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The replication of the interface roughness in SiGe/Si multilayers grown on mis@@15substrates has
been studied by means of x-ray reflectivity reciprocal space mapping. The interface profiles were found to be
highly correlated and the direction of the maximal replication was inclined with respect to the growth direction.
This oblique replication is explained by the influence of the inhomogeneous strain distribution around step
bunches. The formation of step bunches is described by a kinetic step-flow model based on the work by Tersoff
et al. [Phys. Rev. Lett.75, 2730 (1995]. We have generalized this model by taking into account local
variations of the in-plane strain. The angle of obliqueness deduced from these calculations agrees very well
with the experimental finding$S0163-182@08)08719-0

[. INTRODUCTION attributed as the basis of the oblique replication mechanism.
Obligue roughness replication in SiGe/Si multilayers on
The interface roughness in heteroepitaxial multilayers isvicinal Si substrates has been reported previously by Phang
an important parameter for their electrical and opticalet all® and Headrick, Baribeau, and Strau$&and the cor-
performancé. The associated well width fluctuations responding angleg were determined. Phanet al*® sug-
broaden the distribution of subband energies and correspondested that the oblique replication is related to the presence
ingly the intersubband transition energies relevant, e.g., foof step-bunch-associated strain fields, but to our knowledge
SiGe-based multi-quantum-well infrared detecfors. no quantitative theoretical approach to this phenomenon has
Commercially available $901) substrates usually have been made so far.
an unintentional miscut in the range of 0.2°-0.5°, and the The one-dimensional step-flow model by Terseffal®
epitaxial growth in this case may be dominated by the flowhas been formulated for a single growing layer with a homo-
of monolayer steps. l.e., if the growth conditions provide forgeneous strain. It does not take into account lateral strain
sufficiently large surface diffusion lengths, the impinginginhomogeneities occurring in a strained multilayer with a
adatoms are incorporated preferably at the step edges. Thisrraced interface structure. In order to study the influence of
step-flow growth mode has been studied both experimentallthese inhomogeneities, we have generalized this model as-
and theoretically for a number of years Tersoffet al®  suming a localized increase of the in-plane strain. As we will
developed a microscopic theoretical model for the temporatlemonstrate, this local strain inhomogeneity has a strong in-
evolution of the step distribution. According to this model, fluence on the density of the monolayer steps in its vicinity.
the lattice mismatch induces a tendency for the monolayelt leads to the formation of a step bunch at the position of the
steps to group together and to form so-called step bunchedisturbance. Due to the asymmetric shape of a step bunch,
Consequently, the surface of a strained lajeeg., SiGe on the in-plane strain peaks not directly above the step-bunch
Si) exhibits a steplike modulation with flat terraces betweerposition, but laterally displaced, which explains the oblique
the step bunches. Dependent on the growth and material paeplication of the interface profiles.
rameters, the step bunches contain typically several tens of For experimental support of the proposed relations, we
monolayer steps and the size of the terraces is up to aboutHave performed high resolution x-ray reflectivity reciprocal
pum. space mapping on Si/SiGe multilayers. The experimental
In the case of pseudomorphic multilayers and superlatvalue for the angle between the growth direction and the
tices, the experimental finding was that the interface profileslirection of the roughness replication is in good agreement
are highly correlate@®=23If the strained layer is overgrown with the theoretical predictions.
with the substrate material agaie.g., Si on SiGg the sur- Section Il contains the sample parameters, the experimen-
face modulation decreases and, finally, for sufficiently thicktal setup of the synchrotron measurements, and the acquired
Si layers, a comparably flat surface with a homogeneous digeciprocal space map. In Sec. Il A, we briefly describe the
tribution of monolayer steps resufts!® Therefore it is not  step-flow model by Tersofét al.’ in Sec. Il B we present
the morphology which induces an interface correlation, butain analytical model for the strain fields around an overgrown
inhomogeneous strain fields caused by the step bunches astep bunch taking into account the relaxation at the free sur-
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FIG. 1. Sketch of the scattering geometky.and k, are the °§5 :
primary and scattered x-ray wave vectors, respectivglgescribes o : :
the orientation of the scattering plaadetermined b, k,, and the 0.10 [ “\\ (i .
surface normalwith respect to the miscut direction. L VI
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face. In Sec. lll C, an inhomogeneous strain is incorporated )
into the step-flow model and the results are discussed in Sec. I : : (a) |
V. ! = -
0.16 >5 .......... :°_. ............. ]
Il. EXPERIMENT _ _

