wer8 prepared by

comercial ASM Epilon 2000 chernjcal vapor deposition(CVDl reactor descnbed ln our

another paper删It consisted of the n—type(100)si s11bstrate wjth an undoped 30 nm

Sibu鼢，fouowedby aIl undoped Sil一。Ge。Iay盯and an 1l工1doped Sl cap The sarnple

was cut into two pieces，。ne is referred to as the virgin sample，the other js annealed at

950。C for 1 h in A工inert臣as哪bient fhenceforth we refer it as the amlealed saInple)

The Ge content。f Sil一zGez layer was det盯Inined by 2MeV 4He+grazing aJl91e lncident

(incident angle of 700。)Rutherford backscatte“ng spectroscopy(RBs)at the scatte ri“g

aⅡgle ofl70。

An an9111ar scaIl along the(100)pla丑es thf。ugh<1lo>orientation of the saIllple

was used to characterize the strain stoTed in the SiGe heter。epltaxiaL system． In。rder

to obt血1 the correct angular djm玎ence between the<110>a耐aI direction of the SiGe

auoy layer and the Si substrate，the position of the dip centrdd in the a“gular scans was

e盖tracted using a cubic spbne矗t【14，1 5』

4 RESUIJTS AND DISCUSSIoN

Fi置．2 shows an expeTimental 700．

gr船ing血cjdent RBS spectrum of the vir—

g血sampIe and a computer sirnldati。n one

by RUMP program The simulated RBS

spectrum vermed that the sample struc—

t11re is 12nm Si／13枷Sj0 79Geo 2l／Si sub—

strate The Si signal from the suTface aIld

the Ge signal from the bⅥied Iayer can be

c】early seen Arrows indicakd the surface

scatteting positions of Si and Ge．

Fig．3 and Fig．4 show channeⅡng an—

9111ar scannj“g cllrves along the iIlcUned

<110>a】【iaJ direction from the virgIn

saIrlple and the annealed sample，Te3pec—

tively．A shjft of mjmmllm yleld betwee丑

Fig．2 RBS spectrllHl of 2Mf|V He’r Lf hP

infi(Iellce a“91c of 70。aIid scaL ccriIlg al】g】．1‘li

1700 from thc vir譬in saI¨I)lc

Tlle st．"rf’d line ls aIL e。pcriIIlent“8p Ff t11lnl

and tllc squarc(1 1iIle is a coInputcr siIIlllkItIoll

the SiGe epilayer and Si substrate、a direct measurement of stTam，was obtained For

the virgin s砌ple，the angular di乳rence of△目=一0 40。shown iIl F噜3 was obt叫ned

Identicauy}the angldar difrerence of△目=一0．0630 between the SjGe epilayer a11d tlle

Si substrate of the a舯ealed s锄ple was ajso inferred fronl Fig．4．The related strmn and

structure par啪eteTs of the Virgin and the annealed 8帆pk are tabu【ated irL Table L
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Fig．3 A“gular scan of the virgill sample

(si／siGe／si<100>)a10Ilg Lhe<110>

axial direction

2 0 1 5 ．1⋯ 口D 0 5 O

Tm●∞b／(。)

Fig．4 Angular scan of thc aIlneale(1 sjLfIlI

(Si／SiGe／Sl<100>1 alonE tllc<lJn j

axial direction

Thble 1 Structure paraIIleters and m89nitudes of tlle strain derived from RBS／C}lanncIillg

lneasUrements

For the virgi工l sample，the the。retical vaJue of tetragonal dist。rtion is O．015 de“ved

