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Structural and chemical investigation of In0.6Ga0.4As Stranski-Krastanow layers buried in GaAs
by transmission electron microscopy
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We report a detailed structural and chemical study of buried and free-standing In0.6Ga0.4As Stranski-
Krastanow islands. The layers were grown by molecular-beam epitaxy on GaAs~001! substrates. We investi-
gated two different types of samples with nominal In0.6Ga0.4As layer thicknesses of 1.5 and 2 nm. The growth
was interrupted for 0, 60, or 180 s prior to the deposition of the 10-nm-thick GaAs cap layer. The chemical and
structural analyses of the In0.6Ga0.4As layers were carried out with high-resolution transmission electron mi-
croscopy. The chemical morphology of the buried layers was evaluated with the composition evaluation by
lattice-fringe analysis~CELFA! method. The free-standing islands were investigated by strain state analysis
combined with finite element calculations. The density and size distribution of the islands was obtained by
conventional plan-view transmission electron microscopy. We found two types of islands: Coherent islands
with a lateral size of approximately 13 nm and large islands~40–100 nm! showing plastical strain relaxation.
The density of the defect-free small islands decreases with increasing duration of the growth interruption
whereas the density and size of the large islands increases. A detailed study of the wetting layer with the
CELFA method revealed about a 4-nm-thick InxGa12xAs layer. The total amount of In contained in the wetting
layer decreases with increasing duration of the growth interruption. Composition profiles in growth direction
were measured. Their shape is explained by mainly three effects: Segregation of In, incorporation of migrating
In into the growing cap layer, and strain-driven migration of In and Ga. An inhomogeneous In concentration
increasing from bottom to top is observed in free-standing islands.
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I. INTRODUCTION

Low-dimensional semiconductor heterostructures are
present one of the main research topics in solid-state phy
Most applications of semiconductor nanostructures are fo
in the field of optoelectronic devices like light-emitting d
odes and lasers. The development of the quantum dot~QD!
lasers is expected to lead to an increased quantum effici
and to lower threshold-current densities.1 In some high
lattice-mismatch heterostructures such as InxGa12xAs/GaAs,
the Stranski-Krastanow~SK! growth mode is observed tha
leads to the self-formation of QD’s.2,3 A simplified model
that explains the occurrence of island formation in the
growth mode is based on a balance of the surface energi
the substrate and the layer, the formation energy of the
terface, the strain energy of the layer, and the deforma
energy of the substrate. According to this model, the
growth mode may occur for systems where the formation
a two-dimensional~2D! layer is favorable during the depo
sition of the first few monolayers~ML ! of the layer. With
increasing layer thickness, the strain energy of the 2D la
increases. Above a critical thicknesstc 3D the onset of island
formation is observed mainly because an island offers
possibility of elastic strain relaxation at its free surface4

This model leads to a 2D wetting layer with 3D islands on
top. The elastic strain relaxation of the islands is incomple
and plastic relaxation is observed if the island size excee
critical value that depends on the misfit between layer
PRB 610163-1829/2000/61~12!/8276~13!/$15.00
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substrate material, the island’s shape, the composition di
bution inside the island, elastic parameters, and the en
needed for the generation of the misfit dislocations. Hig
resolution transmission electron microscopy~HRTEM! in-
vestigations of the strain state of free-standing In0.6Ga0.4As/
GaAs(001) and InAs/GaAs~001! islands revealed3 that the In
concentration inside the islands is not homogeneous bu
creases from the bottom to the top of the island.

The simplified model explained above cannot be used
describe the density or size distribution of islands. For t
purpose, kinetic models of 3D island nucleation have to
applied.5 Experimental observations carried out by Ruvim
et al.6 with photoluminescence spectroscopy~PL! and plan-
view transmission electron microscopy report an equilibriu
size of small~12–14 nm! InAs islands buried in GaAs grown
by molecular-beam epitaxy~MBE!. These equilibrium-size
islands ~that are stable during growth interruptions intr
duced prior to the cap layer growth! were only observed in a
small window of an arsenic pressure ofp05(23102661
31026) torr at a growth temperature of 480 °C and a dep
sition of 4 ML InAs. For depositions between 2 and 3 M
InAs, the equilibrium islands could be formed by the intr
duction of a growth interruption between 10 s~3 ML! and
600 s~2 ML! prior to the deposition of the GaAs cap laye
At an As pressure ofp>3p0, strain-relaxed InAs clusters
appear whereas the reduction top<1/3p0 leads to the for-
mation of macroscopic 2D islands.

The main application of the InxGa12xAs/GaAs SK struc-
8276 ©2000 The American Physical Society
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tures is expected in the field of optoelectronic devices. Fr
this point of view, the investigation of the local compositio
in buried SK layers becomes important. Commonly, PL a
excitation spectroscopy are applied. These methods hav
disadvantage that chemical and structural effects canno
distinguished. Structural data obtained from free-standing
lands by HRTEM or atomic force microscopy can be us
for the interpretation of the optical data only if the SK lay
is not altered during the capping. On the other hand, p
cesses like the segregation of In into the GaAs cap layer h
to be expected.7 Here we focus on the investigation of th
structure and local composition of In0.6Ga0.4As SK islands in
dependence of the nominal layer thickness and the dura
of growth interruptions applied after the In0.6Ga0.4As layer
growth.

II. EXPERIMENTAL SETUP

The heterostructures were grown by MBE in a Vari
Mod Gen II system on GaAs~001! substrates. The structure
consist of a GaAs buffer layer and an InxGa12xAs layer with
a nominal In concentration ofx560%. The overgrown
samples contain a 10-nm-thick GaAs cap layer. Two set
samples with nominal thicknesses of the InxGa12xAs layer
of 1.5 and 2 nm were grown. For each set, three cap
samples with growth interruptions of 0, 60, or 180 s after
deposition of the InxGa12xAs were available. Additionally,
an uncapped sample was grown with an InxGa12xAs layer
thickness of 1.5 nm. The 0.1-mm-thick GaAs buffer layer
was deposited at a substrate temperature of 600 °C while
temperature was reduced to 500 °C for the InxGa12xAs and
the GaAs cap layer growth. The GaAs (InxGa12xAs) growth
rate was 1 mm/h (0.2 mm/h). The beam equivalent pres
sure V/III ratio was 22~82! for the GaAs (InxGa12xAs)
growth.

