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We have investigated In,Ga;_,As layers grown by molecular-beam epitaxy on GaAs(001) by transmission
electron microscopy (TEM) and photoluminescence spectroscopy. InGaAs layers with In concentrations of 16,
25, and 28 % and respective thicknesses of 20, 22, and 23 monolayers were deposited at 535 °C. The param-
eters were chosen to grow layers slightly above and below the transition between the two- and three-
dimensional growth mode. In-concentration profiles were obtained from high-resolution TEM images by com-
position evaluation by lattice fringe analysis. The measured profiles can be well described applying the
segregation model of Muraki et al. [Appl. Phys. Lett. 61, 557 (1992)]. Calculated photoluminescence peak
positions on the basis of the measured concentration profiles are in good agreement with the experimental ones.
Evaluating experimental In-concentration profiles it is found that the transition from the two-dimensional to the
three-dimensional growth mode occurs if the indium content in the In floating layer exceeds 1.1+0.2 mono-
layers. The measured exponential decrease of the In concentration within the cap layer on top of the islands
reveals that the In floating layer is not consumed during island formation. In addition, Ing,5Gag75As quantum
wells were grown at different temperatures between 500 °C and 550 °C. The evaluation of concentration
profiles shows that the segregation efficiency increases from R=0.65 to R=0.83. The strong increase of R with
the growth temperature is explained by the large growth rate of 1.5 ML/s. Comparison with the temperature
dependence of published segregation efficiencies obtained at lower growth rates reveals increasing temperature

dependence and decreasing segregation efficiency with increasing growth rate.
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I. INTRODUCTION

InGaAs/GaAs heterostructures have attained considerable
interest due to numerous applications in (opto)electronic de-
vices. Depending on the In concentration, layer thickness
and growth conditions, two-dimensional (2D) layers or
three-dimensional (3D) islands are formed. Self-organized
island formation occurs in the Stranski-Krastanov growth
mode on an initial 2D wetting layer if the critical layer thick-
ness is exceeded. The understanding of the factors which
govern the 2D-3D transition has been the topic of numerous
studies as reviewed, e.g., by Shchukin et al.! The critical
thickness was associated recently with the amount of segre-
gated indium on the growth surface. This motivates thorough
studies of the In-segregation process in molecular-beam ep-
itaxy (MBE) growth which is frequently applied to grow
InGaAs/GaAs heterostructures.

Several segregation models were proposed which allow
the calculation of the In-concentration profile and the amount
of segregated indium at the growth surface x,. To describe
segregation Moison et al.? suggested an exchange reaction of
In and Ga between the surface and the underlying (“bulk”)
layer assuming thermodynamic equilibrium. Dehaese et al.’
proposed a kinetic model involving a two-energy level sys-
tem which leads to the same segregation effect as the Moison
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model for high growth temperatures above 500 °C, but de-
scribes additionally the kinetic limitation of segregation at
low temperature (400 °C). Gerard* showed that the validity
of the Moison model is limited to In concentrations below
11%. Therefore, the model of Dehaese et al. should be also
limited to In concentrations below 11% for high growth tem-
peratures. Muraki et al.’ suggested a phenomenological seg-
regation model which implies that the In concentration in the
surface layer can exceed 1 monolayer (ML). The conse-
quence of x;>1 ML must be that the indium in the surface
layer is not fully incorporated in the crystal but is rather
contained in a weakly bonded floating layer. Experimental
evidence for such a layer was presented by Garcia et al.® and
recently Martini et al.” Experiments by Toyoshima et al.’
showed that the 2D-3D growth-mode transition is correlated
with the amount of In on the growth surface and occurs if xg
exceeds 1.7 MLs. Based on a study of Walther et al.,” Cullis
et al.'® developed a segregation-based model for the critical
thickness of the 2D-3D transition. They suggested that the In
content in the floating layer governs the 2D-3D growth-mode
transition independent of the nominal In concentration of the
bulk layer. This value was calculated to be 0.8 ML on the
basis of the Dehaese model.> The critical In content in the
floating layer has to be clearly distinguished from the corre-
sponding (critical) bulk layer thickness because the latter

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.165306

LITVINOV et al.

depends strongly on the In concentration and the dependence
of the In segregation on the growth conditions.

