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X-Ray diffraction analysis of multilayer InAs–GaAs heterostructures with InAs quantum
dots
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Multilayer InAs–GaAs structures with an array of vertically aligned InAs quantum dots in a
GaAs matrix, grown by molecular-beam epitaxy, were investigated by crystal truncation rods and
high-resolution x-ray diffractometry methods. It was shown that the formation of scattering
objects such as vertically aligned quantum dots in the structures strongly influences the mechanism
of diffraction scattering of x-rays and changes the spatial distribution of the diffracted
radiation. This is explained by the appearance of additional long-range order in the lateral
arrangement of the scattering objects in the periodic structures, by the curving of the
crystallographic planes in the periodic part of the structure, and by the quasiperiodicity of the
deformation profile due to the vertically coupled quantum dots. The observed spatial
distribution of the diffracted intensity can be explained qualitatively on the basis of a new model
where the scattering layers with quantum dots consist of defect-free, coherently coupled,
InAs and GaAs clusters. ©1999 American Institute of Physics.@S1063-7826~99!01711-1#
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1. INTRODUCTION

Epitaxial heterostructures with arrays of vertica
aligned quantum dots1–8 are interesting objects for studyin
their possible applications in various optomicroelectronic
vices, for example, laser diodes. In this connection, it is
portant to investigate the structural properties of such st
tures, to study the mechanisms of epitaxial growth a
relaxation of elastic stresses, and to determine the chara
istic features of the diffraction interaction of x-rays wi
scattering objects of this type. It is well known that the fo
mation of an array of quantum dots~QDs! on a growth sur-
face changes the mechanism of epitaxial growth of interm
diate GaAs layers and influences the distribution of
elastic stresses in and the planarity of the layers. Dur
growth of multilayer structures an ordered structure of Q
is formed in the direction of epitaxial growth (qz) — an
array of vertically aligned dots — and in the plane of t
heterojunction~lateral directionsqx andqy). The parameters
of QDs and the character of their spatial ordering are de
mined by the conditions of epitaxial growth.

It is known that the formation of quantum dots in th
structures substantially changes the physical paramete
the structures. Specifically, a change produced in the sp
distribution of deformation in epitaxial layers by the pre
ence of QDs should appreciably affect the conditions of d
fraction of x-rays and change the character of the spa
distribution of the intensity. The results of x-ray diffractio
1221063-7826/99/33(11)/9/$15.00
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studies will help to establish the mechanism leading to
formation of QDs and to determine the characteristic featu
of the relaxation of elastic stresses in structures of this ty
All this is important for understanding the physical chara
teristics of low-dimensional quantum-well objects.

2. EXPERIMENTAL METHODS

The experimental samples were grown on precisely
entedn1-GaAs~001! substrates by molecular-beam epita
in a Riber 32P system with a solid-state arsenic source.
decrease segregation and reevaporation of In, the subs
temperature during formation of a multilayer structure w
QDs and deposition of a 100-Å-thick GaAs layer coveri
the array of quantum dots was lowered to 480 °C. T
growth temperature for the rest of the structure was 620
Growth was conducted under As-stabilized conditions.
array of vertically aligned dots was formed on approximat
1.2-mm-thick GaAs buffer layers as a result of three-, si
and tenfold deposition of QD layers separated by 50-Å-th
GaAs layers. The effective thickness of InAs layers was 5
6.0 Å. The InAs–GaAs periodic structures were buried w
a GaAs layer of the order of 0.4–0.5mm thick. Transmission
electron microscopy~TEM! showed the InAs QDs formed in
this manner to be close in shape and size and weakly ord
in lateral directions. Correspondingly, the periodic structu
containing InAs QDs are arrays of vertically aligned QDs
a GaAs matrix.9 However, because TEM methods are loc
9 © 1999 American Institute of Physics
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the presence of long-range order in the lateral arrangeme
InAs QDs requires that these data be confirmed by x-
diffractometry, which is highly sensitive to structural orde
ing.