The transmission electron microscopy cross-sec
samples along thê100& and^110& projection were prepared
conventionally. In the final stage, Ar1- or Xe1-ion milling
was applied at an energy of 3 keV in a liquid-nitroge
cooled specimen holder. Plan-view samples were prep
by dimple grinding and subsequent back-side chemical e
ing in a solution 1H2O2(30%):5NaOH. We used a Philips
CM200 FEG/ST electron microscope with a spherical ab
ration constant ofCS51.2 mm and a Scherzer resolution
0.24 nm. Off-axis cross-section images used for the com
sition evaluation by lattice-fringe analysis~CELFA! method
were recorded with an on-line charge coupled device~CCD!
camera with 102431024 picture elements. The specimen
was (361)° towards â 010&-zone axis. The HRTEM im-
ages for the strain state analyses were exposed i
^110&-zone axis orientation on photographic negative fil
The negatives were digitized with an off-line CCD came
with 102431024 picture elements. Photoluminescence m
surements were performed at a temperature of 2.6 K with
excitation density of 4 mW/cm2 (lEx5517 nm).

III. EXPERIMENTAL TECHNIQUES

A. Strain state analysis

The distribution of the strain and indium in the uncapp
samples was investigated by the strain state analysis u
m
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the DALI program package.8 This method is based on th
measurement of local lattice distances and displacement
tors from HRTEM lattice images where the bright spots a
correlated with the positions of atomic columns in the spe
men. The bright intensity maxima positions will be furth
denoted as lattice positions although they are not necess
located at the positions of atomic columns. Each local d
placement vector is calculated as difference vector conn
ing an evaluated lattice position with its corresponding r
erence lattice position. The reference lattice is obtained
fitting an equally spaced reference lattice to the experim
tally found lattice positions inside a reference region@see
white frame in Fig. 1~a!#. Subsequently, the reference lattic
is superimposed on the whole image.8

The idea behind the strain state analysis is based on
linear dependence of the local lattice parameter of a tern
material such as InxGa12xAs on the local compositionx ac-
cording to Vegard’s law:

aInxGa12xAs5xaInAs1~12x!aGaAs. ~1!

However, Eq.~1! only holds in bulk crystals. In pseudomo
phically grown heterostructures, the tetragonal distortion
to be taken into account. A further handicap is the sm
thickness of the HRTEM specimens in the range of 5 to
nm. For small thicknesses, the effects of surface stre
could gain importance. They arise from a tendency of
surface atoms to achieve an in-plane lattice parameter di
ent from that in the bulk. Throughout this paper we assu
that this effect is negligible because it concerns only a n
ligible fraction of atoms even for the smallest specim
thicknesses of about 5 nm. The most important effect of
small specimen thickness is an elastic relaxation of
strained layer in the vicinity of the specimen surfaces. F
sufficiently thin specimens, the biaxial strain state of the b
sample is reduced to the uniaxial case. In practice, the sp
men thickness often lies between these limiting cases o
infinitely thin or thick sample, and an analytical solution
the strain state of the specimen is only known for layers w
laterally homogeneous composition.9 In the case of free-
standing islands, finite element~FE! calculations have to be
performed with a three-dimensional FE model according
the specimen geometry that is visible in the HRTEM latti
image. An important parameter is the local sample thickn
in electron-beam direction that is evaluated from t
HRTEM image according to the quantitative analysis of t
information fromthe transmission electron micrograp
~QUANTITEM! procedure.10–12 The composition distribu-
tion inside the island is guessed in a first approximation, a
the subsequent calculation yields the displacements at
nodes of the finite elements@see Fig. 1c#. To be able to
compare these results with the experimentally evaluated
placements, a 3D atomic model is generated with local
tice parameters according to the result of the FE simulatio
The displacement of each atom is calculated from an in
polation of the displacements of neighboring FE nodes.
order to approximately take into account the TEM imagi
process, atomic displacements are averaged along colu
of atoms corresponding to the electron-beam direction in
TEM. The resulting 2D grid of projected columns is eval
ated in analogy to the experimental image. The simula
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FIG. 1. ~Color! ~a! Color-coded map of local displacements
growth direction evaluated from an̂110&-HRTEM image of an
uncapped sample with an InxGa12xAs layer thickness of 1.5 nm
The displacement values shown in the legend are normalized
respect to the averaged distanced002 of the horizontal~002!-lattice
planes inside the reference region that is marked with a w
frame. The black frame marks the area that was used to adap
simulated and experimental displacements.~b! Components of the
displacement vectors parallel to the interface of the same area.
displacement values are normalized with respect to the avera
distanced220 of the vertical~220!-lattice planes inside the referenc
region.~c! Finite element model with color-coded displacements
growth direction. The light blue grid indicates the finite elemen
~d! 2D color-coded map of simulated displacements in growth
rection obtained from the projection of a 3D atomic model
electron-beam direction. The 3D atomic model was generated
cording to the FE results shown in~c!. ~e! Color-coded map of
simulated displacements parallel to the interface.
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displacements are then compared with the experime
ones. Deviations give information about deviations betwe
the guessed and real In distribution in the island. In an ite
tive process, simulated and experimental displacements
adapted. A detailed description of the applied procedu
was published by Rosenaueret al.3,8,10,13To summarize, the
evaluation of the In concentration is performed in the follo
ing steps.

~1! Evaluation of displacements from the HRTEM ima
with the DALI program package. Calculation of a displac
ment profile in growth direction by averaging along~002!
al
n
-
re
s

-

-

planes running parallel to the interface plane in a region
marked with a black frame in Fig. 1~a!.

~2! Evaluation of the local sample thickness according
the QUANTITEM method.