Most experimental results regarding In segregation were
obtained by measuring x, in situ in the MBE chamber by
surface-sensitive techniques. However, there are still rela-
tively few ex situ studies which analyze the final In concen-
tration profiles, examples being transmission electron mi-
croscopy (TEM) studies such as the investigations of Walther
et al.® and Rosenauer et al.,'"'> cross-section scanning tun-
neling microscopy studies'>!7 or secondary mass ion
spectroscopy.’ These ex situ techniques are complementary
to in situ surface techniques which yield x, but not the final
bulk concentration profiles.

In our TEM study we have measured quantitatively In-
concentration profiles of a sample which was specifically
grown to contain InGaAs layers slightly below and above the
critical thickness for the 2D-3D transition. On the basis of
measured In-concentration profiles, the segregation models
suggested by Dehaese et al.’> and Muraki et al.’> were com-
pared. This is particularly relevant with respect to the esti-
mation of the critical In content in the floating layer and the
corresponding critical bulk layer thickness at which the
2D-3D growth-mode transition occurs. The measured In-
concentration profiles are verified by the comparison of
measured and calculated photoluminescence peak energies.

Additionally, we address the question of whether the In
floating layer is consumed by island formation or not. Since
only information on the average In concentration in electron-
beam direction is available in a TEM experiment, we aimed
at the formation of large islands in the growth experiment
to limit the contribution of the embedding GaAs to the mea-
sured In-concentration profiles of islands. Therefore, a low
In concentration of 28% was chosen to obtain a small lattice
mismatch between islands and substrate which results in
the formation of defect-free islands with a lateral size of
approximately 40 nm. In addition, a series of samples was
grown at different growth temperatures to derive the tem-
perature dependence of the segregation efficiency which is
the most relevant parameter for description of the segrega-
tion processes.

II. EXPERIMENTAL PROCEDURES

The samples were grown by molecular-beam epitaxy on
GaAs(001) substrates. After the growth of a GaAs buffer
layer at 570 °C the substrate temperature was reduced to
535°C. A 2X4 reconstruction is observed for the
GaAs(001) surface during growth. For the first sample, in the
following denoted as multilayer sample, three In,Ga;_,As
layers were deposited which are separated by 28 nm thick
GaAs layers. This structure was capped by 28 nm GaAs. The
thicknesses and compositions of the In,Ga;_,As layers are
23, 20, and 22 monolayers and x,=0.28+0.03 (layer 1),
x0=0.16+£0.02 (layer 2), and x,=0.25+0.03 (layer 3), re-
spectively. The corresponding growth rates were 1.55
ML/sec, 1.33 ML/sec, and 1.46 ML/sec. These values were
determined in situ by reflection high energy electron diffrac-
tion (RHEED) oscillations. Note that only during the depo-
sition of the first InGaAs layer, a transition between 2D and
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3D growth is observed by RHEED. The growth was inter-
rupted between the three In,Ga,_,As layers to change the In
cell temperature (i.e., the In concentration). The As: Ga beam
equivalent pressure ratio was 15:1 for the whole structure.
As, source molecules were used. Five other samples were
analyzed, each containing only one In,Ga;_,As quantum well
with a nominal thickness of 22 ML and x=0.25+0.03, de-
posited at different growth temperatures between 500 °C and
550 °C.

The structural properties were studied by TEM of cross-
section samples viewed along the [010]-zone axis, prepared
by standard procedures.'® Plan-view samples were prepared
by chemical etching from the substrate side using a solution
of NaOH (1 mol/1) and H,0, (30%) with a proportion of
5:1 with the aim to prevent the formation of additional de-
fects during preparation. For the TEM investigations a Phil-
ips CM 200 FEG/ST electron microscope with an electron
energy of 200 keV was used. The microstructure of the plan-
view and cross-section samples was analyzed by conven-
tional TEM. The In concentration in the InGaAs layers was
obtained on an atomic scale by composition evaluation by
lattice fringe analysis (CELFA).! High-resolution TEM
(HRTEM) lattice-fringe images were taken using [010] off-
axis imaging conditions with a center of Laue circle (COLC)
corresponding to (0,20,1.5) for imaging with the (002) re-
flection, whereas the COLC was (1.5,20,0) if the (200) re-
flection was used. Choosing a (100)-type zone-axis orienta-
tion is important because the amplitude of the chemically
sensitive {200} reflections is strongly affected by the {111}
reflections in a (110)-type zone axis due to dynamical elec-
tron diffraction and nonlinear image formation in TEM. For
simplicity, the following description focuses on imaging with
the (002) reflection. The chemically sensitive (002) reflection
was centered on the optical axis. Only the (000) and (002)
reflections were selected for the formation of lattice-fringe
images. The local In concentration was determined by mea-
suring the amplitude of the (002) Fourier component of the
image intensity. The local (002) amplitude is compared with
(002) Fourier components calculated by the Bloch-wave
method with structure factors which also take static atomic
displacements into account.”’ Local thickness values of the
TEM sample in regions with known composition, i.e., in the
GaAs buffer layer adjacent to the islands, can also be ob-
tained by the CELFA technique by using three-beam imaging
conditions. More details of the evaluation procedure are
outlined in Refs. 17 and 19.

