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Synchrotron x-ray topographic and high-resolution diffraction analysis
of mask-induced strain in epitaxial laterally overgrown GaAs layers
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Synchrotron x-ray back reflection section topographs of epitaxial lateral overgrown~ELO! GaAs
samples grown on~001! GaAs substrates show images of the GaAs layers bent due to the interaction
between the layer and the SiO2 mask. The topographs are simulated under the assumption of
orientational contrast. Using the same data the measured x-ray diffraction curve is simulated. The
calculations, which are in good agreement with the measurements, are used to gain information on
the tilted ~001! lattice planes in each ELO layer. We show that the bending of ELO lattice planes
reaches a maximum at the center of the ELO stripes, where misorientation is at a minimum, and
decreases towards the edges of the stripes, where misorientation reaches a maximum. ©1999
American Institute of Physics.@S0021-8979~99!07320-X#
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I. INTRODUCTION

A key advantage of the epitaxial lateral overgrow
~ELO! technique is a high efficiency of substrate defect
tration during the ELO growth.1 During the ELO process
layers are grown on a substrate covered by a mask in w
seed windows are opened. The epitaxial layers start to g
vertically from the mask-free seed windows. Next, t
growth proceeds laterally over the mask as vertical gro
continues. If the growth time is long enough single EL
layers coalesce and full coverage of the substrate by the E
layers is obtained. Some early investigations were carried
on Si2 and on GaAs.1,3,4 Lately, this technique has been a
plied to GaN and blue lasers have been produced on t
ELO materials.5 However, an understanding of the process
active during the ELO procedure is still far from comple
The question of the possible interaction of the ELO lay
with the mask still seems to be open. This problem can b
prime importance if the final goal is to produce lasers
other devices on ELO wafers.

Using synchrotron x-ray topography6 and high resolution
x-ray diffraction ~XRD! techniques we have show
recently7,8 that the lattice planes of GaAs ELO layers grow
on GaAs substrates are bent towards the mask in the p
perpendicular to the seed windows. This bending is due
the interaction between the closely spaced surfaces of la
ally overgrown parts of the ELO layer and the SiO2 mask.
The bending strain disappears when the mask is remove
selective etching. The aim of this work is to show that us

a!Electronic mail: reko.rantamaki@hut.fi
4290021-8979/99/86(8)/4298/6/$15.00
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mathematical procedures the topographic images and diff
tion curves can be simulated. In this way information
gained about the shape of deformed lattice planes of the E
layers. Some conclusions are then made about the me
nism by which the bending of the ELO stripes occurs.

II. EXPERIMENT

The Si-doped GaAs ELO layers were grown by liqu
phase epitaxy upon liquid encapsulated Czochralski~001!
GaAs substrate possessing an etch pit density of
3104 cm22. Prior to epitaxy the substrate, having a thic
ness of 400mm, was covered with a 0.1-mm-thick SiO2 film
and subsequently patterned by photolithography to open
mm wide parallel seed windows in the SiO2 mask. The spac-
ing between the adjacent seed windows was 500mm and
they were oriented 15° off thê110& direction. Details of the
growth procedure can be found elsewhere.9

Synchrotron back reflection and back reflection sect
topography as well as XRD techniques were applied to
GaAs ELO sample. The topographs were produced with s
chrotron radiation from the DORIS III storage ring bendin
magnet source at the HASYLAB–DESY~Hamburger Syn-
chrotronstrahlungslabor am Deutschen Elektron
Synchrotron! topography station F1. Positron currents of 70
140 mA were used and the particle momentum was 4.
GeV/c. For back reflection topography, the beam size w
limited to 3.6 mm31.4 mm. In the back reflection sectio
geometry, the beam was limited by a horizontal slit of leng
3.6 mm and height 20mm. The distance between the samp
and the film, both perpendicular to the beam, was 41 mm
both geometries the beam went through a hole cut in
8 © 1999 American Institute of Physics
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4299J. Appl. Phys., Vol. 86, No. 8, 15 October 1999 Rantamäki et al.
center of the film, hit the sample, and was diffracted by
sample lattice planes. The backwards diffracted beams w
recorded on the film, on which they formed a back reflect
Laue pattern of spots called topographs. The ELO struc
was on the film side of the sample. The sample was orien
with the @001# and @110# directions pointing towards the
source and downwards, respectively. The direction of
ELO stripes deviated 15° counter clockwise from the verti
direction when looking from the film side. The topograp
were recorded on Kodak high resolution SO-343 films.