SiGe/Si multilayer samples have been grown by solid 0.14 @&~ PR R P
source molecular beam epitaxyMBE) at the Walter L = = s
Schottky Institut using a Riber Siva 32 MBE In the fol- ~ o012 1 = == A X
lowing, we will concentrate on the results obtained on a ten -« ’ r T O 3 T
period multi-quantum-well sample of nominally 30 A r® I : = =
S|O7GQ)3 and 151 A Si on a nomina”yool)-oriented Si < 010 veveeeees I A °<6§ > \ ................ .
substrate. The multi-quantum well was capped with nomi- 3 : :
nally 270 A Si. The growth temperature was varied between § @

500 °C for the SiGe wells and 400 °C for the Si barriers. The 0.08 oo s ;. =g T 1
ramping of the temperature was done during the growth of r i (b) 1
the Si spacers. 0.06 P S .

The sample structure has been determined by high reso- -2 -1 0 1 2
lution x-ray diffraction and by subsequent analysis using dy- Q (107 3%
namical diffraction theory. This yielded the following values x

for the layer thicknesses and the Ge concentration: Si-layer

. . . . 2. i | 0° bef
thicknessds;=177 A, SiGe layer thicknesssige=31 A, and FIG. 2. Measured reciprocal space maps ot efore(a)

. and aften(b) the refraction correctiors; andS, label the margin of
Ge contenkge = 23%. The miscut angl, has been deter- the accessible region of reciprocal space in the used coplanar scat-

mined by means of x-ray diffraction. We foungh=(0.51  (eing geometry. The RDS stripes are not parallel to @heaxis.
+0.01)°; the azimuth of the miscut direction has been deterpe g the large difference in the scales of gand theQ, axes,
mined with an accuracy of 5°. the angley is distorted and seems to be smaller.

The specular and nonspecular x-ray reflection of the
sample have been measured in a coplanar geometry at the(7+1) A, the thickness of the capping Si layel;qp
OPTICS beamline of the European Synchrotron Radiation=(210+ 10) A, thickness of the native oxide layer at the free
Facility (ESRB, Grenoble in a horizontal scattering geom- surfaced,,= (30+15) A.
etry. A triple bounce S{111) monochromator and a wave-  Since the ratio of the layer thicknesses in the multilayer is
length of 1.05 A were used. The incidence angle of theapproximately 1:7, every eighth superlattice satellite should
x rays on the sample surface is calledwhile the deflection  pe suppressed. This occurs only if the reflectivities of both
(scattering angle is denoted as®2 By means of a narrow slit  the Si-SiGe and SiGe-Si interfaces are similar. In the experi-
in front of the detector an angular resolution i@ f ap-  mental reflectivity curve, the eighth satellite was close to,
proximately 0.018° has been achieved. The divergence of th@hereas the ninth and the subsequent satellites were well
primary beam and hence the resolution dnwas about above, the background level. Therefore the rms roughnesses
0.002°. We have measured the distribution of the scatteredf the two interface types could diffelytl A at most. From
intensity in reciprocal spacéeciprocal space map(Q), a fit of 26 scans, the vertical correlation length was deter-
whereQ=k—kg. k andk, are the wave vectors of the inci- mined as (2006500) AZ i.e., the interface profiles are
dent and scattered beams, respectively. Qhexis is paral-  highly correlated throughout the entire multilayer stack.
lel to the sample surface and tlig, axis is parallel to the In Fig. 2@ we present a reciprocal space map of the
outward surface normal. The angle determines the azi- scattered intensity measured for the azimuthal orientation
muthal orientation of the sample with respect to the incident=0. In addition to the specular peaks@{=0 we observe
x-ray beam(see Fig. 1 stripes of diffusely scattered intensfigo-called resonant dif-

