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Grazing incidence small-angle x-ray scattering study of self-organized SiGe wires
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The structure of self-organized quantum wires buried at the interfaces of a SiGe/Si multilayer is investigated
by grazing incidence small-angle x-ray scattering. A nearly periodic distribution of wires, well described by a
short-range ordering model, gives rise to intensity satellite maxima in reciprocal space. The shape of the wire
cross section is determined from the heights of these intensity maxima, and the analysis reveals that the
conventional step-bunching model is not sufficient to explain the wire shape.
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I. INTRODUCTION

The structural characterization of self-organized semic
ductor nanostructures has been the subject of intense in
tigations. In order to understand the electronic and opt
properties of such nanostructures, information on their s
shape, composition, and composition gradients, as well a
their strain status is indispensable. So far, most of such s
ies were focused on quantumdots grown in the Stranski-
Krastanow growth mode,1–3 whereas much less work ha
been devoted to the investigation of self-organized gro
quantumwires.4–6 It has been shown that the growth of su
wires requires a suitable template, which can be provid
e.g., by regular arrays of terraces formed during a st
bunching growth process.7–9 Such step-bunching instabilitie
have been observed to occur in several systems, inclu
Si/SiGe multilayers grown on miscut Si substrates. Brun
et al.10 have shown recently that for molecular-beam epita
~MBE! growth of SiGe nanostructures, certain ranges
growth parameters exist, where either laterally ordered S
island growth takes place, or wires are formed on nea
equally spaced terraces, which were studied by transmis
electron microscopy and atomic force microscopy~AFM!.

For the nondestructive characterization ofetched, free-
standingperiodic wires, x-ray diffraction and scattering tec
niques have been frequently used~see, e.g., Ref. 11!, in par-
ticular to study their shape and strain status. However,
observation of optical properties like luminescence requ
that the wires are embedded into a matrix, i.e., they hav
be overgrown, which is usually accompanied by a dram
change of their shape, size, and composition.12,13 It is the
purpose of this paper to investigate in particular theshape
and sizeof buried self-organized SiGe wires, using grazin
incidence small-angle x-ray scattering techniques.

II. EXPERIMENT

We have studied a 20 period SiGe/Si multilayer, whi
was grown by solid source MBE on a@001#-oriented Si sub-
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strate with a miscut of 3.5° towards the@100# direction. With
the chosen growth conditions, a smooth Si buffer w
grown.14 The thickness of the Si0.55Ge0.45 and Si layers was
nominally 2.5 nm and 10 nm, respectively. The who
multilayer stack was covered by a 12-nm-thick Si capp
layer. The substrate temperature during multilayer grow
was 550 °C; for growth details see Ref. 10. The surface m
phology of the top Si layer was investigated by AFM and
shown in Fig. 1, together with its two-dimensional Fouri
transform. We observe a one-dimensional periodic rip
structure along the miscut direction@100#, with a lateral pe-
riod of about 90 nm. Additionally, some ‘‘holes’’ in the sur
face are observed, with typical distances much larger t
the period of the ripples, and random distribution.

X-ray diffraction from self-organized quantum wires
mainly influenced by thestrain fieldsin the Si matrix caused
by the buried SiGe wires. In order to get a direct informati

FIG. 1. Surface morphology obtained by AFM, the inset sho
the two-dimensional Fourier transform. The arrow indicates
miscut direction.B indicates the average wire length.
©2001 The American Physical Society18-1
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on the wireshape, here strain-insensitive small-angle x-ra
scattering has been applied. We used the grazing-incide
small-angle x-ray scattering geometry~GISAXS!, where the
scattering plane is nearly parallel to the sample surface~Fig.
2!, and a large range of in-plane momentum transfer can
investigated. The experiments were carried out at the un
lator beamline TROI¨KA II at the ESRF, Grenoble, using
wavelength ofl50.155 nm. The diffusely scattered inte
sity from the buried nanostructures was measured by a p
tion sensitive detector oriented parallel to the sample surf
i.e., parallel to theQy axis. During a GISAXS scan the
anglesa i ,s were kept constant and the scattered intensity
been measured as a function of the in-plane angle 2u. The
anglesa i ,s were chosen so that the scan trajectory in rec
rocal space passed the coherent truncation rod in a very s
distance Qx52.531023 nm21, in order to exclude the
specular intensity peak from the measurements. For var
values ofa i ,s ~i.e., for differentQz values!, pairs of GISAXS
scans were recorded for two azimuthal positions of
sample, namely, withQyi@100#, Fig. 2~a!, and with
Qyi@010#, Fig. 2~b!.