The same sample was subsequently studied with the
of a high resolution x-ray diffractometer in the double ax
configuration. The diffraction curves of 004 CuKa1 reflec-
tions @~220! Ge monochromator# were obtained for the
sample orientation in which the diffraction plane was
parallel to the seed windows. The diffracted beam inten
was measured as a function of angle of rotationDu about an
axis parallel to the seed windows. The measurement
was 1 mm30.5 mm.

Figures 1~a! and 1~b! show schematically the ELO struc
ture and the lattice planes in the substrate and in a si
ELO layer. Figure 1~a! defines the parameters: thicknesst,
seed window widthw, width of the overgrown regionL, and
the slope angleb of the ELO sample. Figure 1~b! shows
schematically the corresponding ELO structure used in c
puter simulations.Du is the tilt angle, i.e., angle of rotatio
about an axis parallel to the seed windows, of the~001!
lattice planes of the ELO layers with respect to those of
substrate. It has the maximum valueDumax at the edge of the
ELO stripe.Du is a function of distancex measured perpen
dicularly from the center of the stripe.

Figures 2~a!, 2~b!, and 2~c! show an optical micrograph
~left and right inverted!, 206 back reflection topograph an
206 back reflection section topograph, respectively, of
ELO sample. The 206 reflection was chosen for a deta
analysis of this work, because the ELO layer images
most pronounced with it, especially in the 206 back refl
tion section topograph of Fig. 2~c!. In the optical image of
Fig. 2~a! the area of the back reflection topograph of F
2~b! has been marked with a bold box. The dotted line in F

FIG. 1. Schematic cross section of the GaAs ELO sample,~a! structure of
the sample and parameters: thicknesst, seed window widthw, width of the
overgrown regionL, and the slope angleb and~b! structure used for simu-
lation ~thick black lines!. Dumax is the largest angle of rotation of the~001!
lattice planes about an axis parallel to the seed windows.
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2~a! shows the image line of the back reflection section
pograph of Fig. 2~c!. The dotted box defines the area of th
sample studied by XRD. Bright and dark areas in Fig. 2~a!
are the ELO layers and the substrate stripes, respectiv
The 206 back reflection topograph of Fig. 2~b! resembles the
optical micrograph of Fig. 2~a!. The dark stripes of Fig. 2~b!
are the diffraction images of the substrate and an alm
one-to-one correspondence exists between them and the
tical images. The diffraction images of the ELO layers a
seen as rather broad overlapping shadow-like images in
topograph because the Bragg reflected beam is diverge
the bent lattice planes. In the middle of each ELO str
image the seed window can be observed as a narrow
marked with ‘‘w’’ arrows in Fig. 2~b!. It is worth noticing
that the blackening of the film slightly varies periodical
along the ELO layer images. These variations can be
plained by nonuniform bending of the ELO layer in the d
rection parallel to the seed windows. The 206 back reflect
section topograph of Fig. 2~c! clearly shows the substrate a
six short equally spaced horizontal lines marked as ‘‘s’’ and
the ELO layers as six rather long curved lines marked
‘‘ e.’’ The images of the seed windows marked asw are seen
as dots located between the substrate images. Vertical
are drawn to facilitate the recognition of one broad EL
stripe imagee in Fig. 2~b!. Vertical lines are also drawn to
identify one substrates and one seed windoww image.

From the section topograph presented in Fig. 2~c! we can
obtain the largest value of misorientation for the ELO latti
planes. This is based on the observation that in our E
sample the lattice tilt is greatest at the edges of the E
stripe. These edges diffract the x-ray beam to the point
the ends of the ELO layer image. On the other hand we kn
that the image of the unbent ELO layer should be next to
parallel to the substrate images. Therefore, we can mea
the distance between these two points on the film, which
turn, can be converted into the value of maximum misorie
tation Dumax between the substrate and the ELO layer.