From a fit of the specular reflectivity, the following values fuse scatterindRDS)] (Refs. 26 and 27crossing the specu-
of the sample parameters were determined: the thicknesseslaf peaks. These stripes are not straight due to refraction of x
the individual layersdg=(180+2) A, dgic=(26+2) A,  rays at the sample surface. In Figh® we have eliminated
the root-mean-squaréms) roughness of the interfaces  this refraction effect, which allows a more precise determi-
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nation of the angley between the RDS stripes and thg = B o2

axis. The ordinate labef, refers to the reciprocal space co- Um= - — 2
ordinate system after the refraction correctignequals the P(Xm)  p(Xm) ox o

angle between the growth direction and the direction of . o

maximal correlation of the interface profiles.yfis zero, the ~ The force acting on the step at positigns

replication direction is parallel to the growth direction. In the

measurement presented in Fig. 2,is approximately 35° f(x):J“ dx’ p(x') a @ 3
with an uncertainty of about 10°. This large value induces a —w x—x"  (x—x")3|

pronounced asymmetry ia scans, the trajectory of whichis . ) ) ) )
nearly parallel to the, axis2® In the perpendicular sample Slmple geometrical consude_ratlons yield the foIIo_wmg rela-
orientationé=90°, the corresponding scans are symmet- tion between the step density and the step velocity:
ric and do not exhibit diffuse satellite peaksThis ensures J 19
that the observed phenomenon is entirely related to the mis- r__Z _p_ (4)
cut of the sample. IX p ot
We hav_e measured remprogal space map;s around _th_e th'mserting Eqgs(3) and (4) into Eq. (2) we obtain after some
RDS maximum b_oth forp=0° and ¢>=18_0 ._As_antm- algebra the final equation
pated, the intensity asymmetry and the inclination of the

RDS stripes measured in these two azimuthal orientations dp F ap 1 dp
are opposite. —=———B|—-—p*G—p*G’'|, )
PP at  p oX p X
Ill. THEORETICAL DESCRIPTION where
A. Step-flow model 2aq 12a,
. L G(x=x")= -
The step-flow model describes the epitaxial growth pro- (x—x")3 (x—x")°

cess as a movement of individual monolayer steps at a o o :
strained vicinal surface. Tersaét al® provided equations of @nd G’ is its first derivative; * denotes convolution. In re-
motion for the monolayer steps regarding both the interacplac'”g the discrete distribution of m_onolayer steps _by a con-
tion of the steps and the relevant growth parameters. ThiNuous one, a convergence of the integrals occurring in Eq.
interaction of the monolayer steps is of elastic nature bott>) €an be achieved by introduction ofsmal) cutoff radius

with a repulsive and an attractive compon&f® R,. For the qualitative behavior of the step-flow model its

The force corresponding to the repulsive interaction beY@lue is insignificant and we have chosRg equal to the
tween two steps at positions and x' is given by ay(x lattice constant. For the solution of E¢) we have assumed

—x')~3 wherea, is determined by the elastic constants andp.eriodical boundary conditions. The initial density distribu-

the surface energf. The attractive forcexy(x—x')~* de- 0N p(x,t=0) is random with a mean valugp(x,t=0))
pends on the strain in the system and is inversely propor—/Ao/ho, whereg, is the miscut angle anl, is the height
tional to the distance between two stépShe following ©f the monolayer step.