Low temperature (5 K) photoluminescence spectra were
acquired using an InGaAs detector and a spectrometer
equipped with a 600 mm~' grating. The excitation was car-
ried out by the 442 nm and 325 nm lines of a HeCd laser.

III. EXPERIMENTAL RESULTS

Figure 1 shows TEM images of the multilayer sample in a
plan-view [Fig. 1(a)] and cross-section perspective [Figs.
1(b) and 1(c)]. The inhomogeneous In distribution in the
islands, their sizes, and 3D shape leads to the strain contrast
in Fig. 1(a) where an arrangement of the islands mainly
along the (100) directions can be seen. Figures 1(b) and 1(c)
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FIG. 1. (a) Bright-field TEM plan-view image of the multilayer
sample, (b), (c) dark-field TEM images of a [010] cross-section of
the multilayer sample with (b) g=(002) and (c) g=(200).

are TEM dark-field images taken with the composition-
sensitive (002) and (200) reflections. Figures 1(b) and 1(c)
reveal that the second and third InGaAs layers are 2D quan-
tum wells (QWs) with a darker contrast compared to the
embedding GaAs. The first InGaAs layer (bottom) with
x=0.28+0.03 contains islands with sizes up to 40 nm and
cores with a white contrast [Figs. 1(b) and 1(c)]. The calcu-
lation of the image intensity of (002) dark-field images for
InGaAs with the Bloch-wave method using structure factors
computed within the density functional theory formalism?’
shows that minimum intensity in the InGaAs layer is ob-
served if the In concentration is approximately 17%. The
bright stripe in the center of the top InGaAs layer in Fig. 1(b)
and the bright regions within the islands in the bottom layer
indicate an In concentration significantly larger than 17% as
expected for a nominal In concentration x=0.25+0.03 and
x=0.28+0.03.

Figure 2 presents low-temperature (5 K) photolumines-
cence (PL) spectra of the multilayer sample, containing char-
acteristic peaks for all the three layers which are labeled by
the nominal In concentration. Two sharp emission lines with
a full width at half maximum of 8 and 7 meV occur at
1.315 eV and 1.385 eV. These lines can be attributed to the
two InGaAs QWs. A broad emission band with a full width
at half maximum of 77 meV is visible at approximately
1.18 eV which is in accordance with the observation of is-
lands by TEM. A redshift of the PL peak positions within-
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FIG. 2. PL spectra of the multilayer sample recorded at 5 K.
The three emission lines are labeled with the nominal In con-
centration of the respective InGaAs layers.

creasing nominal In concentration is observed. In contrast to
the narrow emission from the quantum wells, the width of
the PL peak of the island layer is 10 times broader as a result
of the distribution of island sizes and probably slightly dif-
ferent In concentrations within the islands [see Fig. 1(a)].

For the composition determination in the multilayer
sample, the CELFA technique is applied.'® Figure 3(a) shows
a gray-scale coded map of the local In concentration in the
first InGaAs layer with islands (bottom) and the InGaAs
quantum well (layer 2) with a nominal In concentration of
16%. Figure 3(a) reveals that the In concentration in the
islands is strongly inhomogeneous with approximately 25%
at the bottom and 37% close to the top. In Ref. 21 it was
shown by simulated images that the CELFA evaluation of
InGaAs QWs is rather insensitive to strain, lattice-plane
bending, and inaccurately known values of specimen thick-
ness and specimen orientation. However, in the present case
we apply the CELFA technique to the investigation of is-
lands, where the effect of strain and lattice-plane bending
might be crucial. To investigate this influence, we compared
CELFA evaluations of images formed with the (002) and
(200) reflections. For the (002) lattice planes, which are par-
allel to the interface, the lattice distance within an island
changes and the strain field induces lattice-plane bending. In
contrast, the (200) lattice fringes (perpendicular to the inter-
face) are only weakly affected by strain. As the islands are
grown pseudomorphically, there is virtually no effect of
strain on the (200) lattice planes in the center of a rotation-
ally symmetric island. In the present case we found that con-
centration profiles obtained by CELFA with the (200) or
(002) lattice planes give almost identical results. For the
evaluation of segregation efficiencies, we prefer the (002)
reflection, because the electron beam is (almost) parallel to
the interface plane for a COLC of (0,20,1.5). Imaging with
the (200) reflection induces a significant tilt of the electron
beam with respect to the interface plane and broadening of
the measured In-concentration profiles.