FIG. 2. GaAs ELO sample,~a! plane optical image~left and right inverted!,
the dashed line box shows the position of the XRD curve measuremen~b!
206 back reflection topograph@position marked as a solid line box in~a!#
and~c! 206 back reflection section topograph@position marked as a dashe
line in ~a!#. The scale in~b! and ~c! is the same as in~a!, g is diffraction
vector,w is seed window,e is ELO, ands is substrate.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Figure 3 shows the 004 CuKa1 diffraction curve taken
from the piece of the sample marked by the dashed bo
Fig. 2~a!. It is clearly seen that the curve consists of a stro
central peak due to the substrate and two side maxima du
the ELO atDu560.32°. Both the shape of the topograph
image @Fig. 2~c!# as well as the structure of the diffractio
curve apparently indicate the existence of crystal plane
formation in the ELO layer.

III. SIMULATION

The simulations presented in this work are based on
dimensions of the sample shown in Fig. 1~a!: the ELO layer
thicknesst, the width of the seed windoww, the width of the
overgrown part of the layerL, and the ELO layer edge slop
b. Other parameters used were the maximum misorienta
Dumax and the distance from the sample to the film. The
angleDu of the ~001! planes is a function of distancex mea-
sured from the center of the ELO stripe in the direction p
pendicular to the stripe. TheuDumaxu of the~001! ELO lattice
planes with respect to the substrate at the edgesx56(L
1w/2) of the ELO layer is estimated from the back refle
tion section topographs. Figure 1~b! shows schematically the
cross section of the ELO structure used for the simulation
the bending of the~001! lattice planes. Only the top surfac
of the ELO layer~curved black line!, the edges of the ELO
layer ~straight black lines!, and the substrate~straight black
lines under the SiO2 mask! are taken into account in th
calculations. These three lines are simulated as a chai
510 equally spaced points. Each of these points posses
misorientation of~001! planes determined by its positionx
via theDu(x) function. Thus, the~001! planes at each simu
lation point i are rotated to a given misorientationDu i . The
rotation axis is taken parallel to the seed windows. All oth
lattice plane normals are then calculated according to
rotation. Next, we calculate the angleu i between the@001#
incident beam and the reflecting plane normal. The Bra
reflected beam at each point makes an angle of 2u i with
respect to the incident beam. Subsequently we calculated
positions of the 510 diffracted beams on the film, which fo
our simulated image.

FIG. 3. Measured XRD intensity (004 CuKa1) of a single GaAs ELO
stripe as a function of angle of rotationDu of the ~001! lattice planes about
an axis parallel to the seed windows. The side lobes~maxima at Du
560.32°) around the substrate peak~at Du50°) are due to the ELO.
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The XRD curve is calculated using the same kinemati
theory as in the simulation of topographs. The distribution
the misorientation valuesDu i in all simulation points is plot-
ted as a function of misorientation angle. This distributi
can be interpreted as a diffraction curve simulation. X-r
absorption, lattice parameter changes due to doping, stra
the substrate, and strain effects other than the misorienta
variation, Du(x), in the ELO stripe are omitted from th
calculations.

IV. COMPARISON BETWEEN THEORY AND
EXPERIMENT

In simulations we can create topographic images of E
systems which do not necessarily exist in reality. Howev
analysis of these cases can help us to understand the beh
of real structures. At the outset, we will use a simple st
like edge model @L5143, t515, w510mm, Dumax

50.375°,b50° ~no images from the edges!# instead of the
sloped edge model, presented in Fig. 1~b!, which will be
used for more detailed simulations. There are three sim
but interesting cases which should be considered as a
approximation of real physical situations. The forms of t
Du(x) functions are shown in Table I. In Case I there is
misorientation between the substrate and the ELO layer
the ideal case,Du I(x)50, the ELO lattice planes are no
deformed at all and they are parallel to the substrate cry
planes. In Case II the misorientation is proportional to t
distancex from the center of the seed windowDu II(x)
5kx, wherek is a constant. This corresponds to the EL
lattice planes which are uniformly bent in the direction pe
pendicular to the seed windows with curvature radiusR
51/k. Finally, we consider Case III in which the misorien
tation has only two values2Dumax andDumax in the left and
right half of the ELO stripe, respectively. Such a situati
corresponds to the ELO structure with a triangle-like sha
of the ~001! crystal planes. Let us underline that Cases I a
III set the limits within which the realDu(x) function should
vary.

