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Surface and structural characterization of Si¡-xGeX/Si alIoys and muIti-quantum
welIs grown by gas source molecular beam cpitaxy
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Gas source molecular bcam epitaxy was employed to grow Si,_ .•.Gcr pscudomorphic layers at variolls germanium fractions, r, in the
alloys with Si2H" and GeH4 as sources on (100) Si substrates. The structural (.'haractcrization of Si'_.rGc;r pseudomorphic laycrs was
investigated by doublc-crystal X-ray diffractomclry, and surface characterizarion was studied using a scatterometer with angle resolved
scaltcring for (he lirst time. The signals with a scattering angle 01' :f::'2Q around the specular direction for details 01'the polarization of Iight
scallering werc rncasured. Experimcntal results show tha! straincd and partially rclaxed Si1_rGcr atloys and Si'_rGerISi multi-quantum
weJls (MQWs) present different scattering profiles, cven if all of Ihcm display mirror-Iike surface morphology. which indicates that the
surf ••ces of heterostructures are microrough to different degree with rhe samples grown under different growth conditions. We stress the
im(Xlrtance uf our results for the application of optical scallering technique as an optical prohe for the study of surfaee microroughness in
semiconductor heterostructures grown on lattice-mismatchcd surface.

Krywoms: Microroughness; scattcring; polarizatiun; scatterometer; structural characterization

Se utilizó la técnica de epitaxia por haces moleculares con fuente de gas para crecer capas pseudomórficas de Si1_;rGe.r con diferentes
fracciones r de germanio en las aleaciones. con Si2H6 y GeH4 como fuentes, sohre substratos de Si (]()(). La caracterización estructural de
las capas pseudorn6rficas de Si,_ .•.Ger fue investigada por difractometría de rayos X de doble cristal y la caracterización de superficie se
estudió utilizando por primera ocasión un esparcímetro con resoluci<'m angular. Se midieron las seales con un ángulo de esparcimiento de :f::2Q
alrededor de la dirección especular para obtener detalles de la polari/.¡lCión de la lu/. esparcida. Los resultados experimentales demuestran que
las aleaciones de Si 1_ ;rGe.x parcialmente relajadas y las tensas. así mmo los po1.OScuánticos múltiples de Sil_.xGe.xISi (MQWs). presentan
Jiferentes perfiles lÍe esparcimiento, aun cuando todas ellas muestren una morfología superficial tipo espejo. lo cual indica que las superficies
de heteroestructuras tienen diferentes grados de micro-rugosidad para muestras crecidas hajo diferenles condiciones de crecimiento. Hacemos
énfasis en la importancia de nuestros resultados para la aplicación dc la técnica de esparcimiento como una prueha óptica para el estudio de
micro-rugosidad superficial en heteroestructuras semiconducloras crecidas sohre superficies.

/)escril'tores: ~licro-rugosidad; esparcida; polarización: esparcímctro; caracterización estructural

rAes: 6R.55.Bd; 6H.65.+g; 6R.J5.Bs

1. Introduction

It is wcll known that silicnn and germanium arc lwo of lile
mus! lIseful semiconductor matcrials. According to the Si-
Ge phase diagram, lhe so lid solution can he formed al any
dcsired composition with an adjuslcd hand gap. Recenl ad-
vance in Si cpitaxial tcchnology has made it possihle to grow
pseu<.lomorphic Si J _;rOe;r alloys with good cryslallinity and
clcclronic propcrtics. The addition of Oc extcnds the wavc-
Icngth range of Si, which allows an additional dcgrcc 01' free-
<.10min hand-gap cnginccring [1, 2J. High-quality surface of
Si 1_;rGe.l' epilayers iJntl high-qllality Si1_xGe;r alloys are es-
scntial for lhe rcalization 01' devicc structures for planar fah-
ricalion techniques in the semiconductor industry.

