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Strain in buried self-assembled SiGe wires studied by grazing-incidence x-ray diffraction
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For the calculation of strain fields of buried self-assembled SiGe wires in a SiGe/Si multilayer, an analytical
model has been developed. It is applied for a simulation of the diffraction pattern from buried wires, which
were investigated by grazing-incidence x-ray diffraction. The simulations are based on the distorted-wave Born
approximation, and using the analytical approach for calculating the inhomogeneous elastic strain fields within
the wires and in the surrounding Si matrix, computation times can be considerably decreased. In the measured
reciprocal space maps, satellite intensity maxima indicate a good lateral and vertical correlation of the wire
positions. Both from the grazing-incidence diffraction and from photoluminescence, an average Ge content in
the wires of 20% is found, considerablylower than the deposited value of 45%. The resulting lateral maximum
elastic relaxation of the wire lattice is about 85% on the top ridge.

DOI: 10.1103/PhysRevB.65.245324 PACS number~s!: 61.10.Dp, 68.65.2k, 68.65.La
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I. INTRODUCTION

Self-organized semiconductor nanostructures have
tracted a lot of interest in recent years, because they o
vast opportunities for fundamental studies of the epitax
growth as well as because of their potential for semicond
tor devices. Since their size, shape, composition, and s
status influence their electronic and optical properties, a
of effort has been devoted in the past to their structu
analysis. In the self-organization process, growth instab
ties, either of kinetic nature or strain-induced ones,1 are ex-
ploited for fabrication of semiconductor nanostructures. T
nucleation of islands on wetting layers~WL’s! via the
Stranski-Krastanow mechanism has been studied intens
for the heteroepitaxy of sufficiently strained systems.2 The
surface morphology of such islands has been investigate
atomic force microscopy3 ~AFM! and scanning tunneling mi
croscopy~STM!,4 buried islands were studied by transm
sion electron microscopy5,6 ~TEM! and cross-sectiona
STM.7 Furthermore, high-angle x-ray diffraction,8 as well as
surface sensitive grazing-incidence diffraction9 ~GID! and
grazing incidence small-angle x-ray scattering10 ~GISAXS!
techniques were employed to study the strain status, the
and the shape of the islands.

Whereas self-assembled islands were studied extens
so far, much less work was devoted to self-assembled q
tum wires. They can serve as templates for the growth
quantum dots, and due to their homogeneity in one direc
offer an easier research approach narrowed on the cr
section plane properties. Several different approaches h
been used to achieve self-assembled wire growth.

~i! Tersoff and Tromp11 have shown that strained epitaxi
layers, which tend initially to grow as dislocation-free i
lands, may exhibit a shape transition to elongated islands
herewith allow better stress relaxation. This eventually c
lead to self-organized wires on nominally flat substrates. T
mechanism was demonstrated recently for the growth
InGaAs/GaAs multilayer structures deposited on~001! GaAs
0163-1829/2002/65~24!/245324~11!/$20.00 65 2453
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with a miscut smaller than 0.05°.12

~ii ! Selective growth on prepatterned substrates can re
in quantum wires.13

~iii ! It was shown that thestep bunchingprocess in
SiGe/Si multilayers grown on vicinal Si~001! and~113! sub-
strates can lead to more or less regularly arranged terra
which serve as suitable templates for the subsequent for
tion of Ge rich wires or islands.14,15

So far, the main mechanism leading to island or w
growth was attributed to a thermodynamically driven grow
instability, associated with the partial relaxation of strain
the surface steps, and strain relaxation of the islands and
wires.16 More recent investigations point to the importa
influence of kinetic growth instabilities for the growth of S
as well as of SiGe on vicinal~001! Si substrates.17,18Strained
SiGe material epitaxially deposited on such stepped surfa
may form wirelike stripes. Whether elongated islands
wires are formed on such terraces, depends critically on
growth conditions.14,19,20

X-ray scattering methods have a large potential for
shape and strain analysis of semiconductor heterostruct
and embedded nanostructures.21 The scanning microscopy
techniques~such as AFM, TEM, Scanning electron micro
scropy! have high spatial resolution, but they are often d
structive and have a rather small investigated sample
(mm2,nm2). In contrast, the nondestructive x-ray techniqu
have high resolution in reciprocal space and the measu
data provide statistical information from sample areas of
order of several mm2. Especially x-ray diffraction technique
are very suitable for the determination of the strain status
buried and also free-standing nanostructures.9,22,23 Grazing-
incidence setups allow for certain depth resolution and be
intensity contrast due to the decrease of scattering from
substrate. However, the data analysis of strain fields is so
based on fitting procedures using model calculations,
especially the calculation of strain using the finite elem
method~FEM! is very time consuming.

We have developed an alternative analytical method
©2002 The American Physical Society24-1
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calculate the strain distribution in buried nanostructur
which is faster and also easier to implement into, e.g., x-
scattering simulations. For a first application of the meth
we investigate a SiGe wire sample, where modeling need
be performed in two dimensions only. There is, however,
general restriction of the method to two-dimensional mod
We choose a SiGe wire sample for this study, because
sample structure and wire shape are already known f
previous GISAXS measurements.24 Here, we obtain addi-
tional information on the Ge content, and on the elastic
laxations within the SiGe wires and in the surrounding
matrix.