Figure 4~a! shows the misorientation as a function of th
position across the ELO stripe in Cases I–III. Figure 4~b!
shows simulated 206 topographs for those three situati
The thin lines in Figs. 4~a! and 4~b! show how Cases I and
III set the limits to realDu(x) functions. In Case I the step
like image is due to the finite thickness of the ELO layer.

TABLE I. MisorientationDu(x) of the ~001! ELO lattice planes with re-
spect to the~001! substrate planes across ELO stripes,2(L1w/2)<x
<(L1w/2), in Cases I–V. Axis of rotation is parallel to the seed window

Case Du(x)

I Du I(x)50
II Du II(x)5kx
III Du III (6x)56Dumax, Du III (x50)50
IV

DuIV~6x!56DumaxFsinSp2 uxu
L1w/2D G

1/2

V
DuV~6x!56DumaxH12FcosSp2 uxu

L1w/2D G
1/2J
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 4. Misorientation~a! in Cases I–V as a function of position,~b! simulation of 206 topograph in Cases I–III, and~c! simulation of 206 topographs in
Cases IV and V. Thin lines in~a! and ~b! show how Cases I and III set the limits to realDu(x) functions.
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Case II the ELO layer image is seen as a long straight line
Case III the calculated topograph of the ELO layer cons
of two short lines far away from each other and from t
image of the substrate.

The comparison of results shown in Fig. 4~b! with the
back reflection section topograph of Fig. 2~c! apparently
shows that from theDu(x) functions discussed up to now
the model of curved ELO crystal planes~Case II! fits best the
real topographic image. However, a variation of the cur
ture radiusR across the ELO stripe must be allowed if th
nonlinear shape of the topographic image is to be simula
Therefore, two additionalDu(x) functions, namely for Case
IV and V ~see Table I!, were considered. As will be show
later, Case IV leads to the shape of simulated topogra
which agrees very well with the experimental one. T
DuV(x) function was chosen to represent the opposite,
possible, physical behavior of the ELO stripes. The miso
entations,Du IV(x) and DuV(x), for those two models are
plotted in Fig. 4~a! as a function of the position across th
ELO stripe. It is worth noting thatDu IV(x) increases rapidly
near the seed window and slowly near the edge of the E
layer. ForDuV(x) the situation is just the opposite—the mi
orientation increases slowly near the seed window and
idly near the edge of the ELO layer. By analysis of the c
vature radius functions (R5ds/du, where ds is the
separation anddu is the change in the misorientation b
tween adjacent simulation points! one can show that this
corresponds to situations in which the~001! crystal planes’
curvature radius is the smallest~bending is the largest! in the
middle or at the edge of the ELO stripe for Cases IV and
respectively.

Figure 4~c! shows the calculated 206 topographs for t
Cases IV and V. Their intensity distributions and shapes
quite different. In the Case IV simulation there is more
tensity at the ends than at the center of the ELO layer ima
In the Case V simulation the intensity distribution is t
opposite—there is more intensity in the middle rather than
the far ends of the ELO layer image. The shape of the C
IV simulation is smooth in the middle while the Case
simulation shows a distinctive kink at its center. It is qu
clear that only the calculated Case IV image of Fig. 4~c! is
similar to the measured back reflection section topograp
Downloaded 30 Jan 2008 to 136.206.1.17. Redistribution subject to AIP
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Fig. 2~c!. The shape of the image and the intensity distrib
tion of Case IV both fit well to the topograph observe
Moreover, the kink predicted by the Case V simulation
missing in the image of Fig. 2~c!.