equation for the velocity ,, of the mth monolayer step has Exact numerical values_ of the Consta?ts;mdzozL2 are not
been derived: known. a; can be approximated by, ~ €;,Mhg, whereM

is the elastic constant angl, is the strain in the growing
. % foof foof layer® The value ofa, follows from the energetically most
ml Tmol_g(omil om__mel M) oq)  favorable separatiohy=\(a,/a;) of an isolated step pair;
2 Xm+17 Xm  Xm-17Xm we have used =10 A in our calculations. Only the order
o o of the magnitude oB can be determined. If we assume that
where B depends on the surface diffusion coefficient, thethe surface diffusivity is sufficiently high so that every atom

growth temperature, and the activation energy for the dissosan reach the nearest monolayer step, we Bg,~2
ciation of an atom from a stef: is the flux rate per lattice 1% A3 g1

Um=

site andf, is the total force on a monolayer step with posi-  |n Fig. 3@ we plotted the simulated functiop(x,t
tion Xm y Wh|Ch inCIUdes the interactions W|th a” Othel’ StepS :405) for three different f|uxe§_ |t can be seen that Sharp
in the system. maxima ofp occur for smallF, while the modulation of the

A numerical solution of this equation yielded the intere:st—step density is shallower for large. Therefore high and
ing result that the monolayer steps gather in groupsteep step bunches are formed for sriralivhile a large flux
(“bunches”) and atomically flat terraces exist between them.qives rise to a smoother interface profiligs. 3b)—3(d)],

Since one step bunch can contain several tens of monolay@fhere the angle between the terraces and the mean syirface
steps, a statistically significant description of the growth pro+s smaller than the nominal miscB.

cess requires the consideration of several thousands of indi-
vidual monolayer steps. As such calculations would be very
time consuming, we introduced a continuum description of
the problem based on a step densitfx,t), which corre- In a strained SiGe/Si multilayer with perfectly flat inter-
sponds to the inverse distance between neighboring steps.faces, the strain is confined to the strained SiGe layers only
Within the continuum approach, E¢L) can be rewritten and it does not extend into the unstrained Si layers. If the
as interfaces of the SiGe layers are rough, inhomogeneous elas-

B. Deformation field of an interface containing step bunches
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FIG. 4. (a) Sketch of the step-bunch geometh.is the average
Si-layer thicknessL is the average terrace width, alis the
300 30s miscut angle(b) The dependence of the in-plane strain on the lat-
2 W eral positionx and the average thickness of the Si-cap layeiThe
=~ 500 W dashed lines trace the local minima of the in-plane strain. The plus
N 20s and minus signs label the regions of positive and negative in-plane
M strain, respectively.
100 W
10 s
W tic strain fields extend into the Si layers, too. Thus, in the
0~ case of the step-flow growth, the deformation field originat-
: : : ing in one SiGe layer affects the morphology of the subse-
1 quently grown SiGe layers.
400F (F =15 (355 | In this section we outline the calculation of the strain field
of a series of overgrown step bunches. The calculation is
300 -/\,/\M based on the elastic Green funcfibnaking surface relax-
/\N/\/\’\«/zs\s\ ation_ into_account._ This approach assumes _elasti_c isotropy
) 200 W and identical elastic constants of both constitugiSisand
e /\MM/QS’\_ SiGe. We assume straight steps parallel to yhaxis, thex
15 s andz axes are parallel and perpendicular to the surface. The
100 /\WW averaged SiGe-Si interface is parallel to the surface in depth
e~ ————— ] H [Fig. 4@)].
0 M For the model calculations, the layer profile is replaced by
a periodic series of steps with identical triangular cross sec-
’ ’ ’ tion. The componené,, of the strain tensor at the free sur-
400 (d)F =10 $! T facez=0 is
300 \/\/_\/—__t=\355/ 1+ % H-h(x’
N \/\/\/ﬂ/— EXX(X)=25—VJ dx’ (x)
2 g T~ 255 m Jow " | (x=x")2+[H—h(x")]?
: 20 s ’
,\/\/\/_\
15s .
100\/\/\/“‘? (X_X,)2+H2 . (6)
— " — T
o 55 |
h(x) describes the shape of the interface according to Fig.
0 1 2 3 4 4(a), & is the lattice mismatch between SiGe and Si, arig
the Poisson ratio. The assumed profile of the interface is
X (Lm) sketched in Fig. @). It is characterized by the angl@gsand