The results of the GISAXS measurements are plotted
Fig. 3 for variousQz . For the first scan the informatio
depth15 is much smaller than the multilayer periodD, and for
the second scan it corresponds to aboutD/2, whereas for all
other scans it is much larger than this period. Thus, exc
the first two, the scans give information mainly on theaver-
agestructure of the wires in the multilayer. In arrangeme
~a!, the GISAXS data show a periodic sequence of sate
intensity maxima, while in~b! only a central peak can b
seen. Thus, similarly to the ripples observed at the surfa
the buried wires are nearly periodically arranged along@100#,
i.e., along the miscut, and no periodic structure is presen
the @010# direction.

FIG. 2. Sketch of the GISAXS scattering geometry for the in
dence plane parallel~a! and perpendicular~b! to the wire direction
of the wires~gray stripes!.

FIG. 3. GISAXS scans~circles! measured for differentQz in the
two arrangements of Fig. 2. Lines represent simulations. Curves
shifted vertically for clarity.
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III. THEORY

From the comparison of the measured scans with sim
lated ones, we can determine an average shape and th
rangement of the buried wires. The simulation is based
the distorted-wave Born approximation,16 with a semi-
infinite Si substrate as undisturbed system. In the followi
we denoteV(r ) the shape function of an individual burie
wire; this function equals unity inside the wire and zero o
side it. We express it in the coordinate systemx1,2,3, where
x3 is parallel to the vertical@001# z axis,x2 is directed along
the wires ~direction @010#! and x1 across them, i.e., along

@ 1̄00# ~see Fig. 2!. In the arrangements~a! and ~b!, the x1
axis is parallel to they andx axes, respectively.

The x-ray scattering is calculated by means of t
distorted-wave Born approximation.15,16 Within this ap-
proach, the primary wave is transmitted through the sam
surface, then scattered by the buried wires, and the scatt
wave is transmitted through the sample surface as well.
suming that all the buried wires have the same shape,
reciprocal space distribution of the intensity scattered d
fusely from the buried wires is15

I ~Q!5const.ut i tsu2uVFT~QT!u2C~QT!, ~1!

whereQ5(Qx ,Qy ,Qz) andQT5(Qx ,Qy ,QTz) are the scat-
tering vectors in vacuum and corrected to refraction and
sorption in the undisturbed structure, respectively.t i ,s are the
Fresnel transmittivities of the surface of the undisturbed s
tem, and FT denotes the Fourier transformation.

C~QT!5K (
m,n

exp@2 i ~Rm .QT2Rn .QT* !#L
is the correlation function of the wire positions, where t
vector Rm5(X1m,0,X3m) denotes the position of themth
wire. The correlation function is a product of the lateral a
vertical correlation functionsC5CiC' . The vertical corre-
lation functionC'(QT) describes the correlation of the wir
positions at different interfaces. Due to their strain field
wires at different interfaces are arranged along lines inclin
by an angle x ~replication angle! from the growth
direction.17–19 This oblique arrangement of wires is man
fested by the concentration of the scattered intensityI (Q)
into sheets in reciprocal space, as is indicated in Fig. 4.
vertical distance of the sheets is 2p/D and they are inclined
by x from the horizontal direction.18,19 Two-dimensional in-
tensity distributions of our sample measured in coplanar
fraction and coplanar small-angle scattering, exhibit nea
horizontal intensity sheets@x5(363)°#, i.e., the wires at
different interfaces are arranged vertically. Then, the vert
correlation functionC'(QT) depends only onQ3T , which is
constant in a GISAXS scan, andC'(QT) can be included in
the constant factor in Eq.~1!.

