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Strain and composition in SiGe nanoscale islands studied by x-ray scattering
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High-resolution x-ray diffraction has been performed on strained SiGe nanoscale islands grown coherently
on Si~001!. Reciprocal space maps show a widely extended ‘‘butterfly’’-shaped island reflection and strong
diffuse scattering around the substrate reflection. From such intensity maps the Ge content and its distribution
inside the islands are evaluated. This is done by simulation of diffuse scattering for a variety of island models.
The island shape is known from atomic force and scanning electron microscopy. The only free parameter was
the Ge distribution, here approximated by a vertical concentration profile. With an abrupt increase of Ge
content at about one third of the island height a rather good agreement with the experimental results is
achieved. The strain distribution in the islands is then given by the finite element calculations, which are part
of the simulation algorithm.
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I. INTRODUCTION

The development of low-dimensional nanoscale structu
as novel electronic devices is presently among the most
citing challenges in semiconductor technology. In the rec
past years self-organizing epitaxial growth mechanisms s
as the Stranski-Krastanov growth mode1 have been utilized
for the generation of strongly strained coherent quant
dots.2 The key parameters in such systems are size, sh
strains, and strain distribution since these quantities are
cisively related to the electronic and optical properties.
on the other hand, the Stranski-Krastanov mechanism
driven by strain a detailed characterization of morpholo
and strain distribution is crucial for a complete understa
ing and control of the growth process. Despite this there
still no satisfactory knowledge about these properties
their mutual interaction. Moreover, in alloys, decompositi
may occur during or after growth. Tersoff3 has theoretically
predicted that strain-induced segregation drastically
creases the nucleation rate. This may lead to a compos
gradient inside the islands.

A powerful technique of strain determination is the eva
ation of atomic displacement vectors through the quantita
analysis of high-resolution transmission electron mic
graphs~see, e.g., Ref. 4!. However, beside the serious pro
lem in defining an appropriate reference lattice the accur
of strain values is in the range of 1023 ~see, e.g., Ref. 5!.
Furthermore, the results are in first approximation an aver
over the foil thickness and certainly sensitive to foil warpa
and three-dimensional strain relaxation in the foil. Also, on
single quantum dots can be investigated so that the meas
displacement vectors often suffer from missing statistics.

X-ray scattering has been successfully applied to the c
acterization of strain6–11and morphology10,12–14of nanoscale
islands. A direct reconstruction of morphology, strain, a
composition from the diffraction pattern is, however, n
possible. The systems considered here are complicated
the strain tensor components« i j depend on all three spac
PRB 610163-1829/2000/61~8!/5571~8!/$15.00
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coordinatesx,y,z. Therefore, up to now simulations ofx-ray
intensities were based on simplified analytical approaches
the strain field: Steinfortet al.6 performed an x-ray crysta
truncation rod analysis on faceted Ge hut clusters grown
Si~001!. They calculated diffraction profiles by using an em
pirical power law for the strain field. Moreover, they did n
include the influence of the strain field on the underlyi
wetting layer and substrate, which is known to be consid
ably strong.15 Darhuberet al. approximated the long rang
field of elastic relaxation in multiple layers of Ge islands
Si~001!7 and of InxGa12xAs quantum dots in GaAs,8 respec-
tively, by the deformation field of anisotropic point defec
Kegel et al.9 applied the concept of ‘‘iso-strain scattering
on the evaluation of strain in coherent InAs islands. T
concept assumes that the effective strain is constant wi
layers parallel to the surface, which is at variance with c
culations@see Fig. 3~c!# based on the finite element metho
~FEM!.

In the present paper, a numerical ‘‘brute-force’’ meth
combined with high-resolution x-ray diffraction is intro
duced that allows for both the determination of the str
field and the composition in nanoscale islands. The ba
idea of this approach is the calculation of the strain field
using the finite element method based on elasticity theo
Assuming well defined values of shape, size and comp
tion, the elastic strain fieldu(r ) can be calculated at eac
selected position inside the mesoscopic structure. In a sec
step,u(r ) is used to simulate the x-ray scattering intensi
Since the mesoscopic structures are smaller than the x
extinction length kinematical scattering theory can be u
as a good approximation. Recently, a similar concept
combining FEM and the calculation of x-ray diffraction ha
been applied to etched quantum wires.16,17 An interesting
alternative has been performed by Grundmann and Kro18

In the framework of the valence force-field model19 they
calculated the deformation field in InAs quantum dots bur
in GaAs and subsequently simulated x-ray diffraction inte
sity profiles.
5571 ©2000 The American Physical Society
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In order to quantitatively prove the validity of our ap
proach a single layer of highly regular dislocation-fr
Si0.75Ge0.25 islands has been chosen that is coherently gro
on Si~001! by means of liquid phase epitaxy~LPE!. Since at
LPE the driving forces are very low growth is carried o
close to thermodynamical equilibrium, and the most relev
parameters that are influencing the growth process are
strain field within the island and the surface free energy.