Because uf the slrain in Sil_;rGe,r epilaycrs. surfacc
qualily ami structural characlcrization 01' epilayers have a
c10setl conneclion wilh lhe growth parameters antl growth
modes in the hClcroepilaxy. Douhle-crystal X-ray diffracloll1~
clry (DCXRD) provides a rapid antl nontlestruclivc technique
for cvaluating lhe crystal pcrfcction ami strain in cpitaxial
films [31. Lighl scatlering has heen shown to be a powerful
diagnoslic tcchnique for charactcrizing surfacc qualily 14,51.
For optical surfaccs cven a smal! dcgrcc 01' roughncss pro-
duces rneasurahle lighl scallering. II was found that lighl scal-
terco hy mi<,,'roroughness has a high dcgrcc of polarization in
aH scaltering direclions 161. Hut in conlrasl to the oplical in-
duslry, Iight scatlcring has unly reccntly hccn seriously con-
sidered as a sourcc of microroughness characterization in lhe
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semiconductor industry [41. In ordcr to char<lctcrizc micror-
oughncss nI' semiconductor surfacc anJ optimizc lhe dcsign
of clcctronic ano optoclcctronic dcviccs, ao accumtc knowl-
elige nI' lhe rclatioll hclwccn lhe surfacc rnicroroughness and
lhe strain distrihution in Ihcsc hctcrostructurcs is csscnlial.

In Ihis paper \\'C study lhe struclural characterization
nf Si¡_J,Gcr pscudolllorphic laycrs hy douhlc-crystal X-ra)'
dilTraclOlIlclry. and invcstigalc surfaec characlcrization lIS-
illg a scallcromclcr wilh <Ingle resolved scattcring for Ihe
lirsl lime. Thc rcsults show lhal surraccs have a closed con-
nL'clioll wilh lhe slrain distrihutions. Slrained and partially
rela\ed Si¡_J(Je.r alloys ano Si¡_xGc.c/Si multi-quantum
wells (l\tQ\\'s) prcscnl difrerent scattering prolllcs. even ir
all 01' Ihelll display mirror.likc surfaee morphology. whieh
indicates Ihat the surfaccs of hctcrostructurcs are micror-
ough lo diffcrcnt dcgree for samples grown under diffcrenl
gnw.'th condi(ions. Our results are imporlanl for the applica-
lion 01'optical scattering Illeasuremenl to the slUOYof surface
microroughncss in semiconduclor hetcrostructures grown on
laltil.:e-ll1ismalcheo surfacc.

2. Expcrimcnts

2. t. Gas sourcc molccul;u heam epitaxy

Growlh of Si ¡_;rGc J./Si alhlYs and IllUlli.quantum wells was
done in a Illodified MBE systelll by comhining a gas-handling
syslem. \\'hich has a vaCllum 10ad-lOl:k cnlry ami turho-
1ll0!L'clllar PUIllP lo produce pressure 01' ahollt 2 x 10-4 Torr
during grm\llh 17,81. Thc growlh chamher was providcd
wilh an ion PlllllP which Illainlains a background vacuurn
.1 x 10-111 Torr. Pure Si:.!lIli ano GeH.1 were se lec leo as the
so urce malerial. Eaeh gas now rale was controlled hy preci-
sion 1l1~ISS11m\' contm!lcr,. The suhslrales useo for lhe epi-
taxial depo,ilions were (()() I )-oriented Si wafers. whieh were
chcmically c!L'ancd lIsing Tlloditlcd Shiraki' procedure 191.
Illllllediately prior lo lile loading. the suhslrate was dipped
i!llo thc HF (2.Y/r) solution to rClllovc lhe native oxide on
the suhslralc .'\Ufface. Thcll. lhe suostrate \Vas loadcd into Ihe
gro\\'th (hambel" through the load-Iock systelll. Prior to Ihe
growth. Ihe suhslratc IClllpl'r •.lIUfe was raised up to 90noe
10 dcsoro ¡he n:maining nativc oxide for 30 min, and Ihe
sUOslral1' tcmperalure was hmught down to the growth lem-
perature. 1" sil/{ rcl1cctioll high-cl1crgy elcctron diffraclioll
(RHEED) was lIscd lo monitor lhe surfacc crystallinity and
smoolhness. Arter al! th¡,; growth, the surfacc 01' samples are
rnirror-SIlH)olh.

2.2. J)ouhll'-,.'rystal X-ra.y diffral'tomctry

X-ray diffraction mcasllremcnls were perfonned on Rigaku
SLX-IAI. lhll¡hle-cryslal dilTraChlJ11CICr with a Ge (400)
Illonochromalor. TIlI' X~ray source is CuKo¡ (A

(l.] 5.1 11m). In lhe prcscllt work lhe Bragg angles were mea-
surcd in rclalion lo the Si ,1Ihstrate (400) rellcetion at 34.56°.
In l!lis selUp Ihe X-ray heam spot sile at Ihe samplc crystal

was eSlimated to he 0.1 1ll1l12• Rocking curves are ohtained
hy keeping the detector fixed al an anglc 20 with respect to
the ineorning X-ray heam and rocking lhe sample lo vary B
hy a small al11ount.