The form of the lateral correlation function can be chos
assuming that the lateral wire positions obey the short-ran
order ~SRO! model, i.e., the lateral distances of the wiresl
are random with the mean value^ l &5L, and the neighboring
distances are not correlated.20 Within the SRO model, the
lateral correlation function is obtained as the statistical av
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GRAZING INCIDENCE SMALL-ANGLE X-RAY . . . PHYSICAL REVIEW B 63 205318
age of geometrical factors of many perfectly periodic w
sequences with various random distancesl. Since the geo-
metrical factor of a perfectly periodic wire sequence is p
portional to a periodic sequence ofd-like peaks centered in
the corresponding reciprocal lattice points, the resulting
eral correlation function is

Ci~Q1!5M K g (
p52`

`

d~Q12pg!L , g52p/ l , ~2!

whereM is the number of the wires at the same interface a
the averaging is performed over the random distancesl. Put-
ting this form of the correlation function into Eq.~1! we
obtain the final formula for the scattered intensity

I ~Q!;ut i tsu2Fd~Q1!F01 (
pÞ50

Fp

upu
wS UQ1

p U D G , ~3!

whereFp(Q2 ,Q3T)5uVFT(Q15pG,Q2 ,Q3T)u2 are the val-
ues of uVFT(QT)u2 in the lateral satellites, andw(g) is the
probability distribution function of the random quantityg.
Equation~3! describes a sequence of lateral satellite max
alongQ1, with periodG52p/L. The width of the satellites
increases with the satellite order and the intensity exhibi
d-like peak atQ150. In the measured data, this peak
broadened by the goniometer resolution and/or by the co
ence properties of the primary x-ray beam.

IV. RESULTS AND DISCUSSION

In arrangement~b!, Q1[Qx5const'0, Q2[Qy , Q3
[Qz , and the scan trajectory is perpendicular to the
quence of intensity satellites. Then, only a central peak
be found in the measured data. If we assume that the ac
wire lengthsb along x2 are randomly distributed with the
exponential probability distribution with mean valueB, the
shape of the maximum is Lorentzian. Fitting the measu
scans with Lorentzian curves@see Fig. 3~b!#, we obtainB
5(250650) nm, in good agreement with the AFM data
the sample surface.

In arrangement~a!, Q1[2Qy , Q2[Qx5const'0, Q3
[Qz , and the trajectory of the GISAXS scan is perpendic
lar to the wires and crosses the lateral satellites. We h
fitted these scans using Eq.~3!, the fitted curves are plotte

FIG. 4. ~a! Sketch of the wire arrangement,~b! corresponding
intensity distribution in reciprocal space.~c! Sketch of the distribu-
tion of steps forming the wires.
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in Fig. 3. The resulting parameters are the mean wire
tance L5(9065) nm, its root-mean-square deviationsL
5(1565) nm, and the coefficientsFp(0,QTz). The mea-
sured and calculated curves coincide perfectly, indicat
that the wire positions are very well described by the SR
model.

The coefficientsFp , which are plotted in Fig. 5, contain
information on the wire shape, which influences the envelo
of the lateral maxima. However, a direct reconstruction
the shape functionV(r ) from the Fp is not possible, since
the phase information ofVFT is missing. Therefore, we as
sume a suitable model of the wire structure and determine
parameters from the comparison with the experimental v
ues ofFp . From Fig. 5 it follows that, apart from the centra
peak atp50, the envelope curve of the satellite maxim
exhibits a side maximum for largerQTz . This maximum
shifts to negativep’s, and the shift is proportional toQTz .
This behavior indicates that the wire cross section has a
tinct ‘‘facet’’ making an angleb with the average interface
We use the quoted term ‘‘facet,’’ because it seems unlik
that what we observe is really a crystallographic facet; si
we are investigatingburied structures, one might think of a
facet that is disturbed and rounded during overgrowth.