The aim of this paper is to demonstrate the capability
our method of performing a full strain analysis of nanosc
islands which, in addition, includes the capability to det
mine a composition gradient inside the islands. We a
would like to discuss selected features of the diffraction p
tern and how they are influenced by the strain field. Dir
attention is focused on the interplay of shape~size! and
strain, which is substantial with regard to very small obje
such as quantum dots.

In the next sections, the LPE sample preparation and
experiment are presented. Then, in Sec. IV, we describe
the finite element method is incorporated in x-ray diffracti
simulations. In Sec. V, the experimental and simulated
sults are discussed. Finally, the conclusions are presente
Sec. VI.

II. SAMPLE PREPARATION

The sample preparation has been described in a prev
paper in detail.13 Briefly, the Si12cGec islands have been
grown by liquid phase epitaxy~LPE! using a Bi solution.
The epitaxial layers are deposited in a horizontal solut
growth system that is kept under pure hydrogen. In orde
ensure that the system is in thermodynamical equilibri
before growth starts the solution is homogenized at
growth temperature~973 K! for several hours. A low cooling
rate of about 10 K/h has been chosen such that a low gro
rate is achieved.

We have chosen a nominal Ge atomic fraction ofc
525%. Monodisperse coherent islands are obtained in
cordance to the observed relationship20 w}c22.03 between
the island base widthw and the Ge concentrationc. The
surface morphology was investigated by atomic force
croscopy~AFM! and scanning electron microscopy~SEM!
such that the exact shape and size of the islands coul
determined with high accuracy. The SiGe islands are of tr
cated pyramidal shape and are bounded by$111% side facets
~Fig. 1!. The island size distribution is rather narrow~10%
full width at half maximum! with mean values of 135 and 8
nm for the island base width and the island height, resp
tively.

III. EXPERIMENT

High-resolution x-ray diffraction was performed at th
BW2 wiggler station of HASYLAB/DESY with the use o
monochromatic synchrotron radiation atl51.54 Å and a
relative bandwidth of aboutDl/l51024. Figure 2 shows a
schematic view of the scattering geometry. The vertical a
horizontal spot size at the sample was typically 0.5 m
32 mm along with beam divergences within and perpendi
lar to the scattering plane of 0.05 and 0.2 mrad, respectiv
A linear position sensitive detector~PSD! with a spatial reso-
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lution of about 80mm has been placed 800 mm behind t
sample such that different scattering angles 2Q with respect
to the incoming beam belong to different channels of
PSD. The PSD, therefore, acts as analyser of the scatt
beam direction with a typical resolution ofDq/q55
31024. This value is sufficiently small to ensure that a
relevant diffraction features originating from the strain
layer can be resolved. By rocking either the sample~v scan!
or, alternatively, both sample and PSD in 1:2 coupli
~v22Q scan! a complete two-dimensional map of reciproc
space can be measured in a single scan.21 As our simulations
will show the shape of diffuse intensity in these two dime
sions is a characteristic ‘‘fingerprint’’ of the Ge distributio
and, in that, is superior to single one-dimensional scans.

Nearly the entire beam path between sample and PSD
evacuated by using a flight tube in order to ensure that str
air scattering is avoided. Slits of widths 2 mm have be
placed at both ends of the flight tube. Consequently, in
direction perpendicular to the scattering plane we integr
over a distance of typicallyDqy50.01 Å21. This value has
been included in the calculations described below.

FIG. 1. Scanning electron micrograph of a Si0.75Ge0.25/Si(001)
layer. The sample consists of coherently strained truncated p
mids exhibiting$111% side facets and a~001! top facet. The island
base width and height are about 135 and 80 nm, respectively,
a narrow size distribution.

FIG. 2. Schematic view scattering geometry used in our exp
ment. The position sensitive detector~PSD! lies in the scattering
plane, such that different angles 2Q correspond to different chan
nels. Note that, in the case of the113 asymmetrical case~steep
incidence and glancing exit! the scattering beam is highly com
pressed.
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Although not restricted to these cases we have inve
gated the symmetrical 004 and the asymmetrical113 lattice
points ~steep incidence and glancing exit!.