In contrast to earlier work, our method takes the elas
relaxation at the sample surface into account, which is
portant for structures close to the surface. The results of
analytical calculations are compared to conventional F
calculations, and found to obtain nearly identical results. T
calculated displacement fields are used as an input for s
lations of the scattered intensity in strain sensitive GID
ometry, based on distorted-wave Born approximation.

The paper is organized as follows: In Sec. II experimen
data are presented. Section III deals with the calculation
the displacement fields induced by a stack of buried s
assembled SiGe wires, and describes the calculation of
scattered x-ray intensities in GID geometry. In Sec. IV t
analysis of the scattering data is presented, and the result
compared to an analysis of photoluminescence spectra
nally the results are summarized in Sec. V.

II. EXPERIMENTS

In this work we have investigated a series of samp
containing SiGe quantum wires grown in a self-organiz
regime by solid source molecular-beam epitaxy~MBE!. The
samples consist of 20 periods of nominally 25-Å-thi
Si12xGex layers separated by 100-Å Si layers. The nomi
Ge contentx of the alloy layers is 0.35, 0.40, and 0.45 f
samplesA, B, and C, respectively. In order to initiate ste
bunching and the wire growth, a vicinal~001! Si substrate
with a rather large miscut angleb53.5° towards the@100#
direction was chosen. All samples were capped with
100-Å-thick Si layer. The details on the MBE growth a
described in Ref. 25.

Figure 1 shows an atomic force micrograph of sampleC,
which exhibits a pronounced one-dimensional periodic rip
structure at the Si surface, with the ripples oriented perp
dicular to the substrate miscut, i.e., along the@010# direction.
Since the height of these surface ripples is rather low~with a
peak-to-valley height difference of about 6 Å!, this surface
corrugation does not contribute significantly to the scatte
x-ray intensity. The inset shows the autocorrelation functi
demonstrating that a correlation of the wire positions exte
over about six mean ripple periods; this period is about 8
Å.

Whereas with AFM only the surface of the Si cap lay
can be investigated, x-ray diffraction and small-angle scat
ing experiments can yield information on the buried stru
tures as well. Scattering experiments were performed in
planar high-resolution x-ray diffraction~HRXRD! geometry,
24532
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as well as in GID and GISAXS geometries. In HRXRD an
GID we have detected the scattered intensity as a functio
the reduced scattering vectorQ5K f2K i2h, whereh is the
diffraction vector ~i.e., the vector of the reciprocal lattice!
and K i , f are the wave vectors of the primary and scatte
beams.

GISAXS experiments have been carried out in order
get information on the shape of the buried wires, the res
can be found in Ref. 24. The GISAXS spectra clea
showed that the buried SiGe wires have a triangular cr
section with a base length of about 350 Å, and a slope~facet!
angle of about 6°, i.e.,larger than the miscut angleb
53.5°. The lengths of the SiGe wires are about 25
6500 Å, actually similar to the feature lengths on the sam
surface, as determined by AFM.

We have performed an HRXRDQz scan around the sym
metrical ~004! reciprocal lattice point using a laborator
x-ray source with Cu Ka1 radiation, a four-crystal Ge~220!
Bartels monochromator, and an open detector. Figur
shows the measured data~dots! together with the integrated
intensities~open circles! of the superlattice~SL! peaks and a
simulation based on dynamical scattering theory~solid line!.
From the peak distance an SL period of 12861 Å follows.
Due to the buried wire structure and the limited detec
resolution, the peaks are broadened, therefore we have fi
the envelope curve ofintegrated intensitiesof the broadened
peaks, instead of the peak values of the intensity satellites
the simulation we assumed a layered structure, where
SiGe layer was divided into the WL and an effective wi
layer. The latter is a layer with a thickness equal to the w
height as obtained from GISAXS data and a Ge content c
responding to the lateral average over the wires and the
rounding Si matrix. However, an unambiguous fit of all t
parameters of both layers is not possible. For instance, if
assume a Ge content ofx520% in the wires, we obtain for
the Ge concentration and for the thickness of the WL

FIG. 1. AFM image of the top Si surface of the investigat
Si/SiGe multilayer sampleC. The inset shows the autocorrelatio
function of the surface calculated from the AFM data.
4-2
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values 32% and 28 Å, respectively. For another choice ox
530% in the wire, for the WL the values 33% and 25
follow.

In HRXRD, the intensity distribution is strongly influ
enced by the in-plane and vertical components of the st
fields in the wires and the surrounding Si matrix. In order
enhance the sensitivity for the in-plane strain component
well as the sensitivity to the rather thin wire stack, we e
ployed GID geometry. For an orientation of the wires alo
the @010# direction, the~400! and ~040! reciprocal lattice
points are suitable, with the diffraction vector perpendicu
and parallel to the wires, respectively. The diffracting crys
lattice planes are perpendicular to the sample surface, so
the diffraction plane lies in theQxQy plane as sketched in
Fig. 3~a!. By simultaneous movement of the sample and
tector~i.e., by changing the directions of the wave vectorsK i
andK f) we perform a so-calledlongitudinalscan, whereas a
transversalscan is recorded by moving solely the samp
azimuthal position.

Figure 3~b! outlines the relation between the orientatio
of the wires in real space and theQx andQy coordinates in
reciprocal space. The intensity satellites due to wires
sketched schematically. In the transversal geometry,
length of the scattering vectorQ'h is approximately con-
stant throughout the map and perpendicular to the displ
ments, hence this geometry is not strain sensitive. In
longitudinal setup the diffraction vector is parallel to the i
plane displacements, hence this geometry gives a good s
sensitivity.