Qualitatively, such a ‘‘facet’’ could be explained fo
wires formed by step bunching, as is illustrated in Fig. 4~a!;
SiGe-rich wires form at step bunches, where the accum
tion of steps allows for a better elastic relaxation of SiGe
no steps occur at one side of the wire, a~001! facet is
formed, which is inclined exactly by the miscut angle~in our
case 3.560.02°) with respect to the average interface. T
leads to a triangular shape of the wires, with one side
clined by an angleb and a horizontal base@see inset in Fig.
4~a!#. Due to the tendency of flattening of self-organiz
structures during overgrowth, one would expectb to be
somewhatsmallerthan the miscut angle.4,18,19The amplitude
of the ripples at the Si to SiGe interface should be similar
that observed for the surface ripples by AFM, which a

FIG. 5. CoefficientsFp determined from the GISAXS scan
measured in the arrangement~a! ~points! and their simulations
~lines!. Arrows indicate the positions of the side maxima of t
envelope curves~shifted vertically for clarity!.
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V. HOLÝ et al. PHYSICAL REVIEW B 63 205318
about 0.4 nm high, much less than the wire height~see be
low!, hence the lower interface of the wires can be assu
to be flat. For the simulations, we usedb, the facet widthA
@see Fig. 4~a!# and its fluctuationsA as free parameters. B
causeb is small,A corresponds also to the width of the wi
the right-hand side of the wire is much steeper, and the
responding streak in the GISAXS scans cannot be obse
as it influences the envelope of the satellite peaks on
very large values ofQy .

In reciprocal space, the side maxima of theenvelope
curves for variousQTz lie at a line perpendicular to the fac
This is shown in Fig. 4~b!, where we depicted how the fe
tures in reciprocal space correspond to the real-space fe
of the wires.

From the shiftDp of the maximum for a givenDQTz we
get b5arctan(GDp/DQTz). The width A of the wire is in-
versely proportional to the width of this maximum. The c
tral maximum of the envelope curve stems from the bas
the wires and the wetting layers between the wires, b
also influenced by, e.g., diffuse scattering from usual in
face roughness between the wires. The calculated env
curves are plotted in Fig. 5. We foundb5(661)°, A
5(3565) nm, and sA5(1065) nm, and a resultin
height of the wires of about 3.761.2 nm. The shape of th
experimental envelope curve is well reproduced by
model, the experimental central peak is somewhat highe
to the scattering from the areas between the wires. The
crepancy between the simulation results and theFp values
for the smallestQz are probably caused by the scatter
from the holes at the surface observed by AFM~Fig. 1!, and
by the surface ripples, as their shape~height! differs from
that of the buried wires.

Although the triangular model is a simplifying assum
tion on the wire shape, the presence of a facet incline
about 6 ° with respect to the average interfaces is obv
Remarkably and unexpectedly, this angle islarger than the
crystallographic miscut (3.5 °), hence the facet is more
clined to the mean interface than the crystallographic~001!
plane. The measuredb would correspond to a very high
indexed plane as~1 0 18!, hence what we observe is n
likely a crystallographic facet. However, there is an imp
tant consequence for the understanding of the growth
20531
d

r-
d,

at

res

-
of
is
r-
pe

e
ue
is-

y
s.

-

-
o-

cess: With respect to the~001! plane, the measured ang
means that the wires are formed not solely by a bunchin
‘‘downward’’ steps, as sketched in Fig. 4~a!, but contain also
‘‘upward’’ steps @Fig. 4~c!#. It cannot be decided from ou
experiment, and might challenge the further improvemen
growth models, whether this indicates that already during
deposition of SiGe, upward steps are formed, e.g., du
kinetic limitations of the growth process,21 or if the slope
steeper than the miscut is formed during overgrowth of
SiGe wires with Si. However, as generally a trend offlatten-
ing of self-organized structures during overgrowth
observed,12,13 it seems much more probable that the upw
steps are formed already during deposition of SiGe.

V. SUMMARY

In conclusion, self-organized buried SiGe wires in a
SiGe multilayer sample, grown on a vicinal Si substrate w
a rather large miscut angle, were investigated by gra
incidence small-angle x-ray scattering. The scattering
prove that laterally periodically arranged buried SiGe w
are present, which are elongated parallel to the monol
steps of the vicinal surface. The scattered intensity was
alyzed using a model based on the distorted wave Born
proximation. We have found that the lateral wire distribut
obeys the short-range-order model, the mean distance o
buried wires equals that of the ripples at the sample sur
From the heights of the lateral satellite maxima we de
mined the mean width of the wire to be 35 nm~i.e., less than
the half of the wire distance! and the angle of its side facet
6°. Since this angle is larger than the crystallographic m
cut, the self-organization process creating the wires ca
be explained by the bunching of monolayer steps alone
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