Structures with additional spatial ordering of layers
the direction of epitaxial growth~superlattices! as objects of
investigations were chosen because in x-ray diffraction
periments on perfect periodic structures, just as on struct
of interference type, spatial resolution comparable to
resolution of transmission electron microscopy10,11 can be
attained and substantial information about the structure
the layers and interfaces can be obtained.

Measurements by the crystal truncation rods~CTR!
method were performed on a two-crystal diffractometer
station BL6A of the photon factory in Tsukuba, Japan us
synchrotron radiation from a storage ring with 2.5-GeV po
itrons ~the ring current — 380–250 mA!. Monochromatiza-
tion and collimation of the synchrotron radiation were p
formed using a curved quartz mirror and a triangular Si~111!
crystal, curved to form a quasiparallel beam of monochrom
tized radiation. Special light-sensitive plates~imaging plate
— IP! were used to record the two-dimensional diffracti
patterns. Information from the plates was read optically.12

The CTR patterns were recorded near the~004! GaAs
reflection at the wavelength 1.6 Åof the synchrotron rad
tion. After information was read from the IP and the inc
herent background was removed, the diffraction curves w
reconstructed from the complete two-dimensional pattern
the direction of the diffraction vectorqz ~analogs ofv22u
x-ray diffraction curves! and in a perpendicular directionqx
of
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~analogs ofv curves!. These curves were later used to obta
numerical data on the structures.

The high-resolution x-ray diffraction studies were pe
formed on a Rigaku~Japan! high-transmission, double
crystal u2u diffractometer with a slit-type Ge~001! double
monochromator using CuKa1 radiation. Thev – 2u and v
scanning methods were used to record the diffraction refl
tion curves~DRCs! and the intensity distribution in recipro
cal space~reciprocal space mapping — RSM!. A narrow
receiving slit in front of the detector was used to separate
coherent and diffuse components of the diffracted radiati

3. EXPERIMENTAL RESULTS

For accurate estimation of the crystallographic structu
perfection, the samples were first investigated near the~004!
GaAs reflection in a TRS-1 double-crystal diffractome
with high angular resolution@the divergence of the radiatio
after the asymmetric Ge~001! monochromator was 1.0-1.29#.
A characteristic feature of the experimental structures is
the intermediate layers containing InAs QDs serve as in
ference interlayers for radiation diffracted by the top Ga
layer. As a result of the large mismatch of the average lat
parameters in layers with QDs, the top GaAs layer is s
tially shifted relative to the substrate and the GaAs buf
layer. In turn, the latter is spatially displaced relative to t
substrate because of the presence of a silicon-doped G
layer on its bottom interface. In crystallographically perfe
heterostructures the presence of such interlayers results i
appearance of extended interference patterns in the DR
FIG. 1. CTR patterns of the spatial distribution of the radiation intensity near the~004! GaAs reflection for structures with 3~a!, 6 ~b!, and 10~c! pairs of
InAs–GaAs layers. The wavelength of the synchrotron radiation is 1.6 Å.
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The crystallographic perfection of the buffer and top Ga
layers can be determined according to the shape and pa
eters of these patterns, and the planarity of epitaxial lay
producing the interference pattern can be estimated from
angular extent of the thickness oscillations.13 The measure-
ment results showed that the experimental structures pos
high crystalline perfection, and the density of growth defe
~predominantly of the point type! is low. Extended structura
defects of the type dislocation loops and~or! misfit disloca-
tions are virtually completely absent in the experimen
structures.

It is known that most crystallographic defects in epita
ial structures are formed during epitaxial growth.14–16 Mi-
grating along the structure, defects formed on the gro
surface strongly affect the crystallographic perfection of b
the upper- and lower-lying layers, including th
substrate.14,15 For this reason, data on the structural perfe
tion of thick adjoining layers make it possible to estimate
degree of perfection of the intermediate layers that con
quantum dots and to interpret correctly the results of furt
diffraction studies. For heterostructures with a high crys
lographic perfection, determined by the structural perfect
of each layer individually, this makes it possible to compa
directly the characteristic features of the x-ray diffracti
data with the true structure of the experimental objects,
example, quantum dots. For epitaxial layers with low cr
tallographic perfection, the structural defects formed hav
predominant effect on x-ray scattering, changing the cha
ter of the diffraction patterns substantially.