v and the base width of the triangles. After simple but
lengthy algebra Eq(6) results in the expression
FIG. 3. (a) The step density calculated for different flux rates
F; (b)—(d) the temporal evolution of the surface profile of a single
strained layer for various values &f. The profile is considerably
smoother for large values & (c) and no atomically flat terraces €xx(X) = 2 G;tz(x_nl—), (7)
appear as in the case of smill The vertical shift of the calculated T
surface profiles does not correspond to the actual shift of the surface
during the growth which must be proportional to the flix where

%)
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1 _|__ v 0.3 ™
(t) _ . . D
el(x)=26——[F(B,x+LI2xq+LI2H) region with s
™ rain

increased st

— F(B,x+LI2,0H)+ F(y,x—LI2,0H)
— Fy,x—LI2xo—LI2,H)] (8)

0.2

p (1/A)
¥
2

is the contribution of a single triangle. The functidfi is

given by 01 3s ,/'\__/\ﬂ....._...._...__..fi..é

F(B,x,t,H)=arcta —X_t t=1s X
X, t, H 0.0F ]
-5000 0 5000
cosp x+H tan B—t/cosB x (A)
+ T{Zarctaré X tan B—h

FIG. 5. The step density without (dotted ling and with (full
line) consideration of a local increase @f by 10%.

—tan B In[(x—t)?+(H—t tan,B)Z]]. 9)
where @p/dt);q is the right-hand side of E@5) andIl(x) is
In Fig. 4b) we have plotted the dependence of the in-the “sh_ape” ft_mction of the 'disturbanc(ét equ_als uni.ty in
plane straire,, at the surface as a function ofndH for the  the region of increased strain and zero outside JofAfter
profiled defined byL=1 um, B=1°, y=90°—g=gg°. Some algebra, we find
The inhomogeneity of the strain distribution is clearly vis-

ible, the regions where,,<0 are shifted laterally with re- dp F ap 1dp

spect to the step-bunch positions in positivdirection, i.e., gt ; X B ; 51)* G—p* G'}
“downstairs.” The dotted lines in the figure mark the posi-

tions of the minima of,, as a function oH. The result for —4BII(X)p(Xo)Aay /RS (12

y=280° is nearly identical, therefore its value is rather insig-

nificant as long as it is much larger thih as the final equatiorR, is the cutoff radius defined in Sec.

Il A. For the derivation of Eq(12), we have assumed that
C. Roughness replication an increased strain occurs only in a small regioa (X,

—1/2 Xo+1/2) and that the step density distributip(x,t) in

In the precedmg section we h'ave shown that. the St.e%wis interval can be replaced by its value in the center
bunches on the interface of a strained SiGe layer induce |n-(x t). Moreover, we assumefia, to be constant in this
0:4)- ’ 1

homogeneous elastic strain fields in the unstrained Si Iaye‘?e ion
above. The growth of the subsequent strained layer is af" gIn F.i 5 we have plotted the resulting temporal evolution
fected by this inhomogeneous strain distribution, which su- 9- P 9 P

perimposes on the homogeneous Stﬁiﬂ‘)l due to the lattice of the step densitp(x) calculated withoutdashed lingand

. h Si 0) ; ; heref h with (full line) the region of increased,. We used the val-
mismatch. SinC@sice>asi, €x IS N€gative. Therefore atthe \,oga o, /o, =0.1 andl =400 A. The other parameters were

point on the growing interface wheeg, has a minimum, the  jyentical to the set used in Fig. 3. From the calculation fol-
value| e+ €| has a local maximum. lows that a local increase in the parametar results in a

As shown in Refs. 28 and 9, the coefficiem{ of the  maximum of the step density corresponding to a step bunch.
attractive force is proportional to the square of the in-planerhe physical interpretation of this effect is that the elastic
strain. Therefore, in order to study the influence of inhomo-strain relaxation in the step bunches decreases the total elas-
geneous strain on the step-bunching mechanism, we addtg energy stored in the strained layer. Therefore it is ener-

term getically favorable for a step bunch to form in the position of
increased elastic energy density.