The shape of the wires, which enters the numerical ca
lations of the diffracted intensity described below,
sketched in Fig. 3~c!. We use the triangular wire cross se
tion obtained from previous GISAXS measurements24

which is determined by three parameters: the width of
wire baseA, and two anglesb1,2 of the side facets. The
direction of the correlation of the wirepositionsat different
interfaces is not always vertical but can also be inclined
anglex with respect to the growth direction.28 For such an
arrangement we will use in the following the expressionob-
lique replication.

FIG. 2. Qz scan of sampleC around the~004! reciprocal lattice
point ~points!, with the integrated intensities of the peaks~circles!,
together with the simulation~line!.
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The GID experiments were carried out at the TROI¨KA
and ID3 beamlines at the ESRF, Grenoble, using a wa
length ofl51.55 Å, a diamond~111! double crystal mono-
chromator~TROÏKA ! or a Si ~111! double monochromato
~ID3!. The scattered intensity was recorded using a lin
position sensitive detector placed at a distance of 900
from the sample. Its orientation was perpendicular to
sample surface, so that a detector line spectrum corresp
roughly to theQz direction. The scattered radiation is an
lyzed spatially as a function of the exit anglea f by 1024

FIG. 3. ~a! Sketch of the GID geometry:K i andKh are the wave
vectors of the primary and scattered beams, respectively,h is the
diffraction vector,a i , f denote the angles of incidence and exit, r
spectively. ~b! Definition of the coordinate system in reciproc
space and the geometries for the reciprocal space maps de
‘‘longitudinal’’ and ‘‘transversal.’’ ~c! Sketch of the wire cross sec
tion assumed in the calculations.
4-3
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detector channels. Hence, two-dimensional reciprocal sp
maps were recorded in single scans. The resolution in re
rocal space wasDQz5531024Å21, DQx53.731023 Å21,
and DQx52.631023 Å21 for the maps in~400! and ~040!
diffractions, respectively.

The ~400! maps denoted as ‘‘longitudinal’’ are plotted fo
two different angles of incidencea i50.5° anda i50.2° in
Figs. 4~a! and 4~b!, respectively. Fora i50.5° the angle of
incidence is above the critical angle of total external refl
tion and hence the x rays penetrate through the whole
stack. Thus we observe several intensity maxima alongQz
reflecting the periodic structure along the@001# direction.
The lateral intensity satellites reflect the lateral periodicity
the wires.

The lines denoted by 1 and 2 drawn through the late
intensity maxima in Fig. 4~a! are slightly inclined by an
anglex with respect to the horizontalQx axis. This indicates
that the wire positions at different SiGe/Si interfaces are r
licated obliquely along a direction inclined by an anglex.

For a i50.2°, as shown in Fig. 4~b!, no periodic intensity
extrema along theQz direction occur, as for incidence angle
below the critical angle the penetration depth of x rays
very small and only the top layer of wires contributes to t
scattered intensity. In this figure, the intensity maxima o
servable on the vertical rods for the smallestQz do not stem
from the vertical correlation of the wire positions, they a
caused by the maxima of the factorut i t f u2 in Eq. ~25!. These
maxima occur ifa i and/ora f ~angle of exit of the scattere
beam! equalac .29

As a cross check of the GID measurements, lo
temperature~T 5 4.2 K! photoluminescence~PL! has been
measured. The spectra of samplesA, B, andC are shown in
Fig. 5. The PL was excited by the 514-nm line of an A1

laser with an intensity of 160 mW. The spectrum of t
sample with the lowest Ge content~sampleA) is typical for
a two-dimensional SiGe quantum well layer: The lines
0.997 eV, 0.979 eV, and at 0.940 eV~labeled NPWL , TAWL ,
and TOWL in Fig. 5! are commonly attributed to the no
phonon~NP! luminescence of a SiGe quantum well excit
and its transverse-acoustic and transverse-optical pho
replicas.26,27 No indication of PL from quantum wires is ob

FIG. 4. Longitudinal~400! reciprocal space maps measured w
incidence anglesa i50.5° ~a! and a i50.2° ~b!. The step of the
contour lines is 100.25. In panel~a! the lines denoted 1 and 2 corre
spond to the trajectories of extracted line scans shown in Fig.
24532
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served in the spectrum of sampleA. Therefore, we conclude
that in this sample no quantum wires have formed, which
also found in HRXRD measurements of the sample. The
spectra of samplesB and C with higher Ge contents are
significantly different: In addition to the strongly quenche
NPWL line and its phonon replica, additional PL peaks app
in the spectra: a broad PL line~labeled NPWR) is observed
'20 meV below the NPWL line. This peak dominates an
contribution of the TAWL line possibly present in the spectr
of samplesB and C. We assign the NPWR peak to PL from
excitons confined to the self-organized quantum wires.
sampleC with the highest Ge content, the NPWR becomes the
strongest signal in the PL spectrum. In addition to the NPWR
peak, also the TO replica (TOWR) is clearly resolved in the
spectrum of sampleC. For sampleB, the TOWR signal is less
pronounced and appears as a shoulder in the PL spect
Since the signature of the quantum wire PL is strongest
sampleC, the experiments aiming at the structural charac
ization of the self-assembled quantum wires concentrate
this sample.