2.3. Scatterometer with an~le-resol\"cd scatterin~

rvlicroroughncss characlerilation 01' surface was invcsligated
by a sealterometer wilh angle resolved seattering. The entire
scatlerorncler assemhlc is eonstructcd on a standard vihra-
tion isolated optical tahle. Slahle He-Ne laser source with a
polarized outpul 3 m\V ami a wavelcnglh ,\ = G:12.S nm was
used. A series of mirrors sent Ihe polarizcd lascr beam over
a detector and through a half.wavc plate. The heam was lhen
retlccted from a !lnal mirror. passed lhrough a polariler. and
was inciden! upon the surface of Si¡_.rGe.r/Si heteroslruc-
lures. The half-wave plall' enahlcd Ihe incident polarization
to he oriellted as desired; the polarizer thal followed removed
any residual ellipticity 01' the polarizalion stale. A slightly
converging Iinearl)' polarilcd hcam was sent loward the s~m-
pIe. Thc dctection SYSICIll. which consists nf photolllultiplicr
and polarization optical elel11enls. was Illounled on a 70 cm
long arm and poinled (oward the sample. The arm was rotated
under computer control. and the samplc mount was attaehcd
10 a complller-colllrollcd rotation stage flxed to lhe optical
table so thal the angle 01' incidcnce could he easily dClcr-
Illineo antl 1l10difled hy rolaling lhe sample. The lascr heam
was modulateJ by a stahilizl'd l1lechanical chopper. ami de-
tector signal was processcd hy a lock-in amplillcr (Stanford
Rescarch SYStCIll, SR530). The incidenl wave with an inci-
tlent angle of 10° is linearl)' polaril.cd in a direction orthogo-
na! or parallel to Ihe plane of incidence (.'l 01' P polarization •
respectively) respecl to the plane of incidenee. The signals for
lhe t\\lO polarizalion comhinations, ..• --+ s and s --+ p. with
a scaltering angle of :1:2° <Irollnu the specular direction wcre
ll1easured bccause aH samples show mirror-likc surfacc mor-
phology. Prior lo the sealtering llleasuremenlS. thc samples
were cleaned chemically with a standard process to rninimize
the effeel of contaminants. The incident heam was arhilrarily
attenuated to a eonstanl valllc rol' all the Illeasurelllents. The
inlensity dala wcre taken as a functioll of Ihe scatlering angle.

3. ReslIlts and disclIssion

Figure I shows the Iypieal DCXRD rocking eurves of
Si,_,.Ge, "lloys IFigs. 1" "mi Ih. 1'1\312 "mi 1'1\329. re-
spcclivelyl "mi Si,_,Ge,/Si MQWs [Fig. le, FE5031. 1'",
s¡¡¡llple 1'1\312, I'ig. 1", Ihe pe"k "Illplitudc. posilion "nd full
witlth at half-Illaximum (I:WIIM) compare well with Iheorel-
ieal calculations ,\'.;l'xpecll'd 1101 hasctl un c! •.lstic thcory and
dynamical theory II 1, 121. Thc Oc conlenl 01' Si¡_.:rGc.:r al-
loy is 0.1 1, corresponding !hickness 01"Si ¡_.rGc.:r epilayer is
170 nm. and Ihe F\VHM of SiGe peak is ISO aresec. which
inJicales a high erystal qllality of Ihe Si1_xGe;¡ alloy. For
another Si¡_"Ge.r allo)' (Fig. Ih, FA329), lhe Ge content of
Sil_J.Gc.r alloy is also 0.11 that was ohlaineu from lhe Ge

RI'I'. Alex. Fú . .t{) (5) (2(X)O) 415--t 1X



SURFACE AND STRUCTURAL CIlARACTERIZATlON OF Si'_rGcrIS; ALLOYS AND MULTI QUANTUM WELLS. ~17

(e) FE503

(a) FA312

4

~
-(a) FA312( ..••. .-(b) FA329

i I ... (e) FESOO
r ..•.. '
iI.,1
ii
li
Ji;:
i:

0.35

0.3

00 0.5 1 1.5 2 2.5 3 3.5
SCatteríng angla (degrees)