In-concentration profiles were obtained by averaging the
measured In-concentration maps along the (horizontal) [100]
direction. The error bars represent the standard deviation for
the local In-concentrations along one monolayer which con-
tains true concentration variations and variations due to noise
on the image. Figure 3(b) shows In-concentration profiles
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FIG. 3. (a) Gray-scale coded map of the In concentration in the
first (bottom) and second (top) layers in the multilayer sample, ob-
tained from a cross-section HRTEM lattice-fringe image with
CELFA. (b), (c) In-concentration profiles averaged along the [100]
direction as a function of the distance in growth direction in units of
ML (b) for layer 2 (squares) and layer 3 (circles) and (c) for the
island 1 (circles). The triangles correspond to an island from an-
other image not shown here. The solid curves are fit curves com-
puted according to the segregation model of Muraki er al. (Ref. 5).
The error bars give the standard deviation obtained by averaging
along the respective lattice plane.
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obtained for the layers 2 and 3 of the multilayer sample. The
measured profiles were fitted with the segregation model of
Muraki et al.’ using Eq. (1),

0 n<l
x(n) =1x0(1 =R") I=n=N (1)
xo(1=RMR"™™  n>N,

where n is the number of the ML in growth direction, x is
the nominal In concentration, R is the segregation efficiency,
and N is the total amount of deposited In expressed in MLs
of InGaAs. The parameters x,, N, and R were considered as
fit parameters. As these parameters define different charac-
teristics of the profile (x, and R the slope of the increasing
part and the maximum value, R the shape of the decreasing
part, and N the position of the maximum), unique values of
the fit parameters are obtained.

From the fitted profiles shown in Fig. 3(b), In segregation
efficiencies of 0.80+0.01 for layer 2 and 0.79+0.01 for layer
3 are derived. Averaged values for R, which are obtained
from different areas of the quantum well, yield R
=0.81+0.02 for layer 2 and R=0.80+0.02 for layer 3. Note
that both layers were grown at the same temperature of
535 °C which allows the conclusion that R is not affected by
different values for x, (16% and 25% nominally) within the
error limit. For the In concentration x, we obtain (19+2)%
for layer 2 and (25+2)% for layer 3.

Now we turn to the investigation of concentration profiles
obtained for the islands (layer 1). Figure 3(c) presents In-
concentration profiles obtained from the center parts of two
different islands. Due to the narrow region which was ana-
lyzed to derive the concentration profile error bars are not
given because they would be unrealistically small. The pro-
file labeled “island 1” corresponds to the left island in Fig.
3(a), whereas an image of “island 2” is not presented here.
The In-concentration profiles of the islands can be also well
described by Eq. (1) which yields segregation efficiencies of
R=0.84+0.01 for the island 1 and R=0.90+0.01 for the is-
land 2. The island height is 32.7 and 30.6 ML, respectively.