III. THEORY

For the simulation of the GID measurements it is nec
sary to calculate the elastic deformation of the crystal latt

FIG. 5. Low-temperature photoluminescence~PL! spectra of
samplesA, B, andC. The nominal composition of the three sampl
is given in the text. Besides the PL from the Si substrate and th
epilayers around 1.09 eV, strong PL signals from the SiGe a
layers are observed for energies below 1 eV. For sampleA with the
lowest Ge content~nominal 35%!, a PL spectrum characteristic fo
a SiGe quantum well is observed. In addition to the wetting la
luminescence, PL lines ascribed to the recombination of exciton
the quantum wire appear in the spectra of the samples with hig
nominal Ge content~sampleB, 40%; C, 45%!. The PL peaks are
labeled according to the type of phonons involved in the exci
recombination~NP, no phonon; TO, transverse optic; TA, transver
acoustic! with a subscript indicating the sample region in which t
recombination occurs~WL, wetting layer; WR, quantum wire!
4-4
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in the wires and around them. This is described below in p
A, followed by the calculation of the scattered intensity
part B.

A. Displacement field of a periodic array
of buried quantum wires

The most frequently applied method for the calculation
the strain distribution in and around nanostructures is
FEM. However, the disadvantage of FEM is that it is rath
time consuming, and any change of, e.g., a wire shape
quires a change of the calculation grid, so that FEM can
be easily included into a software simulating and fitting x-r
scattering patterns. Therefore, we have developed an ana
cal approach for the calculation of the displacement field
wires buried below the sample surface. Recently, a sim
analytic method for the calculation of the strains around
periodic sequence of etched quantum wires has b
developed,30 which is valid in the limit of elastic isotropy.

We start from the equilibrium equations31

]s jk

]xk
1 f j50, j ,k5x,y,z, ~1!

where

s jk5Cjklm« lm ~2!

are the components of the stress tensor,« lm are the compo-
nents of the strain tensor,Cjklm are the elastic constants o
the material, andf j are the components of the volume for
density caused by the lattice mismatch of the wire latt
with respect to the host crystal. At the free sample surface
boundary conditions

s jknkusurface50, j 5x,y,z ~3!

have to be fulfilled, wheren is the vector of the surface
normal.

In order to be able to solve the problem analytically, w
perform the following simplifications.

~1! We restrict ourselves to a cubic crystal with a~001!
surface and the wires along@010#. Then, the material is de
scribed by three elastic constants; in the well-known
36 Cab notation,31 the independent constants areC11,C12,
and C44. In fact, this simplification is not crucial for the
possibility of an analytic solution of Eq.~1!, but it simplifies
the formulas substantially.

~2! We assume that the sample surface is ideally flat. T
assumption simplifies the form of the boundary conditio
~2! and it is necessary for an analytic calculation. Therefo
the calculation method is suitable only for wires buried b
low a free surface.

~3! Strictly speaking, Eq.~1! is valid only if the elastic
constants are the same everywhere in the sample volu
Therefore, we have to neglect the difference between
elastic constants of the Si matrix and of the wire SiGe latti
However, the elastic constants of the wires affect subs
tially the volume force density. Therefore, we assume
validity of Eq. ~1!, but in the expression for the force densi
we include the elastic constantsCab

w of the wire lattice de-
24532
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pending on its chemical composition. As we show later,
results of this approximative approach compare well w
exact simulations based on FEM. The volume force den
is then given by31

f j52F
]V~r !

]xj
, F5~C11

w 12C12
w !d, ~4!

whereV(r ) is the shape function of the wire array~unity in
the SiGe wires and zero outside them! and d5(aw
2aSi)/aSi is the relative mismatch of the wire lattice wit
respect to the host lattice.

For the calculation of the displacement field of a wi
structure we define the coordinate system according to
3. The free surface is atz5T, and the wires are elongate
parallel to they axis @010#. We assume that the wires ar
infinitely long and homogeneous alongy, therefore both the
force density and the displacement fieldu(r ) depend only on
x and z. In addition, for the wires parallel to@010# and for
cubic symmetry ofCab the displacement vectoru(r ) is al-
ways perpendicular to the wires, i.e.,uy50. For wire orien-
tations with lower symmetry, however,uyÞ0 may occur.

For the Fourier component of the displacement field

uF~k,z![S ux
F~k,z!

uz
F~k,z!

D 5E
2`

`

dx u~x,z!e2 ikx, ~5!

we obtain from Eq.~1! the matrix equation

Â~uF!91 i B̂~uF!82ĈuF5P, ~6!

where

Â~k!5S C44 0

0 C11
D ,

B̂~k!5S 0 k~C121C44!

k~C121C44! 0 D ,

Ĉ~k!5S k2C11 0

0 k2C44
D ~7!

and the vector on the right-hand side of Eq.~6! is

P~k,z!5FS ikVF

~VF!8
D . ~8!

We have denoted the derivative with respect toz by a prime
(8). VF(k,z) is the one-dimensional Fourier transformatio
of V(x,z).