~3! Generation of a 3D FE model with a guessed In co
centration distribution inside the island and in the wetti
layer.

~4! FE calculation.
~5! Generation of a 3D atomic model with displacemen

calculated from the FE results.
~6! Averaging of atomic displacements along columns
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electron-beam direction yielding a 2D model of project
atomic positions.

~7! Evaluation of the 2D model analogously to item~1!.
~8! Comparison of simulated with experimental displac

ments. If necessary, changes of the concentration distribu
inside the island and in the wetting layer are performed
the process is continued with item~4!.

B. Composition evaluation by lattice-fringe analysis

The local composition of the capped samples was inv
tigated with the CELFA method that is briefly outlined
this section. It is well known that an electron wave that
teracts with a crystalline sample is diffracted resulting in
formation of Bragg diffraction spots that are observed in
back focal plane of the objective lens. Theoretically, dyna
cal diffraction can be described in the scope of the Blo
wave theory. Each reflection is defined by its complex a
plitude Fhkl5ahkle

iphkl, where ahkl is the ~real! amplitude
and phkl the phase. Most of these reflections depend on
composition of the diffracting crystal. In the kinematic a
proximation,Fhkl is proportional to the structure factorShkl ,
that is, for the sphalerite-type InxGa12xAs crystal, given by

Shkl54@ f InxGa12x
1 f Ase

i2p(h1k1 l )/4#, ~2!

where thef are the atomic form factors. Here we find that t
$020% reflections show the strongest dependence on the c
position because

S0205 f InxGa12x
2 f As . ~3!

It can be shown by simulations thatS020 vanishes for an In
concentration ofx50.22. An advantage of the$020% reflec-
tions is that they cannot be excited by multiple scattering
the vicinity of the^100&-zone axes. The most simple way
exploit the chemical sensitivity of a$020% reflection in TEM
is the use of a single-beam dark-field imaging condition w
the $020% beam centered on the optic axis and a crystal
entation with only the$020% and the central beam bein
strongly excited. The centering is necessary to minimize
effects of objective lens aberrations that vanish on the o
axis. The single-beam dark-field imaging has the followi
disadvantages. First, the noise in the image is rather h
which is mainly due to amorphous surface layers of the TE
specimen limiting the accuracy of a local composition eva
ation. Second, variations of the image intensity may be
to variations of the specimen thickness or/and due to a va
tion of the chemical composition. Additionally, an ambigui
of the intensities occurs. Figure 2 shows the image inten
for various specimen thicknesses plotted versus the com
sition x. The curves were calculated with the Bloch wa
method using theEMS program package.14 The intensities are
normalized with respect to the intensity in binary GaAs. A
though the shape of the curves is similar up to a specim
thickness of 50 nm, In concentrationsx150.221Dx andx2
50.222Dx yield similar image intensities. The third disad
vantage is the background intensity that is supplied by
inelastically scattered electrons. The result is, for exam
that the image intensity does not vanish for an In concen
tion of x50.22.
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The CELFA method uses an imaging condition where
(040) and the central beam are strongly excited. Again,
(020) beam is centered on the optic axis. The interferenc
the three beams produces a fringe pattern. The first ad
tage of a periodic image is that it allows noise filtering.8,13

Second, the effect of inelastically scattered electrons is
duced because they are not coherent. For the evaluatio
the local In concentration, we use the local amplitude a
phase of the (020) reflection in the Fourier-transformed
age, which can be obtained in two different ways. First,
image, can be subdivided into image unit cells. Each unit
has a size of 2 ML32 ML. In the Fourier-transformed cell
the amplitude of the (020) reflection is measured.13,15,16The
second possibility consists of the Fourier transform of
whole image.17 A circular area around the (020) reflection
chosen. The information outside the circle is deleted, and
information inside the circle is centered in such a way t
the pixel with largest intensity of the power spectrum lies
the zero-frequency position in Fourier space. The inve
Fourier transformation provides spatially resolved inform
tion on the amplitudeA020 and phaseP020 of the (020) re-
flection. In both cases, the measured amplitudeA020 of the
(020) reflection contains information on the amplitudea020
of the chemically sensitive (020) beam, because

A020}a020Aa000
2 1a040

2 12a000a040cos~fn!, ~4!

where the phasefn depends on the phases of the involv
beams and furthermore is a linear function of the object
lens defocusD f . Note that the amplitudeA020 that is mea-
sured in the Fourier-transformed image is not equal to
amplitudea020 of the (020) beam of the diffracted electro
wave becauseA020 in Eq. ~4! results from the interferences o
the ~020! beam with the~000! and the~040! beam. Here the
ambiguity of the intensities that occurs in the single-be
dark-field imaging can be solved because the phaseP002 dif-
fers byp for regions with compositions below and abovex
50.22. In Refs. 13, 16, and 17 it was shown, that the sp
men thickness in electron-beam direction can be estima

FIG. 2. Image intensity plotted versus the In concentration
various specimen thicknesses in electron-beam direction. The in
sity is normalized with respect to GaAs. The curves were calcula
according to an imaging condition where only the~002! and the
~000! beams are strongly excited.
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8280 PRB 61A. ROSENAUERet al.
from Eq. ~4!, if a defocus series is taken instead of only o
image. Furthermore, variations of the specimen thickn
and of the imaging parameters over the image can appr
mately be taken into account. For a detailed description
the implemented procedure, see Refs. 13, 16, and 17.

IV. EXPERIMENTAL RESULTS

A. Uncapped sample

In this section we present the experimental results of
uncapped sample with an InxGa12xAs layer thickness of 1.5
nm. Figure 3 depicts a plan-view weak beam image. It sho
two types of islands. We find coherent small islands with
lateral size of 1663 nm as well as approximately 50 nm
large islands that contain misfit dislocations. The density
the coherent islands is 1.531011 cm22 and that of the large
strain relaxed islands is 2.73109 cm22.