Analysis of the CTR diffraction patterns~Fig. 1! shows
that the character of the spatial distribution of intensity in

TABLE I. Parameters, obtained by the CTR method, for the experime
structures.

Sample n tSL , Dt if , DaSL , xInAs , t InAs ,
No. Å Å 1022 Å % Å

1 3 54.6 9.6 6.44 7.63 4.15
2 6 52.7 9.2 7.69 9.1 4.80
3 10 52.0 9.0 7.57 9.00 4.65

Note: n — number of pairs of InGA–GaAs layers;tSL — period of the
InAs~QDs!–GaAs superstructure;Dt if — broadening of the interface in th
superstructure;DaSL — mismatch of the lattice parameters in th
InAs~QDs!–GsAs superstructure, determined by x-ray diffractometry me
ods according to the position of the 0SL peak, corresponding to the ave
composition ~mismatch! in the superstructure, in the diffraction curve
xInAs — InAs concentration in the superstructure~estimated according to the
mismatch parameter and the period of the superstructure!; t InAs — InAs
thickness in the superstructure~scaled to pure InAs!.
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directionqz and in the directionqx(qy) changes as the tota
number of pairs of layers~InAs 1 QD!–GaAs increases
Appreciable changes in theqz direction — decrease of the
linear extent of superstructural spots, appearance of a
tional thickness oscillations — are all manifestations of
dynamical effect due to an increase of the coherent-scatte
volume. But the shape of the superstructural peaks a
changes at the same time in a perpendicular~lateral! direc-
tion. Becoming narrower in theqz direction, the distant su-
perstructural spots become appreciably extended in theqx

direction, and chords, whose length increases from
21SL peak to the23SL peak, appear near them. The sha
and parameters of the CTRv curves for the21SL and
22SL peaks showed that the broadening of the spots in
qx direction is much greater than the instrumental error
the method due to the finite size of the incident beam. It c
therefore be inferred that the experimentally observed e
gation of the diffraction spots in the lateral direction is due
the appearance of certain features, due primarily to the
mation of InAs QDs, in the periodic part of the structures

Numerical analysis of thev22u CTR curves showed
that the thicknesses of the quantum-well layers in multila
structures are close to the prescribed values~Table I!. The
planarity of the InAs/GaAs heterojunctions of the period
part of the structures, estimated according to the total ex
of the diffraction patterns, was 3–4 monolayers. The diff
ences between the CTR and x-ray diffraction data did
exceed 1.5 Å, despite the much higher (.104 times! inten-
sity of the synchrotron radiation.

Comparison with the results of investigations of InAs
GaAs periodic structures of different types17,18 shows that
such broadening of the InAs/GaAs heteroboundaries is c
acteristic of a GaAs~001! surface and is determined by th
morphology of the growth surface.19 This allows us to asser
that in epitaxial structures with a low density of growth d
fects (<1042105 cm22

) the broadening or nonplanarity o
the heteroboundaries, which is due to the morphology of
growth surface, is the main factor which decreases the ex
of the informative part of the coherent DRCs and limits t
spatial resolution of diffraction methods.

Data from high-resolution x-ray diffraction measur
ments~Table II! confirmed the results obtained by the CT
method. A comparison shows that the differences in
structural parameters are negligible and fall within the m
surement error. Numerical simulation of the coherent diffra
tion reflection curves was used to refine the geometric
rameters of the structures. The calculations were perform
using the standard dynamical theory of diffraction based

al

-
ge
rical
TABLE II. Structural parameters obtained from high resolution x-ray diffractometry data and by nume
simulation of experimental diffraction reflection curves. .