The boundary conditions foruF at the free surface and a
the rear sample surface far below the wire array are

Â~uF!81 i D̂•uFuz5T,z→2`50, ~9!

where

D̂~k!5S 0 kC44

kC12 0 D . ~10!
4-5
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The general solution of Eq.~6! is a sum of a genera
solutionvg of a homogeneous equation

Â~vg!91 i B̂~vg!82Ĉvg50 ~11!

and any particular solutionvp of the full Eq.~6!. The general
solution of the homogeneous equation is a linear comb
tion of the eigensolutions

vg~k,z!5 (
n51

4

cn~k!vn~k!eikn(k)z, ~12!

wherek1, . . . ,4 are the roots of the characteristic equation

det@Ŵ~k,k!#[det~Âk21B̂k1Ĉ!50 ~13!

andvn are the corresponding eigenvectors

Ŵ~k,kn!vn50. ~14!

The particular solution of the full equation can be e
pressed using the two-dimensional Fourier transformatio

vp
FF~k,q!5E

2`

`

dzvp~k,z!e2 iqz

of the displacement field as

vp
FF~k,q!52@Ŵ~k,q!#21PFF~k,q!. ~15!

The inverse Fourier transform can be performed using
residuum theorem.kn1 andkn2 denote the eigenvalues wit
positive and negative imaginary parts, respectively, and
obtain the final expression for the displacement field

uF~k,z!5 (
n51, . . . ,4

cnvneiknz

1
F

C11C44
F(

n1
V1~k,kn1 ,z!wn1eizkn1

2(
n2

V2~k,kn2 ,z!wn2eizkn2G , ~16!

where

wn5
1

P j Þn~kn2k j !
S C44k~k22kn

2!1~C112C12!kkn
2

C44kn~kn
22k2!1~C112C12!k

2kn
D

and

V1~k,k,z!5E
2`

`

dx8E
2`

z

dz8V~x8,z8!e2 i (kx81kz8),

V2~k,k,z!5E
2`

`

dx8E
z

T

dz8V~x8,z8!e2 i (kx81kz8).

~17!

The coefficientscn in Eq. ~16! can be determined from th
boundary conditions~9!. From the boundary condition at th
rear surface (z→2`) cn150 follows. The remaining two
24532
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coefficientscn2 are obtained from the boundary condition
at z5T that can be written in the form

(
n2

cn2~kn2vxn21kvzn2!eiTkn2

52
F

C11C44
(
n1

~wxn1kn11wzn1k!

3VFF~k,kn1!eiTkn1, ~18!

(
n2

cn2~C11kn2vzn21C12kvxn2!eiTkn2

52
F

C11C44
(
n1

~C11wzn1kn1

1C12wxn1k!VFF~k,kn1!eiTkn1, ~19!

where

VFF~k,k!5E
2`

`

dzVF~k,z!e2 ikz

5E
2`

`

dxE
2`

`

dzV~x,z!e2 i (kx1kz)

is the two-dimensional Fourier transformation of the sha
function of the wire array.

We assume that the individual wires in the multilay
have identical shapesVw(x,z) and they are perfectly peri
odically distributed at the SiGe-Si interfaces with the late
period L and the~vertical! period of the multilayerD ~see
Fig. 3!. We assume also a perfect oblique replication of
wire positions determined by a given anglex. Then the
shape function of the wire array can be expressed as

V~x,z!5 (
mx52`

`

(
mz50

N21

Vw~x2mxL2mzD tan@x#,z2mzD !,

whereN is the number of~vertical! periods in the multilayer.
This yields

V12~k,k,z!5
2p

L (
P

d~k2P! (
mz50

N21

Vw
12

3~P,k,z2mzD !e2 imzD[k1k tan(x)]

with

Vw
1~k,k,z!5E

2`

`

dx8E
2`

z

dz8Vw~x8,z8!e2 i (kx81kz8),

Vw
2~k,k,z!5E

2`

`

dx8E
z

T

dz8Vw~x8,z8!e2 i (kx81kz8).

We have denoted byP52pp/L (p is an integer! the vectors
of a one-dimensional lattice reciprocal to the on
dimensional wire array. Since the functionsV12(k,k,z) are
4-6
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FIG. 6. ~Color! Distributions
of the strain tensor component
exx ~a!, ezz ~b!, and ezx ~c! ob-
tained from analytical calculation
The parameters of the wire areA
5350 Å, b156°, b2590°, xGe

50.2, and the depth of the wire
base below the surface wa
120 Å. The step of the contours i
Dexx5Dexz5231024, and Dezz

5331024 in the respective pan-
els.
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superpositions ofd-like peaks centered in this reciproc
wire lattice, the displacement field has the form of a Four
series

u~x,z!5(
P

uF~P,z!eiPx, ~20!

where the coefficientsuF(P,z) are given by Eq.~16!.
In order to demonstrate the applicability of the proced

above, we have simulated the distribution of the strain ten
components

exx5
]ux

]x
, ezz5

]uz

]z
, and ezx5

1

2 S ]uz

]x
1

]ux

]z D
of a single buried wire with a triangular cross section bur
120 Å below the free relaxed surface, the shape of the w
is obtained from GISAXS data~see below!. The strain com-
ponentsexx , ezz, and ezx of the strain calculated with the
analytical model forxGe520% are shown in Figs. 6~a!, 6~b!,
and 6~c!, respectively. In order to achieve a sufficient res
lution in real space, we have used a large set of the value
P, the differencedP of the neighboringP values in this set
was chosen much smaller than 2p/Dx, where Dx is the
range of thex coordinates in Fig. 6. In this figure, we hav
24532
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also suppressed the overlapping of the deformation field
neighboring wires by choosing their distance 2p/dP suffi-
ciently large. The influence of the surface stress relaxa
@Eq. ~3!# on the strain distribution is substantial, if the dep
of the wire below the surface does not exceed few thousa
of angstroms. Therefore, one can expect that the relaxa
affects the scattered intensity mainly for scattering geo
etries with a small penetration depth of the incident x-r
beam, such as in GID.