HRTEM images revealed an average lateral size of
coherent islands ofl 513.361.5 nm and a heighth of 2.8
60.4 nm. The values are obtained from the evaluation of
islands. The errors are calculated from the standard de
tion. The aspect ratiol /h of the islands is 4.860.4.

Figures 1~a!and 1~b! show theDALI evaluation of a HR-
TEM image of a coherent island. The evaluated local d
placement vectors are decomposed into two perpendic
components. Figure 1~a! displays a color-coded map of th
component in growth direction. Figure 1~a! clearly shows
that the displacements~their mean value vanishes inside th
reference region! increase from the bottom to the top of th
island revealing an enlarged lattice parameter compare
the GaAs buffer. The black frame marks the area that w
used to average the local displacements along the horizo
(002) planes yielding the displacement profile in growth
rection that is shown in Fig. 4~solid circles!. Note that the
displacements near the surface beside the island does
yield substantial indications for a wetting layer. Figure 1~b!
shows the components of the local displacement vectors
allel to the interface. The red regions correspond to displa
ment vectors pointing to the right, and the blue region c
responds to those pointing to the left. Both regions res
from the relaxation of the elastic strain of the island th
results in a displacement of atoms near the island’s surfac
outward direction.

FIG. 3. Plan-viewg/3g weak beam image withg5^220& of the
uncapped sample with an InxGa12xAs layer thickness of 1.5 nm.
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Figure 1~c! shows the finite element model that was ge
erated according to the island shape and the local sam
thickness measured with the QUANTITEM~Ref. 10–12!
procedure. It should be mentioned that the local specim
thickness could only be evaluated in the GaAs buffer
cause the HRTEM contrast pattern also depends on th
concentration. Figure 5 is a plot of the specimen thickne
used for the FE modeling, revealing a wedge-shaped sp
men. The angle of the wedge is 26°. This specimen shap
in good agreement with the TEM sample preparation con
tions. Two Ar1-ion guns were applied under an angle of 1
from which we expect a 30° wedge. As shown in Fig. 5, t
specimen thickness in the island region is extrapolated fr
the values measured in the GaAs buffer.

Figure 4 contains the concentration profile that leads
the best agreement of measured and simulated averaged
placements that are also shown in Fig. 4. The concentra
profile shows four steps because the FE model of the isl
and the wetting layer was subdivided into five solids. The

FIG. 4. Experimentally measured and FE simulated avera
displacements plotted versus the~002!-plane number. The displace
ments were averaged in regions corresponding to the black fram
Fig. 1~a!. The open circles show the concentration profile that w
used for the FE calculation. The vertical dashed line indicates
position of the surface beside the island.

FIG. 5. Evaluated specimen thickness plotted versus the
tance from the island top parallel to the growth direction. The spe
men thickness in the region of the island is extrapolated from
GaAs buffer.
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PRB 61 8281STRUCTURAL AND CHEMICAL INVESTIGATION OF . . .
concentration is homogeneous inside each solid. The pr
shows only four steps because the two solids next to the
of the island have the same In concentration. From the p
tion of the surface beside the island, we estimate a thickn
of the wetting layer of roughly 1 ML~see vertical dashed
line in Fig. 4!.

To be able to compare the strain fields of the entire
model with the experiment, the 2D model of projected at
columns~see Sec. III A! was evaluated analogously to th
experimental image. The result is shown in Figs. 1~d! and
1~e!. Obviously, the evaluated In concentration profile lea
to good agreement with the experimental displacement v
tors shown in Figs. 1~a! and 1~b!.

B. Capped samples

1. Structural properties

~a! TEM plan view.Figure 6 shows weak beam plan-vie
micrographs of all investigated samples that contain a
nm-thick GaAs cap layer. Similarly to the uncapped samp
we find two types of islands: Coherent islands with a size
approximately 15 nm and strain-relaxed islands that reac
lateral extension of about 100 nm for the longest duration
the growth interruption. From Fig. 6 it becomes obvious t
the small coherent islands are not stable. For b
InxGa12xAs layer thicknesses of 1.5 and 2 nm, the density
the coherent islands decreases with increasing duration o

FIG. 6. TEM plan-view micrographs from capped samples
tained under ag/3g weak beam condition withg5^220&. Micro-
graphs~a!, ~b!, and~c! correspond to an InxGa12xAs layer thickness
of 1.5 nm and~d!, ~e!, and~f! to a thickness of 2 nm. The duratio
of the growth interruption is 0 s for~a! and~d!, 60 s for~b! and~e!,
and 180 s for~c! and~f!. The dark arrows mark islands with missin
strain or dislocation contrast in the center.
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growth interruption. The density of the large strain-relax
islands inversely depends on the duration of the interrupt
We did not observe any coherent islands in the 2 nm sam
with a growth interruption of 180 s.

Figure 7 gives a survey of the island densities. It reve
that the densities of relaxed islands are significantly lar
for the 2 nm samples. Furthermore, one clearly recogn
that the density of the coherent islands drops more quickl
the 2 nm samples. In this context it is important to note t
the initial density of coherent islands was equal for bo
InxGa12xAs layer thicknesses. Therefore, we deduce that
initial coherent islands are more stable in the 1.5 nm sam
than in the 2 nm sample. This result will be important la
on.

~b! Photoluminescence spectroscopy.The low stability of
the islands in the 2 nm sample is also visible in the
spectra shown in Fig. 8. Here we find that the position of
QD emission line is approximately stable at 1.173 eV for t
1.5 nm sample. In the 2 nm sample, we find a signific
blue shift from 1.113 eV~0 s! to 1.155 eV~60 s!. Addition-
ally, the full width half maximum~FWHM! of the PL curve
of the 60 s sample is increased.

-

FIG. 7. Density of investigated capped islands plotted versus
duration of the growth interruption.