Figures 5~a! and 5~b! show the distribution of theDu i

values, which can be interpreted as a simulation of~004!
rocking curves, calculated for Cases IV and V, respective
In agreement with the topographic image simulations, we
that Case IV is the only one which qualitatively reproduc
the main features found in the experimental curve of Fig
The sharp peak in the middle is due to the substrate betw
the ELO layers. The side maxima and the proper inten
distribution are observed only when the ELO layer misorie
tation increases strongly near the center and weakly nea

FIG. 5. Calculated XRD intensity of 004 XRD of the GaAs ELO sample
a function of angle of rotationDu of ~001! lattice planes about an axis
parallel to the seed windows,~a! in Case IV and~b! in Case V. The central
peak is due to the substrate and the side lobes are due to the bent ELO
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



al

cu

n

e
a
m
rip

a
th
ax
th
r t
nd
p-
t
LO

tin
s
d
h

fa

on
ea
O

t
LO
EL
d
m
A
pe
e-
th
th

x-
ur-
he

of

n of
ults
cu-

LO

igs.
at

the
rved

-
the

LO
ay
in

ma

d
cti
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edges. The angular separation of the side maxima is equ
2Dumax.

It is worth noting that once theDu(x) function is ob-
tained the deformation of ELO lattice planes can be cal
lated. Only the spacing of simulation points andDu i for each
point have to be known when constructing the lattice pla
image. Figure 6 shows the form of the~001! crystal planes of
Cases IV and V and the shape of the ELO stripe surfac
the direction perpendicular to the seed windows. The sh
of the ELO surface was measured using a surface profilo
ter. The measurement was performed on the ELO st
within the dashed box in Fig. 2~a!. In order to remain within
the high sensitivity range of the system, only the central p
of that particular ELO stripe was measured. The plot of
surface scan was shifted to adjust its maximum to the m
mum of the calculated curve. From Fig. 6 it is clear that
experimental profile near the seed window is quite simila
that predicted by the Case IV simulation. The largest be
ing was found in the middle part of the layer, which is o
posite to the behavior calculated in the Case V model. I
important to point out here that the upper surface of the E
layer does not necessarily represent the atomically flat~001!
crystal plane precisely, as the dislocations propaga
through the seed window from the substrate supply step
the surface. Although this effect may be present Fig. 6 in
cates that in our sample surface steps or steps bunches
a minor influence on the shape of the macroscopic sur
profile.

Let us mention that a similar microscopic deformati
has been observed recently by monochromatic x-ray b
topography for Si lamellae grown by the liquid phase EL
technique on thermally oxidized silicon substrates.10,11 The
effect of bending has been explained as being due to
surface tension forces of the melt, which bend the E
stripes towards the mask. As soon as the surfaces of the
layer and the masking film are close enough the van
Waals attractive forces keep them together via the sa
mechanism as exploited in the wafer bonding technique.
though such an interpretation sounds reasonable its ex
mental verification is still missing. However, in the fram
work of this model, one should expect that bending of
ELO stripes would start at the beginning of growth when

FIG. 6. Calculated lattice displacement of the ELO layers in Cases IV an
and the measured surface profile of a single GaAs ELO stripe as a fun
of distancex from center of ELO stripe.
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laterally overgrown parts of the layer are very thin and fle
ible. Then, the bent crystal planes might be reproduced d
ing subsequent growth, though still retaining their shape. T
shape of ELO lattice planes shown in Fig. 6 is in favor
such a postulation.