The in-plane componentexx exhibits a maximum tensile
strain of about 0.7% near the steeper side facet of the tr
gular wire. This value corresponds to the lateral elastic
laxation of about 85% with respect to fully relaxed bu
Si0.8Ge0.2. In the surrounding Si matrix close to this facet
the wire a maximum compressive lateral strain of the or
of 0.6% occurs. The distribution of theezz component is
plotted in Fig. 6~b!. The maximum value ofezz is about
1.45%, which nearly equals the vertical strain in a pseu
morphic tetragonally distorted homogeneous Si0.8Ge0.2 layer.
Above and below the wire, the Si lattice is compressed v
tically by about 0.3% in maximum.

The validity of our analytical method is demonstrated
Fig. 7, where we compare thex and z components of the
displacement vectoru(x,z) calculated using FEM, and usin
4-7
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our approach. The figure shows the displacement fields
single triangular wire, corresponding to the wire shape in
sample. It is obvious that the analytical and FEM calcu
tions yield nearly identical results. The slight differenc
may result from the discretization of the grid in the FE
calculations or from the fact that the actual elastic parame
of the wire and the Si matrix are different.

B. Calculation of the scattered intensity

In this section, expressions are derived which describe
distribution of thediffuselyscattered intensityI (Q) in recip-
rocal space~the coherent truncation rod scattering is e
cluded from the calculation!. In GID scattering geometry the
reduced scattering vectorQ5K f2K i2h has to be corrected
for refraction and absorption:q5k f2k i2h, wherek i , f are
the wave vectors of the primary and scattered beams, res
tively, corrected for refraction and absorption in the crys
lattice.

The calculation of the scattered intensity is based on
solution of the wave equation

~n1K2!E~r !5V̂•E~r !, ~21!

where V̂52K2x(r ) is the scattering potential andx(r ) is
the crystal polarizability. In a slightly deformed crystal, th
polarizability can be expressed as a modified Fourier se

x~r !5(
g

xg~r !exp@ ig•@r2u~r !##,

the zero-order Fourier coefficient of the polarizabili
^x(r )&[x0 is responsible for refraction, itshth coefficient
describes the diffraction with the diffraction vectorh. The
displacement fieldu(r ) is caused by the buried wire arra
and the spatial dependence of the Fourier coefficientsxg(r )
reflects the local changes in the chemical composition. In

FIG. 7. Comparison of the displacement fieldsux(x,z) @panel
~a!# and uz(x,z) ~b! of a single buried wire calculated by FEM
~dashed lines! and by our analytical approach~full lines!. The step
of the contours isDu50.05 Å.
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following, we restrict to theSpolarization only. We solve the
wave equation by means of the distorted-wave Born appr
mation, where the scattering potential is divided into tw
partsV̂5V̂A1V̂B , whereV̂A describes an unperturbed sy
tem andV̂B the perturbation. Here, we choose a semi-infin
Si substrate as the unperturbed system and we solve
wave equation withV̂A52K2x0

Si , i.e., only refraction pro-
cesses in the substrate (x0

Si) are treated dynamically, but dif
fraction processes withg5h included in

V̂B52K2xh~r !exp@2 ih•u~r !# ~22!

are treated kinematically. We choose two independent s
tions Ei

(A)(r ) and Ef
(A)(r ) of this equation~the latter being

time inverted! so that their corresponding incident comp
nents in vacuum are the actual primary and scatte
beams32,33

Ei
(inc)~r !5eiK i•r, Ef

(inc)~r !5eiK f•r.

In the substrate,

Ei
(A)~r !uz,05t ie

iki•r, Ef
(A)~r !uz,05t f* eik f•r

holds, wheret i , f are the Fresnel transmittivities of the su
face for the primary and scattered beams, respectively,
k i , f are the wave vectors corrected to refraction and abs
tion in the unperturbed system.

The intensity scattered from the wires is proportional
the differential cross section of the scattering due toV̂B

S ds

dV D
B

5
1

16p2
u^Ef

(A)uV̂BuEi
(A)&u2. ~23!

In our model, the SiGe WL’s are not included, because th
would affect the intensity only at the coherent rod, i.
around the zeroth lateral satellite.

Assuming a perfect lateral periodicity of the wires, w
obtain for the scattered intensity the following expression

I ~Q!5const3d~Qy!(
P

d~Qx2P!uFP~qz!u2. ~24!

This equation describes an intensity distribution concentra
in periodic satellite peaks forming the one-dimensional
ciprocal lattice determined by the lateral wire periodic
~lateral satellites!. We have denoted byFP(qz) the structure
factor of the wire corresponding to the vectorP of the one-
dimensional reciprocal lattice. Since the wires are elonga
along they direction, the strain field and the polarizability d
not depend ony and the intensity exhibits a sharp peak
Qy50. The Pth structure factor is given by~see also Ref.
34!