Sample tcapL, tSL , Dt if ,
DaSL ,

xInAs , t InAs ,
Computed values

No. nm Å Å 1022 Å % Å tSL
calc, Å xInAs

calc , % t InAs
calc , Å

1 505624 54.2 11 6.58 7.8 4.22 55 9.8 5.40
2 410628 52.3 10.8 7.60 9.0 4.70 53 9.5 5.04
3 450623 52.4 10.5 7.66 9.05 4.75 52 9.6 5.00

Note: tcapL — thickness of the top GaAs layer in the structure
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FIG. 2. Experimental~1! and computed~2 and3! coherentu – 2u diffraction curves for a structure containing 10 pairs of InAs–GaAs layers.~004! GaAs
reflection, CuKa1 radiation.
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the Takagi equations.20 Quantum dots were simulated by
InGaAs layer of variable composition with an InAs wettin
layer at the heterojunction. In the dynamical approximati
ignoring the real broadening of the InAs/GaAs boundar
and the characteristic features of the internal structure of
layers containing quantum dots, good agreement was
tained between the experimental curves~Fig. 2, curve1! and
the computed curves only in a limited angular range — n
the central~0SL! and the closest (61SL! superstructural
peaks~Fig. 2, curve2!. Taking into account the broadenin
of the InAs/GaAs boundaries somewhat changed the sh
of the distant superstructural peaks, but, as expected, it
not lead to any fundamental changes in the pattern a
whole ~Fig. 2, curve3!. The computational results are als
presented in Table II. The computed values of the period
the superstructures agree well with the experimental val
while the thicknesses of the InAs layers calculated tak
into account Vegard’s law are closer to the technologi
parameters. This can be explained by the dynamical effec
scattering by thin layers, shown for single-layer structures
Ref. 21.

The results of the x-ray diffraction analysis of the spat
distribution of the diffracted intensity~RSM! and the shape
and parameters of thev curves completely confirmed th
CTR data. The RSM patterns~Fig. 3! showed that the spatia
distribution of the diffracted intensity differs substantial
from similar curves for planar periodic structures or stru
tures with an artificially produced periodicity in the later
direction.22 The largest differences in the intensity distrib
tion are observed near the substrate peak and the super
,
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tural peaks. Just as in the CTR patterns, the size of the m
diffraction spots decreases in theqz direction but increases in
the qx(qy) direction upon transition from the central supe
structural maximum~0SL peak! to the lateral superstructura
maxima. Moreover, a distinguishing feature of the RSM p
terns is the presence of extendedv chords not only in the
superstructural peaks but also in the substrate peak.

The v curves measured near the superstructural pe
showed that instead of a single peak characteristic of pla
structures the curves can possess two or more diffrac
peaks, whose shape and parameters seem to be determ
by the ordering in the system of quantum dots. In the sy
metric ~004! reflection the most extended chords in t
qx(qy) direction are observed for the21SL peak and the
central~004! GaAs reflection. In the central section of th
21SL peak, for example, two maxima are observed in thev
curves ~Fig. 4!, and away from the exact angular positio
corresponding to the21SL peak their number increases to
The average sizes of the scattering clusters in the azimu
direction@110#, estimated according to the distance betwe
the peaks in thev curves, correspond to scattering by com
plexes with average sizes 6464 and 2662 nm, which is
close to the average sizes of GaAs and InAs clusters. For
~100! azimuthal direction the character of the distribution
the diffractive intensity does not change as a whole. T
average size of GaAs clusters is 90.0 nm. The change in
shape of thev curves and the appearance of additional pe
in them attest to the formation of long-range order in t
arrangement of the scattering centers. The character of
change in the shape of the superstructural spots in the R
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FIG. 3. Diffraction patterns of the diffracted intensity distribution in reciprocal space near the~004! GaAs layers for structures with 3~a!, 6 ~b!, and 10~c!
pairs of InAs–GaAs layers. Radiation — CuKa1.