FIG. 8. Low-temperature PL spectra showing the emission fr
QD’s. The sample with 2 nm layer thickness and 180 s grow
interruption did not show any QD emission.
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8282 PRB 61A. ROSENAUERet al.
FIG. 9. ~Color! ~a! HRTEM micrograph of the sample with 2

nm InxGa12xAs layer thickness taken in@ 1̄10#-zone axis orienta-
tion showing an island with missing cap layer. The island conta
a Frank-partial dislocation~FP! and a 60° dislocation. The red line
help to identify terminatinĝ 111&-lattice planes of the substrate
The black frame indicates the region that was evaluated by st
state analysis. The color-coded maps~b! and ~c! show local dis-
placement vector components in growth direction and in interf
direction, respectively. The reference region was chosen inside
GaAs buffer. In~c!, the abrupt transition from green to blue an
from red to green occurring along two vertical lines at the left a
right side of the island, respectively, are due to~220!-lattice fringes
of the substrate that end at the dislocation cores. The red re
corresponds to displacement vectors pointing to the right and
blue regions to those pointing to the left.
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2. Islands with interrupted cap layer

In Fig. 6 we find some large islands with dislocations th
are rather conspicuous~marked with dark arrows! because
the strain and dislocation contrast vanishes in an appr
mately circular area around the island center. Such isla
mainly occur in the 2 nm samples for 60 and 180 s grow
interruptions. In corresponding HRTEM images, we find
lands with missing cap layers on their tops at a similar d
sity. One of them is displayed in Fig. 9~a!. The imaged crys-
t

i-
ds
h
-
-

tal region contains two misfit dislocations with terminatin
$111%-lattice planes of the substrate.

Figure 9~b! shows the componentsu' of the displacement
vectors in growth direction evaluated from the HRTEM im
age in Fig. 9~a! ~inside the region indicated by a blac
frame!. The sharp transition from green (u''10.5) to blue
(u''20.5) along a horizontal line in the right part of th
image is due to a missing~002!-lattice plane terminating a
the misfit dislocation. In the left part of the image, the i
creasingu' clearly supplies evidence for the existence of



of

le
e
Fi

er

d
in

ax
n
d

ap

ica
th

ex
n
e

tro
ap

-
s
can
ur-

an-
hat

a
tra-
ts
be-
n-
he

of
the
e

h
that
ns.

e in
top

ig.

-
s-
in

en
ell
th

ers
id
on-
t the
are
ame
ere
or
3°
nd

this
ur-
to
dis-

the
a of
a

up-
In
or
m
and
also
n.

ne

e

-

PRB 61 8283STRUCTURAL AND CHEMICAL INVESTIGATION OF . . .
InxGa12xAs island reaching from the interface to the top
the visible contrast pattern in Fig. 9~a!. Hence, the GaAs
layer is completely missing at the top of the island. A profi
of u' along the growth direction, that was averaged insid
narrow area positioned at the center of the red region in
9~b!, reveals a lattice parameter in growth direction ofa'

51.094aGaAs close to the top of the island (aGaAs is the bulk
lattice parameter of GaAs!. Now we assume that the cent
of the island is fully strained as can be verified from Fig. 9~c!
where the displacement vector components in interface
rection vanish in the island center. Then, the correspond
bulk-material lattice parametera is calculated according to13

a'2aGaAs

aGaAs
5a

a2aGaAs

aGaAs
. ~5!

The parametera depends on the degree of the elastic rel
ation in electron-beam direction. Assuming that the isla
top region is completely strain relaxed in electron-beam
rection, we obtain13 a'1.5 yielding (a2aGaAs)/aGaAs
'0.063, which corresponds to an In concentration of
proximately 90%.

3. Evaluation of the chemical composition

In this section we present the evaluation of the chem
composition of the capped samples by the exploitation of
chemically sensitive$020% reflections.

~a! Conventional dark-field imaging.Figure 10 shows
single-beam dark-field images obtained with a strongly
cited~002! reflection. It is appropriate to note that this mea
a diffraction of the electron beam by the (002)-lattice plan
occurs parallel to the interface plane. Therefore, the elec
beam is parallel to the interface plane in a very good

FIG. 10. Conventional single-beam dark-field images obtai
with the strongly excited (002) beam on the optical axis.~a!, ~b!,
and ~c! show the results for the sample with 1.5 nm InxGa12xAs
layer thickness and~d!, ~e!, and~f! those for the 2 nm sample. Th
duration of the growth interruption is 0 s for~a! and~d!, 60 s for~b!
and ~e!, and 180 s for~c! and ~f!. The corresponding In concentra
tion can be roughly estimated from Fig. 2.
a
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proximation and the visible InxGa12xAs region does not con
tain any blurring induced by a crystal tilt. Although it wa
mentioned in the preceding that these kinds of images
hardly be evaluated quantitatively, they provide a good s
vey over the In concentration in regions with a lateral exp
sion of several hundreds of nm. We deduce from Fig. 2 t
the darkest regions of the InxGa12xAs layer correspond to an
In-concentration of approximately 22%. Regions with
brightness comparable with the GaAs have an In concen
tion of 40%. Therefore, the dark stripe with the bright do
corresponds to a quantum well with an In concentration
low approximately 30% containing islands with an In co
centration of approximately 40% or larger. Note that t
given concentrations are only roughly estimated.

As expected from the plan-view images, the density
coherent islands decreases with increasing duration of
growth interruption. No coherent island is found in th
sample with 2 nm InxGa12xAs layer thickness and a growt
interruption of 180 s. Instead, large islands are observed
frequently exhibit a tangled contrast caused by dislocatio
Figure 10~f! ~2 nm and 180 s growth interruption! contains
one of the rare islands that appear to be dislocation fre
the center part. Note that the cap layer is interrupted on
of the island.

The most striking result that becomes apparent from F
10 is a siginificant transformation of the InxGa12xAs layer
morphology by the GaAs overgrowth. The initially 1- or 2
ML-thick wetting layer is significantly broadened so that i
lands and wetting layer now have similar extensions
growth direction. Therefore, the initial InxGa12xAs layer
consisting of a thin wetting layer and 3D islands has be
transformed into an approximately 4-nm-thick quantum w
~QW! with low In concentration that contains inclusions wi
larger concentrations.