0.05

"'f 0.25,
1:'
l! 0.2

~
;0.'5
.~

~ 0.1

FIGURE 1. X-ray diffraction (400) rocking curves from (a) FA312-
slrained Si089GCO,II/Si(OOI) alloy. the FWHM of SiGe peak is
180 aTesce, which indicates a high crystal quality of the Si l_rGe~
olloy; (b) FA329-portially rclaxed Sio"GeoIl/Si(OOI) alloy. 'he
rocking curve ol' SiGe cpilaycrs displays a very broad peak and
¡he FWHM of SiGc peak is 680 aresec, which primarily orig-
inales from mistit dislocations generatcd by the relaxation; and
(e) FE503-Sio.89GCO,II/Si(OOI) MQWs, bcsides the strong sub.
slrate "nd alloy rellcctions. Pcndelossung fringes are SCCIl on caeh
sitie 01' (he alloy peak. which shows good cryslal1inc quality and
abrupt interface of MQ\Vs.

composilion in Si¡_.rGcz alloys as a function of the GeHt
llow rate am.! the rcsulls of Auger electron spcctroscopy
(AES), correspomJing Ihickness of Si¡_xGcx epilayers is
350 nm. The rocking curve of SiGc cpilayers exhibits a
very hroad peak. ami Ihe FWIlM 01" SiGe peak is 680 are-
sec, which primarily originates fmm misfit dislocations gen-
erated by the relaxation, beca use the SiO,89GcO,¡1 epilay-
ers exceeded the critical Ihickness and were partialIy re-
laxcd [I~. ¡.IJ. Figure le displays lhe rocking curve 01"
SiO,fl9GcO.¡¡/Si MQ\Vs (FE503). Bcsides the strong substratc
ami alloy retlections. Pcndclossung fringes are secn on each
side 01" 'he alloy peok. These oscilla,ions ore predic'ed hy dy-
namicallheory and result from interfercnce between the inci-
den' \Vave ficJd and the \Vave field refleeted I"rom lhe hack
surface 01' the crystal. which shows good cryslallinc qual-
ity and ahrupt interface of MQWs. Thc strain distributions
in Si¡_..rGeJ epilayers uf these three samples are differcnt.
which may arrect their surfaces.

Rcpresentativc experimental results obtained from lhe
scatlerometer with angle resolved scatlering fm the 3 surl~1ccs
01' Sil_,rGcJ.lSi samples are plotlcd in Figs. 2 and 3, where
we prcscnl llleaSlIrelTlents taken with .., ~ s and s ~ p po-
Iarization cOlllhinations. rcspcctivcly. For s ~ s polarization
statc (also .'i ~ J' polarization comhination) the scattcring
proflles are dilTcrcnl for the samples with different strain disR

67 67.5 68 68.5 69
28 (degreas)

69.5 70
f-tGURE 2. MCaSlll"l'U angularRscattcring dislributions for s~s
polarizaríon comhinatioll from surfaccs of (a) FA312-slrained
Sio.Il!JGC(l,II/Si(OOI) alloy. (he top of lhe scattering profile is
ncarly na!: (h) FA329.partially rclaxcd Sio,89Gco.Il/Si(OOI) al-
Joy. the top of lhe scattcring protile is nearly round: (e) FE503-
SiO.89GCO,II/Si(OOI) MQWs. lhe scattcring profile displays
Gallssian-Jikc profilc, which is diffcrenl (mm those of FA312 ano
FA329

lributions. ~ven ir all samplcs display mirror-Iike surface
morphology. Thc top nf Ihe scattering profiles is ncarly tlat
fOl FA312 amI rou"d for FA329. The scaltering profiJes 01"
samplc FE503, howevcr, show GaussianRlike protllc. The in-
lensi'y and wid,h (Jf ,he profiJes for FA312 are biggesl. They
are smollesl 1(" FE503. The sample FE503 \Vith 'he narro\Vest
width 01" s ~ .0.; polarization statc prcsents the lowest nmrnal-
izcd intcnsity. Howevcr, its normalizcd intensity of s ~ p po-
larizatioll slale increases. The results mean (hat the surfaccs
of Si¡_;cGc,r/Si hclcrostructures are microrough to differcnt
dcgrce for the samplcs wilh t.Iilfcrent strain distributions.