FIG. 4. v curve near the center of the
superstructural peak21SL. The result-
ing fit of the curve with a Lorentzian is
presented.~004! GaAs reflection, CuKa1

radiation.
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patterns suggests that the degree of lateral ordering in la
with QDs increases with increasing total number of pairs
layers, which is confirmed by the calculations and the exp
mental~TEM! data.23,24

The x-ray diffraction measurements gave a detailed p
ture of the spatial distribution of the diffracted intensity ne
the ~004! GaAs central diffraction spot. The RSM patte
showed clearly the presence of anv chord for the substrate
peak, while because of the limited dynamic range of
detecting plates, strong background illumination is alwa
present in the CTR patterns near the main structural max
making it difficult to study the details of the spatial distrib
tion of the diffracted intensity.

4. DISCUSSION OF THE RESULTS

Analysis of the experimental results shows that the
eral scattering of x-rays is influenced mainly by InAs–Ga
superlattices containing InAs QDs. In addition, it is nec
sary to take into account the appreciable bending of the c
tallographic planes due to the presence of QDs on the
fraction scattering of x-rays as well as the effect of t
quasiperiodic deformation potential induced by vertica
aligned quantum dots in the adjoining part of the GaAs lay

This suggested a structural model of the scattering lay
that qualitatively explains the experimental results. In
standard model the InAs quantum dots lying on an In
wetting layer are treated coherently as ideal, elastic
stressed InAs clusters of definite size and shape, i.e., wit
structural defects, built into a perfect GaAs matrix. It is a
sumed that the elastic stresses introduced by the QDs do
strongly influence the structure of the intermediate GaAs l
ers and the stress distribution in them, i.e. the GaAs lay
are planar and uniform with respect to structural paramet
The curvature of the crystallographic planes is disregard

In such a model the main factor that can apprecia
influence the diffraction scattering of x-rays are the In
QDs. In the case of random spatial distribution and if t
intrinsic sizes are markedly nonuniform, they will contribu
only to diffuse scattering, which will be weak because th
total scattering volume is negligible and there are no
tended structural defects associated with them. Compar
with the experimental results shows that this model dis
gards certain features of the structure of scattering layers
requires refinement.

The results obtained show that the elastic stresses in
duced by quantum dots strongly affect the structure of
intermediate GaAs layers. Taking into account the charac
istic features of the formation of quantum-well layers w
elastically strained clusters and the character of the st
distribution in them,25 the GaAs layers with built-in InAs
quantum dots cannot be regarded as planar and uniform
our model the periodic structure is formed by layers cons
ing of pyramidal InAs clusters separated by coheren
coupled GaAs clusters in the form of inverted pyramids.
layer of such clusters is bounded below by an InAs wett
layer and above by a thin GaAs layer. In contrast to
preceding model, where the GaAs layer containing In
QDs was regarded as a standard epitaxial layer, unboun
rs
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in the lateral directions, in the new model the GaAs lay
containing InAs QDs is regarded as a system of quantu
well InAs and GaAs clusters that possess finite sizes in
directions. It is assumed that under optimal growth con
tions clusters are formed without formation of extend
structural defects along the boundaries. As a monola
structure grows, the variance of their intrinsic sizes d
creases, and a system of InAs–GaAs clusters with ind
tions of long-range order in lateral directions forms as a
sult of vertical alignment of the QDs. In addition, th
curvature of the crystallographic planes, which is due to
herent embedding of strained InAs QDs in the matrix of t
main material~Fig. 5!, must be taken into account. It is ev
dent in photomicrographs that the curvature of the crysta
graphic planes increases with the total number of pairs
layers in the periodic part of the structure. In addition, t
curvature is inherited by the upper-lying GaAs layer, grad
ally decreasing away from the layers with QDs.

Using the model presented here, we shall examine
process of relative ordering of GaAs and InAs clusters in
~001! plane and we shall analyze the associated feature
the spatial distribution of the diffracted intensity. For a com
pletely disordered arrangement of clusters, diffraction sc
tering will be diffuse and due mainly to scattering by GaA
clusters as a result of their large scattering volume~on the
order of 90% of the total volume of the periodic structure!.
As a result, the scattering will be localized near the cor
sponding GaAs site, as shown in Ref. 26. In the presenc
periodicity in the direction of epitaxial growth (qz), diffuse
scattering should also appear near the superstructural pe
Ordering of a cluster system in the vertical and lateral dir
tions, as well as the variance of the characteristic sizes
InAs and GaAs clusters should increase the local st
Debye–Waller factor26 and, ultimately, the intensity of co
herent scattering in theqx (qy) direction near the superstruc
tural peaks and lead to the appearance of additional pea
the v curves.