IV. THEORY

The parameters used in the FEM calculations~with the
program package MARC! are the shape and size of a sing
island, the atomic Ge concentrationc, the corresponding lat
tice parameter and the linear elastic modulici jkl for cubic
Si12cGec . Shape and size of the island are known from ot
experiments13,14 ~AFM, SEM, and grazing incidence sma
angle scattering!. In order to keep computation time in rea
sonable limits the Ge distribution was approximated by
one-dimensional~layered! vertical profile. This profile is the
only free parameter. The corresponding lattice parameter
the linear elastic moduli are calculated by Vegard’s law22

~the small deviation of the lattice parameter from Vegar
law is less than the current accuracy of our calculations!. The
wetting layer thickness has been assumed asdWL52 nm. In
agreement with previous work,15 our calculations show tha
the strain field of the islands strongly penetrates into
underlying substrate. As a consequence the strain field in
substrate was calculated up to a depth equal to the is
height and laterally up to three times the island base wid
The use of larger sample volumes in the calculations has
further influence on the calculated strain field inside the
land and its vicinity.

Based on atomic scatterers our approach seems to b
feasible because objects sizes larger then 20 nanometer
result in impracticable computing times. However, the sm
est scatterer considered in the calculation may compris
cell volumeVU ~basic cell! that is much larger than an atom
or even the crystallographic unit cell volumeVE . More pre-
cisely, we choose the basic cell such that~i! the atomic dis-
placement changesDu inside the basic cell are much small
than an interatomic distance, and~ii ! the associated basic ce
shape function extends much further in reciprocal space
the area investigated in the experiment. Consequently,
basic cell volumeVU can be adapted depending on the s
of the mesoscopic structures. We treat the deformation fi
u(r ) as a smooth function over several basic cells, i.e.,
neglect spatial frequencies ofu(r ) outside the area in recip
rocal space that is investigated in the experiment.

In order to make interpretation of the results easier,
will shortly discuss the strain distribution inside an isla
with a homogeneous Ge content. In Fig. 3~a! the calculated
elastic strain energy densitye in the ~110! plane through the
middle axis of a Si0.75Ge0.25 truncated pyramid is displayed
The overall amount of elastic strain energy is stored in
proximity of the island base edges aligned along^110&
whereas interfacial island regions close to the middle a
exhibit a reduced strain energy density. The upper part of
island is strongly relaxed and nearly free of elastic stra
This behavior is also illustrated in selected linescans for
strain tensor diagonal components~total strain23! «xx(z) and
«zz(z) along the middle axis of the truncated pyramid@Fig.
3~b!#, respectively, providing three important results:~i!
«xx(z) saturates at the top of the pyramid and, thus, subs
tially deviates from a power-law dependence24 or a quadratic
ti-
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expression used by Steinfortet al.6 for Ge hut clusters on
Si~001!, ~ii ! «zz(z) peaks at aboutz50 and reaches complet
relaxation at the upper half of the island, and~iii ! there is
strong penetration of«zz(z) into the substrate. It should b
noted that the strain energy seems to depend on the he
only, at least far from the island edges. This does not h
for the strain parallel to the sample surface as is shown
«xx in Fig. 3~c!.

Inside the island the FEM mesh size varies from 0.5 to
nm. Through linear inter-polation this mesh was transform
into a regular secondary mesh~‘‘basic cells’’! exhibiting a
cell size of four times the Si lattice parameter (a55.43 Å),
which is still small enough such that no cell size effect su
stantially influences the calculated intensity distribution

FIG. 3. Finite element calculation for a Si0.75Ge0.25 pyramid
grown coherently on Si~001!. ~a! Elastic strain energy densitye in
the~110! plane through the middle axis of the pyramid. The conto
levels vary from 0~bright! to 2.5•107 J/m3 ~dark! on a linear scale.
The thin white lines represent the used FEM mesh.~b! Total strain
tensor components«zz(z) and«xx(z) alongz axis ~center of pyra-
mid!. z50 denotes the interface between wetting layer and isla
~c! Total strain tensor component«xx(z) in the ~110! plane through
the middle axis of the pyramid. The contour levels vary fro
24.231023 ~dark! to 1.431022 ~bright! on a linear scale.
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reciprocal space. In the framework of kinematical theory
diffracted intensity is given as a coherent sum of the scat
ing amplitudes from all atoms

I ~q!}u(
j

f j~q!eiq~r j 1uj !u2, ~1!

wheref j (q) is the atomic scattering factor andq the scatter-
ing vector.r j anduj are the position and the displacement
the j th atom inside the ideal reference lattice that is identi
to the ideal substrate lattice. Equation~1! transforms into a
summation over all basic cellsVU

I ~q!}u(
k

F̃k~q!eiq~rk1uk!u2, ~2!

whereF̃k(q), r k anduk are the structure factor, the positio
and the displacement of thekth basic cell, respectively.