Therc is ti 4.2(X, ialtice mismatch betwccn Si and Oc.
Hnwever, oecallsc Ihis is a slrongly honded system. the dc-
position of Si¡_;rGe,r (or altcrnatively the co-deposition of
Si¡_;rGc,r amI Si) onto a Si (100) surt~1ce leads to Ihe fm-
Illation of a strainct.l cpilayer. The Si¡_xGex cpilaycr adopts
Ihe in-plane lalliee parallle'er of ,he Si (1(0) templale. \Vhich
results in a tetragonal dislortion of the unit cel! to accommo-
date thc strain. Growlh or slrainct.l layers continucs unril <1
"critical thickncss" is rcached. at which point il bccomcs fa-
vorahle ror the layer to relax. DCXRD (004) rocking curves
for relaxet.l SiGc Iayers exhihit vcry hroad peaks (Fig. Ih),
in contrast lo slraincd layers (Fig. la). From Figs. 2 amI 3
the scatlcring prollles are diffcrcnl with samples FA329 and
FA312. \Vhich sho\Vs ,he surfacc 01" sampJe FA329 is dil"fer-
ent from that 01'sample F/\312. That is, the surface profile of
partially rclaxed Si¡_,rGcx is dilTerent from that ol' strained
Sil_rGc;r. For MQWs sample FE503, SiO.89GCO.tland Si al-
tcrnativcly co-deposit onto a Si (100) surface. which leads lo
the fonnation or a slrained SiO.l.wGeo.1Iand Si epilaycrs, i.c ..
the comprcssivc strain within Sin,8!}GeO.11epilayers anJ len-
sile slrain within Si laycrs. Ohviously, the slrain distrihutioll
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FIGURE 3. Measured angular-scattering distributions for s -t

J1 polarization combination from surfaces of (a) FA312-
slrained Sio89Gco,II/Si(OOI) aJloy; (h) FA329-partially re-
laxed Sio,89Gco.1I/Si(OOI) alloy; (e) FE503-Sio.89GCO,1l/Si(OOI)
MQWs. Thc increase of the normalized intensity of s --t ]J po-
larizalion state for samplc FE503 suggests lhat the interface of
SiOfl0GCO.1l/Si MQWs is more abrupt Ihan that of SiO.89GCO.1l
alloys.

samplc FE503 suggests that the interface of SiO.89GcO,u/Si
MQWs is more ahrupl lhan lhal of SiO.R90eO.11aJloys, whieh
is consistent with the resulls 01' X-ray diffraction (400) roe k-
ing curves.

Si¡_£Gcx pseudomorphic layers at various germanium frac-
tions, ;r, in thc alloy were grown by gas source molecular
beam epilaxy wilh SizH6 and OeH4 as sourees on (lOO) Si
suhstrates. The structural characterization of Si¡_xGex pseu-
domorphic layers was invcstigated by double-crystal X-ray
dilTractometry, and the surface characterization was stud-
ied using a scatterometer with angle-resolved scattering for
the I1rst time. The signals with a scattering angle of :f:2°
around lhe specular direction for details of lhe polariza-
lion of light scattering were measured. Strained and partially
relaxed Si¡_XGcX alloys and Si¡_xGex/Si mulli-quantum
weIls (MQWs) present different scaltering prollles, even if
aJl of lhem display mirror-like surface morphology, which
indicates lhat thc surfaccs of heterostructurcs are microrough
to different degree with the samples grown under differenl
growth conditions. The increase of the normalizcd intensity
of 8 --+ p polarization state for Sit_xGcxlSi MQWs suggests
that the interface of Sit_xGex/Si MQWs is more ahrupt than
that of Sit_xGex alloys. Experimental results show that sur-
faces have a closed connection with the strain distrihutions.
We stress the importan ce of our results for the application 01'
oplical scattering technique as an optical prohe for the study
01' surface mieroroughness in semiconductor heterostructures
grown on lattice-mismatched surface.
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is differenl fmm that in SiO.89GcO.ll epilayers ol' samplcs
FA329 and FA312, whieh is eonfirmed by DCXRD (004)
rocking curves (Fig. 1). According lO its scattering pro-
lIJes. Gaussian-like profile. which are diffeTeot from those of
FA312 and FA329 (Figs. 2 and 3), lhe surfaee of FE503 is
differen! from lhal of samples FA329 and FA312. This im-
plics that thc surfaces of hctcrostructures are rclated lo the
strain distrihution in cpilayers. Note in Figs. 2 and 3 thal the
~ -+ ,<; polarization statc of samplc FE503 prcsents the lowest
norl1lalizcd intensity in thcsc 3 salllples, whercas its normal-
il.cd intensity 01',<;---+ p polarization state ¡ncreases. Pcndelos-
sung ffinges of X-ray diffraction (400) rocking curves fmm
FE503 show good cryslaJline qualily and abrupt interface be-
tween Si and Sio.S9GCO.ll cpilayers (Fig. le). Thc ¡ncrease
of the normalized intensity of s --t p polarizalion state ror
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