FP~qz!5const3t i t fE
2`

T

dzE
2L/2

L/2

dx e2 i [ Px1qz(z2T)]

3@xh~x,z!e2 ih•u(x,z)2xh
Si#, ~25!

wherexh
Si is thehth coefficient of the crystal polarizability o

the host lattice and
4-8
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xh~x,z!5~xh
w2xh

Si!V~x,z!1xh
Si

is the modulated polarizability of the wire array. In Eq.~25!
we have excluded the crystal truncation rod from the str
ture factor by subtractingxh

Si from the local polarizability
coefficient xh(r )exp@2ih•u(r )#. The phase functionh
•u(x,z) is calculated using Eqs.~16! and ~20!.

The infinitely sharpd-like lateral satellite peaks in Eq
~24! are valid for a perfect lateral periodicity of the array
wires. In the experiment, the satellite peaks are broade
due to the finite angular resolution and the deviations fr
perfect periodicity of the wire positions. While the finit
resolution broadens all the satellites by the same amou
random distribution of the distances of the neighboring wi
causes an increase of the satellite widths with increasinguPu.
Taking both effects into account and neglecting the sh
peak in theQy dependence of the intensity, we obtain for t
intensity distribution in theQxQz plane a modified expres
sion

I ~Qx ,Qz!5const3(
P

RP~Qx2P!uFP~qz!u2, ~26!

where the narrow intensity peaks are smeared out b
Lorenzian function

RP~Qx!5
1

psP

1

11S Qx

sP
D 2 , ~27!

where integrals of these functions were normalized to un
Following from the short-range-order model of the wi

positions35,24 the width sp of the Pth function depends on
the orderp of the lateral satellite according to the express

sp5As0
21~pDs!2, ~28!

wheres0 is the width of the zeroth-order satellite caused
the finite experimental resolution, andDs5d(L)/L is the
broadening due to a disorderd(L) of the lateral wire dis-
tances. Note that the disorder of the wire positions does
change theintegrated intensitiesof the satellites, which al-
ways remain proportional touFPu2.

IV. ANALYSIS OF THE WIRE STRUCTURE

In order to compare the measured and simulated inte
ties quantitatively, we have extracted line scans from
measured GID reciprocal space maps along the lines den
1 and 2 in Figs. 4~a,b!. The resulting scans are plotted in Fi
8. Using Eq.~26! we fitted these scans, with the satelli
intensitiesuFPu2 as free parameters. The good agreemen
the fit with the experimental data demonstrates that the sh
range-order model for the lateral positions of the wires in E
~26! well describes the lateral arrangement of the wires.

From the fits we obtain a mean wire distance ofL
5(890620) Å and a replication anglex5561°, in good
agreement with the GISAXS measurements. The width
the zeroth-order satellite, caused by the finite experime
resolution, iss0'1.531023 Å21, and from the broadening
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of the lateral satellites we obtain a distribution of wire d
tances with a width ofd(L)'125 Å.

The resulting parametersuFPu2 of the lateral satellites are
plotted as full circles in Fig. 9. They have been simulat
using the expressions given in Sec. II@Eqs. ~16!, ~20!, and
~25!#. The wires have a triangular cross section with a b
lengthA of 350 Å and a large side facet inclined by an ang
b156° with respect to the growth plane. The small-ang
scattering data are not sensitive to the slopeb2 of the shorter
sidewall of the wire~see Fig. 3!. In the simulations we have
found that this angle has only negligible influence on t
results in the range fromb2560° to b2590° and we have
therefore assumedb2590° in all simulations. It turns out
that a good agreement with the experimental GID data
actually be achieved for various combinations of values
b1 and xGe: In GID we are mainly sensitive to the strai
variation. Increasingb1, i.e., increasing the aspect ratio o
the wires, will lead to an increase in the in-plane relaxati
However, increasing the Ge contentxGe will have a very
similar effect, and hence the two quantities cannot be se
rated from the GID data alone. Knowingb1 from our
GISAXS experiment, it is possible to determinexGe by fit-
ting the structure factorsuFPu2 unambiguously. The intensity
of the zeroth-order peak has to be excluded from the co
parison since it is influenced by the coherent truncation
and coherent scattering was not taken into account in
simulations. The best correspondence was achieved forxGe
5(20610)%.

The correspondence of the experimental satellite in
grated GID intensitiesuFPu2 with the simulated ones is no
perfect. The discrepancy could be caused by, e.g., an in
mogeneous distribution of Ge atoms in the volume of
wires. However, it is obvious from this comparison that t
mean Ge content in the wires is substantiallylower than the
composition of deposited SiGe alloy with a Ge content
45%.

The unexpected experimental finding of a Ge content

FIG. 8. Line scans extracted from the measured intensity m
along the lines 1 and 2 in Fig. 4~a! ~points!, together with their fits
using Eq.~26! ~lines!. The scans are shifted vertically for clarity.
4-9
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the self-organized wires lower than that in the WL is a
reflected in the PL spectra of samplesB and C containing
wires: Figure 5 shows that the quantum-wire no-phonon
(NPWR) is shifted to a lower energy with respect to the NPWL
line in the spectra of samplesB andC by an amount as sma
as'20 meV. In order to correlate the observed small sh
with the Ge concentration in the quantum wires, we ha
calculated the confinement energies in the WL and in
quantum wires. Since the extension of the wires in the lat
direction is approximately ten times larger than in the ve
cal direction, in the calculations we neglect the lateral c
finement and model the quantum wire structure by a s
quantum well consisting of the WL and the self-assemb
wire part. Figure 10 shows the difference between the ca
lated ground-state energiesEWL