This is an hierarchical approach in that the structure fac
of a single crystallographic unit cell is calculated atomis
cally as a function of the scattering vector. The result is u
to calculate the structure factorF̃k(q) of a set of unit cells
forming the basic cellVU as used in Eq.~2!. Up to this point,
only an averaged lattice displacement is taken into acco
The sum in Eq.~2! gives the structure factor of a sing
island. Coherent summation over several islands allows
simulation of the scattering of an island array with a lar
number of islands of arbitrary size and location.

The limited resolution perpendicular to the PSD w
taken into account in our calculations by integrating inten
ties over an appropriate range ofDqy .

It is a common problem in x-ray scattering to distingui
between strain, shape, composition, and spatial correla
Although crystal truncation rods~CTR! basically represent a
shape effect it has been demonstrated by Steinfortet al.6 that
they can be used to model the lateral strain field in Ge
clusters. In the present work we do not perform a CTR ana
sis but focus on an entire two-dimensional intensity distrib
tion in the proximity of a reciprocal lattice point. Neglectin
the influence of the island shape a reciprocal space map
special projection of the complex three-dimensional str
field. We would like to emphasize that a two-dimension
map still ‘‘images’’ to some extent the local interplay o
strain and tilts and, thus, represents a characteristic fin
print of the strain field far more than a single CTR scan.

V. RESULTS AND DISCUSSION

Figure 4 shows calculated reciprocal space maps in
proximity of the~a! 004 and~b! 113 asymmetrical reciproca
lattice points25 for an island exhibiting a constant Germ
nium concentration ofc525%. Island correlation effect
were not considered in the calculation as will be discus
later. For 004 the intensity distribution consists of a rath
sharp peak (P1), which is surrounded by a characteris
butterfly-shaped diffuse feature (P2). The features observe
in the vicinity of 004 are also present in the asymmetri
case of113. We again observe a strong central peak (P1)
that is embedded in strong diffuse intensity (P2). The peak
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position of P1 indicates cubic lattice symmetry and, thu
complete elastic relaxation.

A more detailed examination of our calculations sho
that the origin ofP2 are island sections close to the islan
substrate interface whereas the central peakP1 is due to
diffraction from the upper half of the island. This behavior
a direct consequence of the spatial strain distribution~Fig. 3!,
i.e., the island is nearly free of elastic strain in the upper p
and highly strained close to the island-substrate interface

We have investigated the characteristic shape of the
terfly P2 ~of 004! by studying different azimuthal orienta
tions of the sample with respect to the incoming beam. I
mainly influenced by the complex interplay of strain a
local tilts of the atomic planes inside the island. In particul
we would like to point out that the wings of the butterflyare
not identical with the $111% truncation rods of the islands
since they also appear—though differing in some detail—
island orientations with vanishing CTR’s, e.g., incomin
beam parallel tô100&.

Note that, the two main featuresP1 andP2 are accom-
panied by weak thickness fringes that are due to the fi
island height~80 nm!. The ‘bending’ of the fringes indicate
that they are sensitive to strain. A similar strain-induced
formation of characteristic features in reciprocal space

FIG. 4. X-ray intensity simulations for a homogeneo
Si0.75Ge0.25 island in the vicinity of the~a! 004 and~b! 113 recip-
rocal lattice points. The contour levels vary on a logarithmic sc
within factors of&.
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been found for quantum-wire structures.16,17,24

Our calculations were used to evaluate experimental s
tering profiles. Figure 5 displays measured reciprocal sp
maps in the proximity of the~a! 004 and~b! 113 reciprocal
lattice points. Remarkable agreement between the respe
experimental and simulated reciprocal space maps~Fig. 4! is
obtained, i.e.,~i! the intensity distribution of the layer reflec
tion strongly extends in angular direction and,~ii ! shows a
rather sharp central peakP1, ~iii ! along with a butterfly-
shaped feature (P2), which exhibits thickness fringes.