IV. DISCUSSION

A. Description of In segregation and evaluation of critical
In content for the 2D-3D growth mode transition

The experimental results show [Fig. 3(b)] that the Muraki
segregation model is well suited to describe the measured
In-concentration profiles. We now compare the In-
concentration profiles on the basis of the Muraki® and the
Dehaese® models. The In subsurface and/or surface activa-
tion and segregation energies are taken from Ref. 3 to be 1.8
and 0.2 eV, together with the lattice vibration frequency of
10" 57! (see also Ref. 10). Figure 4(a) demonstrates that the
Dehaese profiles deviate significantly from the Muraki pro-
files which model accurately the experimental profiles [Fig.
3(b)]. This result is plausible, because the Dehaese model
approaches the model of Moison et al.” at high growth tem-
peratures above 500 °C, and Gerard* showed that the Moi-
son model is limited to In concentrations below 11%. For In
concentrations below 11%, the segregation models of Muraki
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FIG. 4. (a) Concentration profiles computed for layer 3 accord-
ing to the segregation models of Muraki et al. (Ref. 5) (solid line)
and Dehaese et al. (Ref. 3) (bars). For the Muraki model, we em-
ployed the parameters R=0.8, N=22 ML, and x(,=0.25. The param-
eters for the Dehaese model were taken from Ref. 3. (b) Amount of
In in the In floating layer during growth plotted vs the distance in
growth direction. For the calculation with the Muraki model, we
used Eq. (2). The curves at the left-hand side were computed ac-
cording to the nominal parameters of layer 1, whereas the curves at
the right-hand side correspond to layer 3. As the 2D-3D transition is
clearly exceeded in layer 1, we estimate that the critical amount of
In lies close to 1 which is marked by a dashed line.

and Moison are in agreement.!! Figure 4(b) depicts the
amount of indium in the In floating layer calculated accord-
ing to the Muraki and Dehaese models for the layers 1 and 3.
The amount of indium in the floating layer was given by
Toyoshima et al.® for the Muraki model by Eq. (2),

FI(n) = x(n) (2)

(1-R)’

For layer 1, the nominal parameters were used. The maxi-
mum In content in the floating layer calculated by the Mu-
raki model is 0.99 ML for layer 3 and 1.11 ML for layer 1,
whereas x; remains distinctly below 1 for the Dehaese
model. As layer 1 is grown in the 3D mode in contrast to
layer 3, we conclude that the critical amount of indium in the
In floating layer is 1.1+0.2. The error margin also takes the
accuracy of the composition evaluation into account. This
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value is significantly smaller than the value 1.7 ML given by
Toyoshima et al. in Ref. 8. The discrepancy can be explained
by two reasons. First, Toyoshima et al. used a modified ver-
sion of the Muraki model [Eq. (3) in Ref. 8], which yielded
a slightly better fit of the experimental results, but at differ-
ent segregation efficiencies. Using the same segregation ef-
ficiency, the modified Muraki model always gives larger In
contents in the In floating layer. Second, the 2D-3D transi-
tion was obtained by RHEED, which could overestimate the
critical thickness. Our value is somewhat higher than the
value given by Cullis et al.'® This is the consequence of the
application of the Dehaese model which tends to underesti-
mate the In content in the floating layer for high growth
temperatures and In concentrations above 11% as also
demonstrated in Fig. 4(b).

The In-concentration profiles for the QWs contained in
the multilayer sample are verified by comparison of experi-
mental and calculated PL peak energies. For that purpose we
applied the envelope function formalism of Bastard?® to the
measured In-concentration profiles. The effective mass of
electrons and holes are calculated in the vicinity of the I’
point using a three-band Kane model?’ and material param-
eters taken from Ref. 28 are given in Table I. The
Schrodinger equation was solved with a position-dependent
potential deduced from the measured In-concentration pro-
files. The calculated PL at 5 K are 1.315 eV for layer 3 and
1.379 eV for layer 2. For the calculation of the concentration
and/or potential profiles we used R=0.8, N=22 ML, and
x0=0.25 for layer 3 and R=0.8, N=20 ML, and x;,=0.19 for
layer 2. Obviously, measured (1.315¢eV) and calculated
(1.315 eV) PL peak position are in good agreement for layer
3. For layer 2, the measured peak position 1.385 eV deviates
slightly from the calculated position of 1.379 eV. By varia-
tion of x, at constant values of R=0.8 and N=20 ML we
obtain agreement for x,=0.183 within the error limit of the
value determined by TEM x;,=(0.19+0.02), which is also
close to the nominal value of x,=(0.16+0.02). In addition,
nominal and measured thicknesses N of layers 2 and 3 are in
good agreement.

B. Temperature dependence of measured segregation
efficiencies

The segregation efficiency is the most relevant property
for the quantitative description of the segregation process. It
contains the effect of the growth conditions, in particular
substrate temperature, V/III-flux ratio, growth rate, surface
reconstruction, and the type of As-source molecule (As,,
As,), which are known to influence In segregation.”?">* The
temperature dependence of the In-segregation efficiency was
investigated by analyzing a series InGaAs QWs with identi-
cal In-concentration (25%), thickness (22 ML), and deposi-
tion conditions apart from the substrate temperature. The re-
sults for R in the temperature range between 500 °C and
550 °C are shown in Fig. 5. The In-segregation efficiency
increases significantly from 0.65 to 0.85, which demonstrates
the strong dependence of R on the growth temperature. Fol-
lowing the suggestion of Kaspi and Evans,” we plot the
segregation efficiency R versus the reciprocal growth tem-
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TABLE 1. Parameters used for the computation of the energy at maximum photoluminescence intensity.
The parameters were taken from Ref. 26. For the ternary material the parameter of the binary materials were
linearly interpolated. A slight bowing was assumed for the energy gap.