€1y 2 The obliqueness of the i_nterface_ cqrrelgtion is therefor.e

Aai=aq 1+W a; (10 caused by the asymmetry in the distribution of the elastic

€xx strain produced due to the asymmetrical interface profile.

The obliqueness anglg between the growth direction and
to the constanty; in Eqg. (5). Inserting this expression into the direction of the interface replication can be calculated
Egs.(2) and(3) we obtain from the shift of the minimum of the inhomogeneous strain

€yy at the surface with respect to the position of the step

ap | dp o bunch. In Fig. 6a) we have plotted the dependencexobn
E:(ﬁ) —BH(x)f dx'TI(x")p(X") Ay the depth of the interfaceél (which corresponds to the Si
id - layer thickneskfor different anglesB between the terrace

and the mean surface and a constant average distance
’ (12) =1.3 um between the step bunches. Figufb)&hows the
dependence of on L for a constani3=0.5°.

1 dp(x) 2 6
p(X) X (x—x")® (x—x")*
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J Foeee e T T ciprocal space map presented in Fig. 2 and the angle
ol o1 /”_ =35°+10° from the obliqueness of the RDS stripes. The
i 0.5 //’—l’ theoretically predicted value of (about 36° if we assume
i B=pBo) agrees very well with the experimentally obtained
; B=1° value both as for the absolute value and the directsae
301 1 Fig. 6).
The experimental reflectivity data do not indicate that the
; Si-SiGe interfaces are much smoother than the SiGe-Si in-
20} . terfaces, which is consistent with the findings of Teichert
-' et al®2 Judging from the specular reflectivity, the rms rough-
nesses of the interfaces; sige anNd o gice.si differ only by 1
A. Atomic force microscopy(AFM) investigations of the
surface morphology of the sample, which is capped by a 21
nm thick Si layer, revealed a waviness perpendicular to the
direction of the miscut with a period of aboutdm. We
conclude that the buried Si-SiGe interfaces are also not flat.
The growth temperature of the Si laydr0 °Q was com-
paratively low corresponding to a diffusion length of Si ada-
toms significantly smaller than 1.am, which provides a
possible explanation for the nearly undiminished Si-SiGe in-
terface roughness. So far, it is not clear how the surface of
the Si layers mimics the SiGe-Si interface profiles during
growth. Therefore it cannot be ruled out that the surface
. . . morphology influences the obliqueness angleo some ex-
400 600 800 1000 tent as well.
H (A) The height of the step bunches is related to the rms rough-
ness ofc = 7 A determined by specular x-ray reflection. If
FIG. 6. () The obliqueness angje as a function of the Si-layer we approximate the terrace profile by a sequence of triangles,

thicknessH for different substrate miscut anglgs (b) the obliqgue-  the rms roughness of a terraced interface is
ness angle for different terrace widthg..

X (deg.)
O

X (deg.)

0 200

h

Geometrical reasons for the oblique roughness replication o=,

can be ruled out. Let us assume that the shape and evolution V12
of the surface profile are described by the profile functionypich results in a bunch height of approximately 25 A. If

h(x,t). The density of the monolayer steps is thus we assumes=3,, the step height would be about 100 A.
Bo— 3 oh Both values are obviously too large, since they exceed the

p= ° T Where B=—. thickness of the SiGe layers. Thus the terrace aggtaust
ho X be much smaller than the nominal misgy, and, in addi-

ion, only a part of the measured rms roughness is caused by

The vertical and horizontal components of the step velocit)} | 22

are the terraces. A similar result was found in Hody a
where nonspecular x-ray reflection from strained

Fho sin(By) FhoBo Ga,In, _,As/GaAs/GaAgP; superlattice_s was measured.