Complete agreement between the experimental data
the simulation for a homogeneous island is not evident si
peak positions as well as respective peak widths, shapes
intensities are at variance with experiment. This can be
proved by allowing for a variation of the Ge compositio
inside the island. In order to restrict the number of free
rameters, a vertical composition profile is assumed,
c(z). First, the relative peak positions ofP1 andP2 can be
adjusted by introducing an increased value ofc530% at the
top part of the island. This shifts the central peakP1 into the
correct verticalq position ~004: qz54.56 Å21! and clearly
better agreement between experiment and simulation

FIG. 5. Measured reciprocal space maps in the vicinity of~a! the
004 and~b! 113 reciprocal lattice points. The contour levels vary
a logarithmic scale within factors of&. For case~a! only the in-
tensity due to the islands is displayed, whereas for~b! both the
intensity due to the substrate and the SiGe layer is shown.
dashed line indicates areas with cubic lattice symmetry.
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achieved. It turned out that the overall shape of the butte
P2 is very sensitive to the functional dependencec(z).
Therefore, in a second step, various one-dimensional fu
tionsc(z) have been checked as illustrated in Fig. 6 with tw
examples for the 004 reflection. Fig. 6~a! was calculated us-
ing an abrupt change ofc at about one third of the island
height with respective Ge concentrations ofc1525% in the
lower part andc2530% in the upper part of the island
whereas Fig. 6~b! shows the result of a linear increasec(z)
;z starting fromc1525% at the bottom of the island up t
c2530% at the top. This linear increase is approximated
five layers of constant Ge concentration@see insert of Fig.
6~b!#.

Surprisingly, the abrupt change ofc(z) yields better
agreement with the experimental results rather than a
linear variation ofc(z) with z. This statement is underpinne
by the following two points:~i! a soft gradient produces a
extended intensity distribution alongqz , which is in clear
contradiction to the comparably narrow distribution observ
in experiment. Therefore, a rather steep functionc(z) is nec-
essary.~ii ! The ‘‘wings’’ of the butterfly that are clearly
pronounced in experiment@Fig. 5~a!# are better reproduced
for an abrupt Ge change.

The model of Fig. 6~a! was compared with similar ones
e.g., with the abrupt change at one fourth or one half of
island height or with a change of the Ge concentration in
lower or upper part of the island. Such slightly differe
models produce changes in the intensity distribution res

e

FIG. 6. X-ray intensity simulations in the vicinity of 004 for~a!
an abrupt change of Ge composition at one third of the island he
with c1525% in the lower part andc2530% in the upper part of
the island, respectively~see insert!. ~b! Calculation using a linear
increase of Ge composition withc525% at the bottom andc
530% at the top of the island. The linear increase has been
proximated by five layers of constant Ge concentration, as indica
in the insert. The contour levels vary on a logarithmic scale wit
factors of&.
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5576 PRB 61TH. WIEBACH et al.
ing in significantly worse correspondence with the expe
ment. Therefore, the accuracy of the position of the abr
change is approximately65% of the island height and th
accuracy of the Ge concentration is about61%. Conse-
quently, ‘‘abrupt’’ means an increase of the Ge concentrat
over a distance of about one tenth of the height or less.

However, characteristic differences seem to remain
tween experiment and simulation. Further work is necess
in order to clarify whether these differences are signific
enough to allow for further refinement of the model, e.g.,
replacing the one-dimensional variation of Ge concentra
alongz by a three dimensional distribution.

In this study a dispersion of the island sizes has not b
taken into account. It proved practically negligible for th
given narrow size distribution. This is due to the followin
reasons: First, as will be discussed below, the strain distr
tion inside the island does not depend on the island s
Therefore, the shape of diffuse scattering due to strain is
not substantially changed. Secondly, at the present is
size the island shape function has no prevalent influence
the intensity distribution in reciprocal space. In other wor
the diffuse scattering due to the finite size of the island
small.

From a previous investigation13,14 we expect strong
island-island correlation. This should lead to a modulation
strain-induced diffuse intensity parallel to the lateral scat
ing vector componentqx . However, we could not detec
first-order correlation peaks~rods! in our experimental data
According to AFM data evaluation and grazing inciden
small angle x-ray scattering13 these should appear at abo
Dqx563.1023 Å 21. We cannot give a definite explanatio
why correlation is not visible in the present experime
Since the x-ray coherence length is of the order of less t
4 mm the coherent signal originates from about 400 islan
which probably yields a small correlation signal only. Th
was also confirmed by calculations which explicitely to
into account correlation by coherent summation of the s
tering amplitudes of 400 islands ordered in an array acco
ing to the island positions in AFM images.