The sharp increase in length of the chords for the21SL
and 22SL peaks, as compared with the 0SL peak, can
explained by the fact that as the angular deflection from
central peak increases, the sensitivity of the shape of

FIG. 5. Electron-microscopic image of a structure with 20 pairs of InA
GaAs layers in the cross-sectional geometry,g ~002!.
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superstructural peaks to nonuniformities in the structural
rameters, for example, to the gradient of the period of
superstructure and the curvature of the crystallograp
planes increases substantially. At the same time, the rela
contribution of the top part of the structure to scatteri
increases.13 This is very important, since the vertical an
lateral ordering of the cluster system increases in each
sequent layer.23,24 As a result, the position of clusters at th
top of the structures is more ordered, and their sizes are m
uniform. At the same time, the curvature of the crystal
graphic planes also increases. This should be most cle
seen as a change in the shape of thev curves — appearanc
of additional peaks in them~lateral ordering! and increase in
length of thev chords near the distant superstructural pe
and the substrate peak~additional diffuse scattering due t
local deformation of the crystal lattice near the QDs, res
ing in curvature of the crystallographic planes!, as is ob-
served experimentally. The large difference in the shape
the chords for the21SL and11SL satellites seems to b
due to a difference in the mechanisms of phase interactio
the waves diffracted by the substrate and epitaxial struct

Using the above-described physical model as a basis
shall use as a computational model the ordered, on the a
age, arrangement of quantum dots in the directions of thx
andy axes with the same average step. To describe this
tem we introduce ann-dimensional normal distribution
wheren is the average number of quantum dots in one per
of the superlattice. For simplicity, we assume that the r
dom displacements of the QDs from the average positi
are uncorrelated, i.e., they are statistically independent.
also assume that in each period the variances of the disp
ments, the QD sizes, and the average distances between
are the same. By changing the variance, the average dist
between QDs, and the average QD size from period to pe
we can simulate the variation of the vertical and lateral c
relations in the QD parameters. The intensity distribution
reciprocal space was simulated on the basis of the the
which was described by Pavlov and Punegov27 and which
was extended to a multicrystal diffraction scheme. The sim
lation results are presented in Fig. 6. The form of the co
puted coherent intensity distribution in the reciprocal sp
is in many respects the same as the experimental res
which confirms the assumption that the coherent compon
makes the main contribution to the scattered intensity.
note that the working model makes it possible to descr
only the most general features of the structure of the qu
tum dots that are actually formed. As a result, only qual
tive agreement between the experimental and theoretical
was attained. In the future, we plan to use multiparticle c
relation functions in the calculations in order to obtain
more accurate description of correlations in the parameter
quantum dots.

It is also necessary to take into account in the model
effect on the scattering of x-rays of the curvature of the cr
tallographic planes and elastic stresses that penetrate
layers with QDs into the upper-lying GaAs layer. Allowan
should also be made for the changes due to the built-in qu
tum dots, which affect the distances that are large compa
with the sizes of the QDs themselves~see Fig. 5! and ac-
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count, together with the curvature of the planes, for the n
uniformly distributed deformation profile in the GaAs lyin
at the top. In aggregate, this should result in the appeara
of additional quasicoherent scattering in the directionsqx

(qy) near the~004! GaAs peak, as was indeed observed
the experimental RSM data in the form of narrowv ties. The
difference in the experimental and theoretical patterns
likewise be explained by the fact that diffuse scattering w
ignored in the simulation, and it undoubtedly makes a s
stantial contribution to the distribution of the diffracted r
diation.