~b! Composition evaluation by lattice-fringe analysis.The
investigation of the local composition of the capped lay
was performed with the CELFA method. In order to avo
effects of different lattice parameters on the observed c
trast pattern, the samples were oriented in such a way tha
(020)-lattice fringes perpendicular to the interface plane
chosen for the evaluation. These lattice fringes have the s
lattice parameter in a good approximation in regions wh
the InxGa12xAs layers were grown pseudomorphically. F
that purpose, the samples were tilted approximately
around an axis running parallel to the interface plane a
perpendicular to the electron-beam direction. Note that
sample orientation induces a small but not significant bl
ring of the interfaces. However, this effect will be taken in
account for the quantitative evaluations presented in the
cussion.

Figure 11 shows the resulting color-coded maps of
local In concentration. Each colored square covers an are
aGaAs3aGaAs. Figure 11 clearly reveals the existence of
broad wetting layer with a maximum In concentrationx that
decreases with increasing duration of the growth interr
tion. The wetting layer contains inclusions with enlarged
concentration with a lateral size of approximately 13 nm. F
samples with 0 and 60 s growth interruption, the maximu
measured In concentration is 40% in the 1.5 nm samples
48% in the 2 nm samples. Small coherent islands are
found in the 1.5 nm sample with 180 s growth interruptio

d
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8284 PRB 61A. ROSENAUERet al.
They show a maximum In concentration of approximate
18%. Note that the In concentration that is measured in
island regions is smaller than the real In concentration ins
the buried island if the sample thickness in electron-be
direction is larger than the island’s extension.

Figure 12 shows concentration profiles in growth dire
tion obtained from the wetting layers of all investigate
samples. One clearly recognizes that the maximum In c
centration decreases with increasing duration of the gro

FIG. 11. ~Color! Color-coded maps of the local In concentratio
x evaluated with the CELFA method. Note that the color encod
is not identical for all maps.
e
e

m

-

n-
th

interruption. The profiles are not symmetrical but show
slower decay towards the GaAs cap layer. This is a cl
indication for segregation. The area below each curve yie
the total amount of In that is contained in the wetting lay
Figure 13 illustrates its behavior in dependence of the du
tion of the growth interruption. For both samples with 1
and 2 nm layer thickness, the amount of In contained in
wetting layer can be described by an exponential decay.
time constantt ~see caption of Fig. 13! of the 1.5 nm
samples is 1.5 times larger than that of the 2 nm samp
The extrapolation of the exponential fit curves towar
longer growth interruption approaches an asymptotic va
corresponding to 2.2 ML In0.6Ga0.4As.

V. DISCUSSION AND CONCLUSIONS

In the previous section we found that the ‘‘wetting laye
between the islands of capped samples significantly dif
from the wetting layer that was observed in the uncapp
sample. In the latter case we found 3D islands with a hei

g

FIG. 12. Concentration profiles in growth direction plotted ve
sus the distance in the@001# direction. The profiles were obtaine
by averaging along the~002! planes in approximately 3-nm-wide
regionsof the wetting layer. The dots, squares, and triangles rep
sent the experimental data. The error bars are calculated from
mean deviation of averaged values. The zero point of the absc
corresponds to the interface between GaAs buffer and
InxGa12xAs layer. The solid, dashed, and dotted curves are
curves calculated according to the phenomenological Muraki
mula for segregation. The meaning of the listed fit parametersN, R,
andx0 is explained in the text.
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of approximately 11 ML~see Fig. 4! measured from the
wetting-layer surface. The strain state analysis of an
capped island revealed indications for an approximately 1
2-ML-thick wetting layer. On the other hand, the investig
tions of the capped islands unambiguously show an appr
mately 15-ML-thick ‘‘wetting layer’’ that contains islands a
In-rich insertions. Here we deduce a growth model that
plains the observed morphological transformation of the w
ting layer during the overgrowth with GaAs.

A. Bulk Interdiffusion

Generally, the interdiffusion of In in GaAs could lead to
broadening of the InxGa12xAs layer. The diffusion coeffi-
cient isD51.6310224 cm2/s for the growth temperature o
500 °C.18 We assumed a Heaviside function for the init
concentration profilex(t,z), where t is the duration of the
diffusion process andz is the coordinate in growth direction
By calculating a solution for the linear diffusion equation

]x~ t,z!

]t
5D

]2x~ t,z!

]z2
, ~6!

we found that the effect of interdiffusion is negligible he
becauset is of the order of only a few min.

Additionally, it is conceivable that the strain has an effe
on the diffusion in strained layer heterostructures. In Ref.
the effect of strain was taken into account by regarding
strain energy as a contribution to the activation energy of
diffusion process. The authors found that the effect of str
is negligible in an InxGa12xAs/GaAs heterostructure at tem
peratures below 600 °C. It is appropriate to note that
interdiffusion during the ion-milling process~performed as
the final stage of the TEM-specimen preparation! is also neg-
ligible because the specimen heating is well below 300 °C20

FIG. 13. Total amount of InXsumthat is contained in the wetting
layer, plotted versus the duration of the growth interruptiont. The
solid and dashed lines represent exponential fit curves calcu
according toXsum@ML In0.6Ga0.4As#5X01C exp(2t/t). The fit pa-
rameters areX052.27,C52.73,t5101.6 for the 1.5 nm sample
andX052.13,C54.47,t566.8 for the 2 nm sample.
-
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-
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t
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e
e
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e

B. Segregation

The segregation of In at the growth surface is a we
known effect in InxGa12xAs. Moison et al.7 deduced a
model for the segregation by introducing a characteristic
ergy ES for the movement of an atom from the bulk to th
surface. Their approach involves the entropy term,
‘‘chemical’’ energy ES , and a term corresponding to th
pseudomorphic elastic strain energy term as contribution
the free energy. They found a value ofES50.1560.1 eV by
x-ray photoelectron spectroscopy~XPS! for the segregation
of In in InxGa12xAs. Later on, Gerard and Marzin21 obtained
0.15 eV<ES<0.2 eV by PL. Nagleet al.22 found that the
segregation efficiency is not only sensitive on the grow
temperature but also much more on the V/III flux ratio. Th
observed that a reduction of the As4 flux by a factor of 3
increasesES to 0.40 eV at a growth temperature of 530 °C

The phenomenological description of the segregation,
we will use here, is based on a suggestion of Murakiet al.23

They assumed that a certain fractionR of In atoms on the
topmost layer segregate into the layer grown on top. Acco
ing to their model, the In concentration in thenth ML is
given in the form

xn5H 0: n,0 ~buffer!

x0~12Rn!: 0<n<N ~well!

x0~12RN!Rn2N: n.N ~cap!