Parameter InAs GaAs Bowing parameter
Lattice parameter 0.60583 nm 0.56525 nm
Energy gap 0.4105 eV 1.5192 eV 0.475 eV
Varshni parameter « 0.276 meV/K 0.5405 meV/K -
Varshni parameter 8 93 K 204 K -
Effective mass m 0.023m, 0.066m, -
Luttinger parameter y; 20.168 7.715 -
Luttinger parameter 7y, 8.435 2.393 -
Valence band offset 0.62 eV 0.62 eV -
Deformation potential -4.19 eV =71.7eV -
of conduction band
Deformation potential -1.00 eV -1.16 eV -
of valence band
Shear deformation -1.80 eV -1.7eV -
potential
Elastic constant c11 833.0 GPa 1188.0 GPa -
Elastic constant c12 452.6 GPa 538.0 GPa -

perature in Fig. 6. We also added the results obtained by
Kaspi and Evans® and Muraki et al.’ Fitting the measure-
ments with an Arrhenius relationship R=D exp(—=E/kT) we
obtain values for parameter E of 0.068 eV (Muraki et al.}
V/III ratio is 4, x=0.126, growth rate 0.7 ML/s), 0.067 eV
(Muraki et al.,’ V/II ratio is 12, x=0.126, growth rate
0.7 ML/s), 0.11 eV (Kaspi and Evans,? x=0.22, growth rate
0.97 ML/s) and 0.29 eV (our data, V/III ratio is 15.5,
x=0.25, growth rate 1.5 ML/s). From the values of Muraki
et al. we deduce that the influence of the V/III ratio on E is
negligible. The nominal In concentrations are similar for all
three data sets. As segregation efficiencies measured in layer
2 (x=16%) and 3 (x=25%) of the multilayer sample
showed the same segregation efficiency, the difference in
concentration cannot explain the large differences in the fit-
ted values for E. Therefore, we conclude that parameter £
mainly depends on the growth rate. However, the parameter
E cannot be interpreted as activation energy of a single pro-
cess transferring In atoms from bulk layer to floating layer. It

085}
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0.80 / ]
1.

065 |- }/
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FIG. 5. Segregation efficiency R as function of the growth tem-
perature 7 for InGaAs QW layers with nominally x,=0.25 and
22 ML thickness.

has to be understood as the result of a variety of concurring
processes including exchange of In and Ga atoms between
the first two bulk layers, change of In atoms and Ga atoms
from bulk layer to floating layer and vice versa, as well as
desorption of In atoms from bulk layer and floating layer. As
pointed out by Dehaese et al., there is a kinetic limitation of
segregation depending on the ratio of the rates of these pro-
cesses and the flux of impinging atoms. In agreement with
Fig. 6, this effect leads to smaller segregation efficiencies at
higher growth rates. Our results combined with those pub-
lished in literature indicate that kinetic effects play an impor-
tant role for the segregation process.

C. In segregation on islands

The evaluation of concentration profiles in the center of
islands [layer 1, Fig. 3(c)] yields an average segregation ef-
ficiency of R=0.86+0.04. This efficiency is slightly larger
than the value obtained for the QWs grown at the same
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FIG. 6. Plot of In(R) as a function of growth temperature for the
values measured in this work, compared with results of Muraki ef
al. (Ref. 5) and Kaspi and Evans (Ref. 25).
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FIG. 7. Schematic illustration of plan-view and cross-section
samples with the island in the middle (dark region) for the discus-
sion of the measured In-concentration profile for the island 1 in Fig.
3(c).

temperature. Additionally, values for x, of approximately
0.35 were determined, which is significantly larger than the
nominal value of 0.28. These deviations can be explained as
follows.

One possible source of error is strain and lattice-plane
bending. However, this effect can be ruled out, because con-
centration profiles observed in the center of the islands were
similar for imaging with the (002) and (200) reflections.