v,= ~ A terrace angle of3~0.3° was determined, whereas the

Bo= B Bo= P nominal miscut angleg, was about 2.5°.
Fhe cog3,) Fh The calculated dependence of the skewness gngleH
V= 0 o 0O (13)  for smaller values ofs is qualitatively similar. The dashed

Bo— B Bo—B' line in Fig. 6@ corresponds tg3=0.1° andL=1.3 um.

if we do not take a bunching of steps into account gyds For H=180 A, .WhiCh ?quals the actuqllthickness of the Si
small. During the small time intervalt the surface moves layers, we obt_alr)(~42_ - Thus, for su_fﬁmently_large values
according to h(x,t+dt)=h(x—wv,dt,t) +v,dt. Therefore of H, the predicted obliqueness anglés rather independent

the evolution of surface profile does not depend ox, of B. However, _for smaller miscut aﬂg'e.s the minima and
maxima of the inhomogeneous strain fields become shal-

oh lower and less significant for the growth process.

—=v,— Bv,=Fhg=const, The measured reciprocal space map of the scattered inten-

at sity in Fig. 2 exhibits a distinct asymmetry, the intensity
which corresponds to a strictly vertical replication direction.maxima on the right-hand side of the RDS stripes are higher
than those on the left side. This asymmetry is caused by the
asymmetric profile of the terraced interfaces. The centers of
the envelopes of the RDS maxima lie along a line perpen-

The terrace length=1.3 um was determined from the dicular to the terrace levels between the step bunches. On the

spacing of the lateral maxima in the RDS stripes in the rebasis of the interface profiles shown in Fig. 3 we simulated

IV. DISCUSSION
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10 . . : . responding strain maximum becomes wide and shallow and

: (@ F=03s" the number of vertically correlated interfaces is reduced.
; Hence the correlation of the interfaces breaks down and the
angle y becomes undefined. Naturally, our model for
strained multilayers cannot be applied if no misfit strain is
present in the structure as is the case for lattice-matched
materials’

Apart from the influence of the inhomogeneous strain
fields around the step bunches on the oblique replication di-
rection, also stress-driven alloy decomposition may occur
during step-flow growt This mechanism may become im-
portant for SiGe layers with higher Ge concentrations than
those investigated here and/or for samples with a higher sub-
strate temperature during growth.

In Sec. lll B, we have assumed that the terrace edges are
straight. If the terrace edges are jagged parallel to the sur-
face, the description of the growth process requires a two-
dimensional mode(see, e.g., Ref.)8and the average repli-
cation angley is expected to decrease. Thus the valueg of
in Fig. 6 represent upper limits for the obliqueness angle.

Intensity (arb. units)

V. SUMMARY

We have presented a quantitative theoretical model for the
oblique roughness replication in strained semiconductor mul-

10° s : A : : tilayers. We have adapted a kinetic step-flow growth model
i 30 to include effects of inhomogeneous strain due to the forma-
Q (10°A7) tion of step bunches in the strained layers. It turned out that

) . _ the asymmetric strain distribution in the Si layers above the
FIG. 7. SimulatedQ, scans through the third, fourth, and fifth sten bunches is responsible for the oblique roughness repli-
superlattice satellite using the interface profiles in Fig. 3 calculate¢ ation. The SiGe interface profiles are replicated in the di-
— —1 — —1 : )
for flux rates ofF=0.3 s~ (@ andF=1 s * (b). The leftright  oction of maximum lateral compression, i.e., “downstairs.”

asymmetry of the scattered intensity is much more pronounced fofhe predictions of the model are in good agreement with
small values of the flux. results obtained from measurements of the resonant diffuse

linear Q, scans of the scattered intensifig. 7). In the case ~ X-ray scattering of SiGe/Si multilayers.

of a small fluxF, a strongly asymmetrical interface profile

develops, _whlch_ re_sults in an asymmetric dlstrlt_)utlon of the ACKNOWLEDGMENTS
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