丘om the formllla，【1哪ET=，×(1+p)／(1一v)，where p is the Poisson ratio The

experimental va】ue is in good 89reement with the theoretical value The relaxatjon

factor冠de血ed as(8||一asl)／(almll【一as。)is equal to zero if the epilayer is f1111y stralned

and兄=1 if it is unstrained． The relaxation factor冗of the virgin sampIe is 0 023

Hence the Virgin s a工]印1e is fuUy strained and the SiGe aUoy矗1m coherently gTows on Si

substrate The relaxation fhctor且of the锄ne“ed sa"1口le is 0．84．which in dicates that

stIain wa5 mostly relieVed when the Virgin s眦ple is弧nealed at 950。C for l h h Ar inert

gaS aI】曲ient．

It is weU estabUshed that the strajn relaxation can be mainlv accoInmodated hv

means of rnjs矗t djslocations，inter—difEhsion and sllrface roughness f。r the strained epi

taxial system．【17J The strain relaxation by ITlisflt出sIoca“ons occurs o工l】y fbr epdayer

nlickness greater than the c“tical t址ckness In our study，because the Ge concemratjon

in the SiGe samples is relatively low，the thjcl(ness of Sb 79G印2l a110y epitaxi aI 1ayer is

less than the critic a1 thickness according to the Mattllews—Blakeslee mechanical equilib—

rium cllrve[18]Hence，mis矗t dislocation will not be intr。duced jIlto the SiGe／Sl interface

dllriIlg the epita】[ial growth of SiGe舢oy丘hn The strain reHev郎by means。f surface

roughness can occur for
any epItaxjal layer thickness}‘1]which are als。evldenced in ou。

study．Fig．5 shows the image of AFM for t11e virgin sample The surface of the virgin

sample is very smooth The image of AFM for the aIlIlealed sample js shown in Fig 6，
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indicating that the sanlple surfhce bec。mes roughness．It is eVidenced Chat the relaxatjon

via surface roughenjng is a fact。r of strain rehef iIl our siGe／si heter。epita血a1 system at

eleVated tenlperature a衄eaIing The straIn reIaxation via inter—difhlsion is not a signi矗一

cant rnechanism at the growth temperatures used m MBE or CVD，but it would be con—

ceiVably s培rLi矗cant at elevated temperature processing inv。lved to device fabncatI。11 s{1一

Con】paring the RBS random spectra between the annealed sample and the virgin salllple

(not shown m this article)，it is f。und that the Ge peak is lower aIld broader for“le

anJleakd sarnple than for the virgin sampIe(the Fwm江of Ge peak changes from 30 to

42 keV)，whjch indicates a pron。unced Ge。ut—dimlsion from the sil一zGez l唧er in㈣e

an工le“irLg duration．The out—diffTusion of Ge seems to relief t11e stored strain encr篮v and

thereby rIlinirIljzes the dislocation generation The surface roughem“g f州ors the redu：一

tion of the energetic b缸riers for dislocation nucle毗ion，which is associated with surfa(’P

morphology．During the hi曲teHlperature processiilg．the Im蚯t dislocations intTodllced

at interface between the SiGe layer and sllbstrate will be sigIlmc跚tly Tedllced Thc

(1 lo)pI矾aT channeung spectra of the virgin and anne aled samples shown iIl our a110ther

paper【13』have insignif王cantly change．It aIso ver讯ed that even i“he嘶幽t dislocanon l‘

generated dllring the 950。C high teTr巾erature anneding、it wiU be inslgni矗cant IIcnct、

the pron。unced sh ain rela文atiDns i11 the annealed sanlple are nlainly attfmuted t。the

out—di靠hsion of Ge fTom the Sil—zGe。1ayer a11d surface roughness．

Fig．5 Surhce morpll0109y of the Vi‘glll

sample dcte眦正ncd by AFM

Flg．6 S1ll hce morph出ogy of thc amH’al

s^m出dPtern皿cd hy AFM
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5 CoNCLUSIoNS

Channeling angular scans weTe used to characterize the stram 5toTed 1n the Si fSiGe Si

e—taxa订sysceIll Subjected t。hlgh temperatue anneaⅡng，the tetragon出distortIun()f

siGe epitaxial system changes from一0 014 to—O．0022 The strained cryst出strtKtLIre

para工11eters are obtained combjning tlle channeⅡng an譬ular scans witlL the eIastlcltv thP

ory The SlGe epilayer ke印conslderably good crystal qua】ity pre一卸d post—anneahng

(channehng血nimum yield from 2．7％t。3 4％) Out—difrusion of Ge，surface T。u蜃hness

rather th姐formation of嘶s丘t disl。catlons give rise to the pronounced strain rclaxat】。n

in the a皿e出ed samDle
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