0 of the the wetting layer
alone andEWR

0 of the step quantum well~modeling the quan-
tum wire! as a function of the Ge content within the se
organized wires. This difference models the energy shift
tween the no-phonon lines for the quantum well and w
observed in the PL spectra~Fig. 5! of samplesB andC. The
calculations using thek•p model36 have been performed fo
three different compositions of the WL: the nominal comp
sition for sampleC (25 Å,45%), a composition close to th
composition of sampleC determined by x-ray diffraction
(29 Å,32%) and for a composition between these two co

FIG. 9. Integrated satellite intensitiesuFPu2 of the lateral satel-
lites obtained from the linear scans in Fig. 8~black circles!, and
their simulations for various Ge concentrationsxGe in the wires. The
panels~a! and ~b! show the experimental satellite intensities in t
scans 1 and 2 in Fig. 8, respectively, along with the correspond
simulated values. The abscissa position of data points corresp
to the order of the lateral satellites.
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positions (27 Å,38%). The insets of Fig. 10 show t
valence-band alignment for heavy holes together with
square moduli of the ground-state wave function for seve
selected parameter combinations. Obviously the small dif
ence of 20 meV between the energies of the no-phonon l
of wire and well can be explained within this model only if
germanium concentration between 20% and 30% is assu
in the self-assembled part of the wire~for all three parameter
pairs assumed for the WL composition!. Therefore, the re-
sults of the PL measurements are in excellent agreement
the results obtained by GID experiments, confirming that
Ge content in the wires is indeedlower than that of the
deposited alloy, in contrast to the behavior of buried se
assembled SiGe islands, which usually have a Ge con
higher than the WL.37

V. SUMMARY

Self-organizedburied SiGe wires in a 20-period SiGe/S
multilayer sample with 45% deposited germanium cont
were investigated by grazing-incidence x-ray diffraction. T
laterally periodic wires in the Si/SiGe superlattice, which
grown on a vicinal~001! Si substrate with a miscut angle o
about 3.5°, are oriented along the@010# direction. An ana-
lytical model for the strain fields within the SiGe wires an
in the Si matrix was derived. The inhomogeneous str

g
ds

FIG. 10. Calculated difference between the ground-state e
gies of heavy holes confined to the wetting layer (EWL

0 ) and to the
quantum wire (EWR

0 ) as a function of the Ge contentxWR of the
wire ~thickness: 37 Å) assembled on top of the wetting lay
EWL

0 -EWR
0 is plotted for the three different wetting layer compos

tions indicated in the plot. As discussed in the text, in the calcu
tion, the quantum wires are modeled by step quantum wells.
alignment of the heavy-hole valence-band edge in growth direct
the ground-state wave functions, and energies are sketched in
insets for a 25 Å, 45% wetting layer~the Ge content in the wire is
x50%) and for three step quantum wells modeling the wire str
ture. ForEWL

0 2EWR
0 5220 meV~corresponding to the energy dif

ference of the NPWL and NPWR lines observed in the PL spectra o
samplesC), the heavy-hole band alignments are shown in the ins
for two wetting layer compositions: the nominal for sampleC and
the one determined by the HRXRD experiments, respectively
the plot, the points corresponding to structures shown in the in
are marked bys.
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fields resulting from this model serve as an input for t
simulation of the scattered intensities in GID geometry, us
distorted-wave Born approximation. Using the shape of
wires obtained by GISAXS experiments, the simulations
the GID intensity distribution yield an average Ge content
20%, lower than in the wetting layers. Most likely, this d
crease of the Ge content in the wires is caused by a diffus
process during overgrowth. The behavior, which is co
firmed by photoluminescence experiments, is different fr
self-organized islands, which usually contain more Ge th
the underlying wetting layers. In order to account for the
results, growth models for self-organized wires which
clude diffusion during overgrowth will have to be develope

The presented strain analysis is applicable to all s
r
o

r

,

d

s

h

r

.

F
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organized as well as etched and buried nanostructures
planar surfaces.

ACKNOWLEDGMENTS

We thank J.-H. Zhu, K. Brunner, and G. Abstreite
Walter-Schottky Institut, Technische Universita¨t in München,
Germany for providing SiGe wire samples. This work w
supported by FWF Austria~Project No. P-11557!, EC project
SiGeNET ~HPRN-CT-1999-00123!, and by the Grant
Agency of Czech Republic~Project No. 202/00/0354!. Syn-
chrotron experiments were carried out at the TROI¨KA II
beamline of the ESRF, Grenoble, France. We acknowle
the valuable help of O. Konovalov~ESRF! with the beamline
setup.
.

,

r,

,

v,

B

y

e-

dt,
*Permanent address: Laboratory of Thin Films and Nanostructu
Institute of Condensed Matter Physics, Masaryk University, K
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9V. Holý, A. Darhuber, J. Stangl, S. Zerlauth, F. Scha¨ffler, G.
Bauer, N. Darowski, D. Lu¨bbert, U. Pietsch, and I. Va´vra, Phys.
Rev. B58, 7934~1998!.

10J. Stangl, V. Holy´, T. Roch, A. Daniel, G. Bauer, Y.H. Zhu, K.
Brunner, and G. Abstreiter, Phys. Rev. B,62, 7229~2000!.

11J. Tersoff and R.M. Tromp, Phys. Rev. Lett.70, 2782~1993!.
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