The question arises as to what extent the assumptio
the step-like shape of the ELO stripe edge affects the res
obtained. To analyze the contribution of the edge we cal
lated the ELO layer image similar to Fig. 2~c! using the
structural parameters of a particular stripe:L5143, t515,
w510mm, b527.5°, Dumax50.375°, Du560.37° in the
upper corners atx56x156(L1w/22t tanb) of the ELO
stripe and theDu IV(x) function for 2x1<x<x1 and the
Du II(x) function for 2(L1w/2)<x,2x1 and for x1,x
<(L1w/2). Figures 7~a! and 7~b! show the 117 topographic
images calculated according to the step-like (b50°) and
inclined edge (b527.5°) models, respectively. Figure 7~c!
shows the 117 back reflection section topograph of the E
stripe. The ends of the streaks are enlarged in Figs. 7~d!–7~i!
for easier comparison. Figures 7~d!, 7~e!, and 7~f! show en-
largements of the upper ends and Figs. 7~g!, 7~h!, and 7~i!
enlargements of the lower ends of the streaks shown in F
7~a!, 7~b!, and 7~c!, respectively. It can be easily noticed th
the overall shape of the simulated images of Figs. 7~a! and
7~b! is the same. The only difference is the appearance of
kinks close to the ends of the ELO streaks when the obse
value of the edge slope is put into the simulation. It is im
portant to underline that such kinks are in fact present in
image shown in Figs. 7~c!, 7~f!, and 7~i!. In the framework of
our approach, x-ray reflections from the edges of the E
stripe are their origin. In the same way the edge effect m
partly influence the shape of the diffraction curve shown
Fig. 3. The small broadening visible outside the side maxi

V
on

FIG. 7. Simulated 117 back reflection section topograph~a! in the case of
step edge model,~b! in case of sloped edge model, and~c! measured 117
back reflection section topograph. Figures 7~d!, 7~e!, and 7~f! show enlarge-
ments of the upper ends and Figs. 7~g!, 7~h!, and 7~i! enlargements of the
lower ends of the streaks shown in Figs. 7~a!, 7~b!, and 7~c!, respectively.
Width of the small and large images is about 60mm and 1.4 mm, respec-
tively. g is diffraction vector.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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can partly be attributed to the thin edge of the ELO stri
Although the misorientation has its maximum at the ed
the diffracting volume is small there. Therefore, the ed
effect contribution is visible as a small broadening outs
the side maxima, only.

It may seem that the XRD measurements and the res
obtained from topographs disagree, because the separati
the central peak and the side maximaDu50.32° in the XRD
measurements, while we obtainDumax50.375° from the to-
pographs. However, we should not compare these two va
directly, because they represent different measurements.
total width of the diffraction curve in Fig. 3 is about 0.75°.
is twice the valueDumax, just as it should be. The broade
ing outside the side maxima should, however, be m
smaller according to our simulation model. We must po
out that the XRD measures average distortion along a c
siderable length~1 mm! of the stripe, while the image in th
back reflection section topograph shows only a 20mm thin
slice. The back reflection image in Fig. 2~b! shows that in-
dividual stripes have some orientational variations along
stripe, which broadens the side maxima in XRD measu
ments.

Finally, it must be noted that many simplifications ha
been made in our analysis. We have omitted such phys
parameters as the width of the x-ray beam slits and the p
etration depth of the radiation. A realistic 20mm wide slit
can be simulated by shifting images. The penetration de
can also be implemented in the simulation. As a result sim
lations show thicker images in both cases. The substrate
der the ELO layer should also become visible in some ca
However, the good image contrast of the seed window c
not be explained simply by absorption or by the slit width.
requires a more sophisticated treatment which takes into
count strain-induced enhancement of the diffrac
intensity12 or extinction contrast. Moreover, many effec
~e.g., strain in the substrate induced by the mask,13 deforma-
tion of ELO lattice planes due to nonuniform doping,14 etc.!
known to be present in these ELO samples have been
glected. Despite the fact that the situation under study
been simplified our simulation procedure has reproduced
main features of the section topographic images and
XRD curves.
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V. CONCLUSIONS

It is concluded that the images calculated using orien
tional contrast simulations are in a very good agreement w
the measured back reflection section topographs of G
ELO structures. Only the upper surfaces of the ELO la
and the substrate are used in the simulation. Our interpr
tion of the topographs and simulations show that the mis
entation of the lattice planes increases faster near the ce
of the ELO layer than at the edges, i.e., the bending rad
increases towards the edges of the ELO layer. The mo
used for simulations predicts the main features observe
the XRD curves of the GaAs ELO layers. Moreover, t
calculated shape of ELO lattice planes is in agreement w
the measured profile of the upper surface of the layers.
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