~7!

wherex0 is the nominal In concentration andN is the nomi-
nal layer thickness in monolayers. In the literature we fi
several values forR measured in MBE grown InxGa12xAs.
At a growth temperature of 500 °C, the values are 0.88~Ref.
23! ~V/III 54!, 0.84 ~Ref. 23! ~V/III 512!, 0.8,24 and 0.75.25

At 520 °C, published values include 0.84~Ref. 26! and 0.8.27

To be able to compare the values found in the literat
with our measurement, Eq.~7! was fitted to the experimen
tally observed concentration profiles in growth direction d
picted in Fig. 12. The parametersx0 , R, andN were used as
fit parameters. A tilt of the specimen of 4° toward the exa
zone-axis orientation was taken into account. Figure 12 a
contains the resulting fit curves and the corresponding va
of the fit parameters. It is appropriate to note that the asce
ing part of the concentration profiles mainly definesx0
whereas the descending part prescribesR. In agreement with
the data found in the literature, all curves are well fitted w
R50.81060.006. The fit values forx0 are 0.278 and 0.395
for the 1.5 nm and 2 nm samples, respectively. Note thax0
has been kept constant for samples with the sa
InxGa12xAs layer thickness. This was found to be a go
approximation for all measured profiles of specimens with
and 60 s growth interruption. In the samples with 180 s
terruption, a tendency to smaller valuesx0'0.2 was ob-
served. Obviously, all fitted values forx0 significantly devi-
ate from the ‘‘real’’ nominal In concentration of 0.6
According to Eq.~7!, the values forN describe the nomina
InxGa12xAs layer thickness, i.e., the number of monolaye
that were grown under In flux. The fitted values are appro
mately N511 for the samples without growth interruption
in clear contradiction to the nominal thicknesses of 5 an
ML for the 1.5 and 2 nm samples, respectively. Taking in
account that the concentration profiles were measured in

ed
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wetting-layer regions between the islands, we would exp
values forN that are approximately equal to the wettin
layer thickness of 1 to 2 ML observed in uncapped samp

C. Resulting growth model

~a! Summary of experimental observations.We showed in
the previous sections that the significant broadening of
‘‘wetting layer’’ in capped layers to approximately 15 M
cannot be due to bulk interdiffusion. The concentration p
files can be well fitted by the phenomenological model
segregation given in Eq.~7!. The descending parts of th
measured concentration profiles define the fitted values fR
that are in good agreement with data that we found in
literature. However, the width of the ascending parts of
profiles~described by the fit parameterN) as well as its slope
~described byx0) deviate from the expected values. Add
tionally, Fig. 13 reveals a total amount of In in the wettin
layers of the samples with 0 s growth interruption corre
sponding to 6.5 ML In0.6Ga0.4As ~2 nm sample! and 5 ML
In0.6Ga0.4As ~1.5 nm sample!. These values are significantl
larger than the maximum amount of 2 ML In0.6Ga0.4As de-
termined for the wetting layer in uncapped samples.

~b! Incorporation of migrating In.We show now that our
measurements can well be explained by taking into acco
the migration of In along the growth surface as well
strain-induced migration of Ga. Evidence for the migrati
of In was already obtained in Sec. IV B 1 where we observ
an instability of the coherent islands. The morpholo
change cannot be due to bulk interdiffusion that is not eff
tive at a growth temperature of 500 °C. Therefore, the dis
lution of the coherent islands generates a current of In-at
migrating along the sample surface. The current of In-ato
also persists during the growth of the cap layer resulting
the presence of In atoms migrating on top of the prevail
growth surface of the cap. The migrating In atoms can
incorporated into the growing cap layer. The unstable isla
have to be regarded as a source of In atoms that are a
even if the In flux from the Knudsen cells are turned o
Therefore, the overall amount of In atoms contained in
wetting layer is expected to be larger in the capped sam
than in the uncapped samples. Here it is appropriate to
that the migrating In is transported toward the large stra
relaxed In~Ga!As islands that act as a sink for In atom
Experimental evidence for this process is given in Fig
where the density of strain-relaxed islands increases with
creasing duration of the growth interruption.

~c! Interpretation of the parameter x0. The parameterx0
of the fit curve@Eq. ~7!# describing its ascending part main
depends on the amount of In atoms migrating along
growth surface. In Sec. IV B 1 we found that the density
coherent islands drops much quicker in the 2 nm sam
than in the 1.5 nm samples. Therefore, we have to ded
that the current of migrating In atoms is larger for the 2 n
sample during the first 60 s of the growth interruption whe
we find a decreasing density of the coherent islands~see Fig.
7!. Consequently, we expect a larger value ofx0 for the 2 nm
sample, which indeed can clearly be observed in Fig.
where we findx050.28 for the 1.5 nm sample andx0
50.40 for the 2 nm sample. Coherent islands were not
served in the sample with 2 nm InxGa12xAs layer thickness
ct
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and 180 s growth interruption. This explains the reduc
slope for the ascending part of the corresponding concen
tion profile ~see the triangles in the lower part of Fig. 12!. In
this case, the profile results from a combination of init
wetting layer, exchange of In atoms inside the wetting la
with the surface during the growth interruption, remaini
migrating In atoms from dissolved coherent islands, and
atoms exchanged between large strain-relaxed islands.