In general, the question of the degree of coherence of
diffracted radiation is very complicated, and it is now in th
investigatory stage. We note only the following circum
stance, referring to the question of the degree of coherenc
the radiation. In the directionqz the half-width of thev
chords, observed in the RSM patterns, in anyx section does
not exceed their half-width in the centralu22u section,
which is determined by the total thickness of the perio
structure. Just as narrow chords in the directionsqx andqy

are also observed in the asymmetric~115! reflection with a
small entry angle. This can be explained by the fact that
degree of spatial ordering of the system in the direction
epitaxial growth is much greater than in the lateral directio
primarily because of the radical difference in the mech
nisms leading to their formation. For this reason, the ph
correlations in the directionqz are stronger than in the direc
tionsqx andqy , in which further ordering of the statistically
disordered clusters~or QDs! only starts to appear. Nonethe
less, our data show that the rate of lateral ordering of clus
in real structures is much higher than in the compu
model,23 since the choice of the initial position for InA
quantum dots and their conditions of formation in a re
structure are not random but rather are determined by
mechanism of epitaxial growth and the quality of the init
growth surface in the process of formation of layers w
quantum dots.

We note another important circumstance concerning
question of the coherence of the diffracted radiation. T
data obtained show that in the investigated structures de
mation curvature of the crystallographic planes, in contras
the breakdown of planarity of the layers and heterobou
aries, does not seem to have a large effect on the coher
of the diffracted radiation and therefore on the spatial re
lution of x-ray diffractometry methods.

5. CONCLUSIONS

The crystal truncation rods~CTR! and high-resolution
x-ray diffractometry methods were used to investigate
crystallographically perfect multilayer periodic InAs–GaA
structures with InAs quantum dots. The characteristic laws
the diffraction scattering of x-rays by structures of this ty
were found. Using the CTR patterns and the patterns of
spatial distribution of the diffracted intensity, it was show
that long, narrow chords in theqx (qy) direction form paral-
lel to the surface near the superstructural peaks and re



rs.

1236 Semiconductors 33 (11), November 1999 Faleev et al.
FIG. 6. Computed diffracted intensity distribution in reciprocal space near a~004! GaAs reflection for a structure with 10 pairs of InAs–GaAs laye
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s-
tions from the substrate. This indicates curvature of the c
tallographic planes in regions containing QDs and in
upper adjoining layers.

It is shown that as the number of pairs of layers in
periodic structure increases, the length of thev chords in-
creases and the pattern of the spatial distribution of the
fracted intensity changes. The shape and parameters of tv
curves near the superstructural peaks attest to the forma
of long-range order in the lateral arrangement of the sca
ing centers ~QDs, GaAs clusters! in multilayer periodic
structures. It was shown that in a direction toward the surf
lateral ordering of clusters grows in the layers and the s
variance decreases.

A new model of quantum-well layers of quantum do
was proposed. The layers consist of defect-free, cohere
coupled InAs and GaAs clusters. The formation of a syst
of clusters is due to the presence of nonuniformly distribu
elastic strains around the buried InAs quantum dots. T
s-
e

f-

on
r-

e
e

tly
m
d
e

model takes into account the curvatures of the crysta
graphic planes, due to local deformations near InAs Q
and the additional deformation potential induced in t
upper-lying GaAs layer. The calculations performed on
basis of the proposed model showed that the results obta
largely agree with the experimental results, thereby confi
ing that the coherent component of the diffracted radiat
makes a large contribution to the scattered intensity. It w
shown that the formation of an additional deformation pote
tial and the adjoining GaAs layer at the top and the curvat
of the crystallographic plane strongly influence the spa
distribution of the diffracted intensity and lead to the appe
ance of an additionalv chord for the substrate peak.

It was shown that the nonplanarity or broadening of t
interfaces in perfect heterostructures is the main factor l
iting the spatial resolution of x-ray diffractometry method
In contrast to this effect, the deformation curvature of cry
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tallographic planes does not seem to greatly influence
spatial resolution of the method.

The crystal truncation rods and high-resolution x-ray d
fractometry methods complement one another, making
possible to establish the particular features of the diffract
scattering of x-rays by complex scattering objects.
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