Finally, the applicability of our method will be discusse
We have reported on measurements and respective sim
tions on SiGe islands on the 100-nm scale. In that regime
observe size effects~thickness fringes! and strain effects,
which yield a characteristic bending of the intensity distrib
tion ~‘‘butterfly’’ !. Can strain be also evaluated when goi
to smaller objects on a length scale of typically 30 nm~quan-
tum dots! where the object shape function strongly exten
into reciprocal space? For that purpose we will discuss
elastic equilibrium condition26

ci jkl S ]2mk

]xj]xl
2aGedkl

]c

]xj
D1gi~r !50, ~3!

~using the Einstein sum rule! in more detail. Here,ci jkl is the
tensor of elastic moduli,c is the Germanium atomic fraction
aGe the relative change of the mean lattice parameter du
Germanium incorporation in linear approximation, andg(r )
is the density of~external! body forces. In the case ofgi
50 and neglecting surface tension in the boundary con
tions, this relationship is invariant against any change
ci jkl . Therefore, as already stated by Grundmann, Stier,
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Bimberg,27 the strain distribution does not depend on t
island size. As an important consequence, the strain rel
distribution of diffuse intensity in reciprocal space is not
function of the object size, whereas, in contrast, the distri
tion of diffuse intensity that is related to size effects i
versely scales with the island dimensions. This will lead
significantly reduced sensitivity to strain effects as soon
the size induced intensity distribution is more extended th
that due to strain. At least for LPE-grown islands this
partially compensated for due to the observed relationsh20

w}c22.03 between the island base widthw and the Ge con-
centrationc. We have performed simulations of islands wi
an island base width ofw530 nm and a respective height o
h518 nm. In order to extract the influence of strain on t
diffraction pattern we first have calculated the hypotheti
case of a strain free Si island coherently linked to the
substrate. For these calculations we have used a basic
size ofa55.43 Å. The resulting reciprocal space map@Fig.
7~a!# clearly shows~i! extended truncation rods due to th
$111% and ~001! facets, and~ii ! thickness fringes due to th
finite size of the island. When ‘‘switching on’’ strain~pure
strained Ge! the intensity distribution changes to the we
known butterfly-shaped diffraction pattern, exhibiting, ho
ever, a remaining influence due to the thickness fringes@Fig.
7~b!#. The butterfly is more extended than the truncation ro

FIG. 7. Calculated diffraction pattern~004! for islands with
width w530 nm and heighth518 nm.~a! no strain and~b! pure Ge
island on Si substrate. The contour levels differ by factors of&.
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of the unstrained Si islands so that we can conclude that
influence of strain on the intensity distribution is still prev
lent.

Considering islands of constant area coverage the t
volume per illuminated area of a two-dimensional island
ray is proportional to the island size. The extent of diffu
scattering due to size only inversely scales with size. The
fore, the local diffuse intensity in reciprocal space sca
with the fourth power of size as soon as the size effect p
dominates. This is a serious problem for measuremen
very small islands. Then it may prove necessary to make
of the diffuse scattering in the substrate reflection~or in the
reflection of the host lattice in case of embedded islands!.

As visible in Fig. 5~b! there is strong diffuse scatterin
near the substrate peak. This can be qualitatively unders
since the strain field strongly extends into the substrate~see
Fig. 3!. Theoretical treatment of the substrate reflection
quires a slightly modified approach because the kinema
approximation is inadequate for the perfect nonstrained
of the substrate. The diffuse intensity, however, can be ea
implemented into the calculations by considering the diff
ence of the electron densities of the strained crystal as c
pared to the perfect nonstrained matrix. The results of
simulation~Fig. 8! agree well with the experimental resul
@Fig. 5~b!#. It is maybe worthwhile to note that both exper
ment and simulation show a spiral-shaped intensity distri
tion.

VI. CONCLUSIONS

We have demonstrated that the combined use of fi
element calculations and a brute force kinematical scatte
theory allows for the calculation of reciprocal space maps
strained nanoscale islands. The capabilities of this meth
i.e., the comparison of theoretical simulations with measu
ments on highly regular coherent Si0.75Ge0.25 nanoscale is-
lands grown on Si~001! is clearly illustrated. Good agree
ment is obtained by assuming a vertical Ge concentra
h.
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gradient inside the islands. The applicability of our model
smaller islands such as quantum dots is also a distinct ad
tage.
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FIG. 8. Simulation of diffuse intensity around the113 substrate
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the borders of the calculated area.
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