~d! Strain-induced migration of Ga.In Figs. 10 and 11 it
is conspicuous that the upper interface of the InxGa12xAs
layer appears flat. Therefore, we have to explain why
incorporation of migrating In only takes place in between t
islands and not on top of them. It can be seen in Fig. 9 t
the cap layer does not grow on top of strain-relaxed islan
This effect was also observed by Qianghua Xieet al.28 where
the authors found an island-induced strain-driven adatom
gration during the GaAs cap layer growth by the placem
of very thin AlxGa12xAs marker layers. They found that th
growth rate of the GaAs cap layer depends on the local
plane lattice parameter at the growth surface and on
growth temperature. The elastic relaxation of the coher
islands or the plastic relaxation of incoherent islands yie
an enlarged in-plane lattice parameter on top of the islan
If the surface mobility of the Ga atoms is large enou
(TG>480 °C), the Ga atoms migrate from the top of t
islands toward the regions between the islands. Theref
the growth rate of the cap layer is significantly larger
between the islands.

~e! Interpretation of the parameter N. The coherent is-
lands can only act as sources for In atoms as long as the
layer is thinner than their height. The additional flux of
atoms will stop as soon as the coherent islands are cov
by the GaAs. Therefore, the parameterN in Fig. 12 should be
correlated with the height of the islands. This supposit
can be easily checked for the capped samples without gro
interruption where we findN'11 ML, in good agreemen
with the mean height of 10 ML of the coherent islands o
served in uncapped samples~see Sec. IV A and Fig. 4!. Fig-
ure 12 indicates that the height of the coherent islands
creases with increasing duration of the growth interrupti
This behavior seems plausible because the dissolution o
island takes place at its surface, which reduces its heigh

~f! Correlation with the PL.In Fig. 8, the large FWHM of
the sample with 2 nm InxGa12xAs layer thickness and a
growth interruption of 60 s is conspicuous. From this obs
vation we would deduce a broad variation of the island si
and/or the In concentration inside the islands. Indeed,
expectation is confirmed in Fig. 10~e! where one can see
small islands with low In concentration and larger islan
with high In concentration. In accordance with the PL da
Fig. 10~e! exhibits the largest differences in the sizes as w
as the In concentrations of the islands.

~g! Composition distribution in free-standing island
Theoretical considerations of the SK growth of islands d
ing alloy deposition carried out by Tersoff29 suggest that the
islands nucleate at a substantially different composition t
the alloy layer. Note that this statement refers to the criti
nucleus that is generally much smaller than the final isla
During island growth, the wetting layer constitutes a res
voir of In atoms that feeds the islands. He pointed out t
the growth of the islands takes place at the expense of
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film if the incident flux of In atoms is turned off. The com
positional enrichment of the islands leaves behind a com
sitionally depleted film. This consideration would expla
our strain state analysis measurements where we could
find indications for a wetting layer between the islands
uncapped samples. The bottom ML of the island contain
20% In~see. Fig. 4! could reflect the wetting layer during th
earliest stage of the growth, which was frozen in the isla
Tersoff discussed a possible ‘‘self-capping’’ of quantum d
that would result in islands with high In concentration in t
center surrounded by material with lower concentration.
our experiments we do not find indications for ‘‘sel
capping.’’ Instead, the In concentration increases from
bottom to the top of the island~see. Fig. 4!. We suppose tha
the segregation and strain-induced migration28 of In and Ga
that was discussed in the preceding is the main effect
defines the composition distribution inside the island. Dur
the initial growth of an island~first ML!, the in-plane lattice
parameter of the island adapts to the lattice parameter o
substrate. With proceeding growth of the island, the deg
of elastic relaxation and, therefore, the in-plane lattice
rameter increase. Due to the strain-induced migration o
and Ga, the local composition of the currently growing M
M of the island depends on the in-plane lattice paramete
the ML M21. Therefore, the degree of elastic relaxation
the island that increases from the bottom to the top of
island induces a composition distribution also increas
from bottom towards the top of the island.

VI. SUMMARY

In this paper we presented a detailed TEM investigat
of the structure and chemical morphology of free-stand
and capped In0.6Ga0.4As layers with nominal thicknesses o
1.5 and 2 nm in dependence of growth interruptions of 0,
and 180 s duration that was introduced prior to the cap la
growth. In uncapped samples, we found two kinds of islan
Coherent islands with a diameter of approximately 13
and large plastically strain-relaxed islands. In the case of
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coherent islands, the In concentration increases from the
tom to the top. In our opinion, the In distribution inside th
islands is mainly determined by the segregation and
strain-induced migration of In and Ga. Due to the stra
induced migration, the In concentration of a growing MLM
depends on the in-plane lattice parameter of the MLM21.
We did not find indications for a wetting layer in region
beside the islands. This observation could be explained b
decomposition-induced depletion of the wetting layer b
tween the islands.29 The strain field inside the islands a
lowed an estimate for the wetting-layer thickness of 1–2 M
during the very initial stage of the growth.

In capped samples, the density of coherent islands
creases~more quickly for the 2 nm sample! with increasing
duration of the growth interruption. The density of dislocat
islands increases. The chemical morphology of the cap
samples significantly deviates from uncapped samples.
structure of the InxGa12xAs layer can be described as a
about 4-nm-thick quantum well with~rather! homogeneous
thickness containing approximately 13-nm-large inclusio
with enhanced In concentration. The morphology transf
mation during the cap layer growth was explained by
interplay of mainly three effects. First, the instable coher
islands are a source for In atoms that are transported to
large dislocated islands via migration along the growth s
face. The migrating In atoms are incorporated into the gro
ing cap layer. Second, the strain-induced migration of
causes a significantly reduced growth rate of the GaAs
layer on top of the elastically strain-relaxed islands. The
fore, the cap layer preferentially fills the regions between
islands. Third, segregation occurs leading to a protraction
In. The measured concentration profiles yield a segrega
probability of R50.81060.006 at a temperature of 500 °
that is in good agreement with published data.
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