Another point to consider is the fact that the islands are
embedded in a GaAs matrix. In the TEM image we observe
a projection of the island onto the viewing plane, which may
contain contributions of an island and the surrounding cap
layer. Figure 7 shows a schematic illustration of plan-view
and cross-section TEM samples with an island in the center.
Typical lateral island sizes of approximately 40 nm are ex-
tracted from Figs. 1(b) and 1(c). If the island is situated
symmetrically within the TEM lamella with a thickness
=15 nm, we observe an influence of the embedding matrix
only in a small region close to the top of the island. For
thicker TEM samples and asymmetrical island location in the
sample, a reduced In concentration will be measured. There-
fore, it should clearly be pointed out that the columnar-
average measurement of TEM limits the accuracy of the con-
centration measurement of buried islands so that only a
qualitative description of the concentration behavior can be
given.

In concentrations above the nominal In concentration
within islands were also observed in Ref. 12 by TEM com-
bined with strain state analysis. This effect was explained by
strain-induced migration of In atoms. Due to the elastic re-
laxation of an uncapped island during growth, In atoms mi-
grating along the growth surface prefer chemical bonding on
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top of the island due to the reduced strain energy compared
to a site on top of the wetting layer. An investigation of
capped islands with an In concentration of 50% was carried
out in Ref. 16. The authors found an In enrichment in the
core of the island with an inverted pyramid or cone shape,
which is similar to the In-rich core shown in Fig. 3(a) in
island 1. Also there, the nonuniform In concentration was
explained by variation of strain across the island surface dur-
ing growth. Careful measurement of In-composition distribu-
tions within uncapped islands with a nominal In-concen-
tration of approximately 25% grown at 540 °C were carried
out by Walther et al.’ using energy-selected imaging. These
authors observed that the In-concentration of an island in-
creases in growth direction and reaches approximately 60%
close to the top of the island. We measured an In concentra-
tion of approximately 35% on top of the buried islands. The
deviation can be explained by the surrounding GaAs matrix
as explained in the preceding paragraph.

Because of this limitation of our measurement technique
and due to the lateral migration and accumulation of In at-
oms on the growth surface above the islands, it appears ques-
tionable whether the measured In-concentration profile
within an island can be described by the Muraki model for
segregation, and there is no clear physical interpretation for
the values of x; and R obtained from the inner part of the
islands as shown in Fig. 3(c). On the other hand, the expo-
nential decrease of the In concentration observed within the
cap layer cannot be explained as a measurement artifact
caused by the surrounding GaAs matrix and thus clearly in-
dicates the existence of an In floating layer on top of the
islands after the 2D-3D transition.

V. SUMMARY

In this work we have measured In-concentration profiles
of MBE-grown InGaAs quantum wells and islands capped
with GaAs. The bulk In-concentration profiles are obtained
by the evaluation of high-resolution TEM lattice-fringe im-
ages with the CELFA technique.'” The experimental In-
concentration profiles can be well described by the phenom-
enological segregation model of Muraki et al.,> whereas
significant discrepancies are encountered for the model sug-
gested by Dehaese et al.? for our growth conditions. We ob-
tain a segregation efficiency R=0.80+0.02 at a growth tem-
perature of 535 °C for 2D layers with nominal In
concentrations of 0.16% and 0.25%. The analysis of the In
distribution in quantum wells with an In concentration of
25% shows that the segregation efficiency increases with
growth temperature from 0.65 at 500 °C to 0.83 at 550 °C.
The strong increase of the segregation efficiency with tem-
perature is explained by the large growth rate of 1.5 ML/s. A
comparison with temperature dependencies of samples
grown at smaller growth rates 0.7 (Ref. 5) and 0.97 ML/s
(Ref. 25) reveals a clear trend of increasing temperature
dependence and decreasing segregation efficiency with
increasing growth rate.

To determine the critical In content in the In floating layer
for the 2D-3D growth mode transition, a sample was ana-
lyzed which contains InGaAs quantum wells and an island

165306-7



LITVINOV et al.

layer. On the basis of the measured segregation efficiency
and the application of the Muraki model, which was con-
firmed explicitly by the experimental In-concentration pro-
files, we deduce a critical In content of 1.1+0.2 ML.

In-concentration profiles in the center of capped islands
reveal an exponential decrease of the In concentration within
the cap layer. This result clearly shows that the In floating
layer on top of the islands is not consumed by island for-
mation.
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