
VOLUME 86, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 12 MARCH 2001
Nature of the Stranski-Krastanow Transition during Epitaxy of InGaAs on GaAs
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We report first quantitative measurements by energy-selected imaging in a transmission electron mi-
croscope of In segregation within an uncapped islanded In0.25Ga0.75As layer grown epitaxially on GaAs.
This layer has the lowest In concentration at which islanding occurs and, then, only after a flat �3 nm
alloy layer has been formed. In buildup by segregation at the surface of this initial flat layer is considered
the driving force for islanding and, importantly, the segregation process introduces the characteristic delay
seen before the Stranski-Krastanow transition. We observe strong inhomogeneous In enrichment within
the islands (up to x�In� � 0.6 at the apex) and a simultaneous In depletion in the remaining flat layer.
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Misfit accommodation in strained epitaxial layers can
take place through dislocation formation or through the
occurrence of islanding and general surface roughness
[1–4]. Often the growth mode transition from layer-by-
layer growth to three-dimensional islanding occurs quite
abruptly when a certain critical strain state is reached
[5]. The latter so-called Stranski-Krastanow transition
has been observed for many large-misfit strained layer
system: It is driven by a type of morphological instability
in an initially deposited flat layer [3,5–7] and is still
the subject of detailed study. The islanding itself can
yield self-organized arrays [8] of electronically active
quantum dots suitable for advanced device applications,
although the physics behind the islanding transition needs
to be better understood to enhance the reproducibility and
uniformity of the dot arrays produced. This fundamental
understanding is addressed by the present Letter.

Calculations have shown that compositional variations
within islanded alloy layers may be expected under cer-
tain growth conditions, either as a direct result of the strain
[9] or due to different adatom mobilities on a rough sur-
face [10]. Numerous experimental reports have speculated
about lateral segregation in heteroepitaxial layers, mostly
on the basis of results of indirect methods which measure
effects related to the local chemistry of the layers [11–13].
High resolution transmission electron microscope (TEM)
imaging [14] provides atomic-scale resolution, but maps
only the local lattice parameter which depends on compo-
sition as well as on imaging conditions. The latter vary
sensitively with, in particular, the degree of thin foil re-
laxation [15] although this has been modeled successfully
using finite element calculations in plan-view investiga-
tions [16,17]. For the important cross-sectional geome-
try, however, the situation is much more complex because
the thinned specimen foil can tilt and buckle locally [18].
This can lead to ambiguities of interpretation, and it ap-
pears understandable that some studies of InGaAs islands
on GaAs have reported good agreement between simu-
lated and measured lattice spacings [19] while others have
attributed discrepancies to In concentrations either above
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[20,21] or below [22] the nominal values. A recent study
which attempted to measure the local stoichiometry more
directly by energy-filtered imaging with the In N2, 3 edge
[23] failed to produce reliable data because of inadequate
statistics and problems in image background correction.

In this Letter, we report the first direct elemental map-
ping of the strong lateral and vertical In compositional
modulation of islanded uncapped InxGa12xAs thin films
grown on GaAs(001). The results highlight the importance
of vertical segregation in the deposited flat layers immedi-
ately prior to island formation and confirm the composi-
tional inhomogeneity of the islands ultimately produced.
Layer growth took place by molecular beam epitaxy at
540 ±C, the highest temperature at which In desorption
can be considered insignificant, and at an In composi-
tion of x � 0.25, this being the lowest value at which the
grown layers exhibit islanding behavior [5]. This choice
of growth parameters ensured that the islanding transition
was maximally delayed with the formation of an espe-
cially thick initial flat alloy sublayer. The overall growth
was terminated when in situ reflection high energy elec-
tron diffraction showed that islands had just formed and
the substrate was cooled rapidly after this point. A typi-
cal atomic force microscopy (AFM) image of the islanded
surface is given in Fig. 1.

In the present work, energy-selected imaging (ESI) in
a field emission gun transmission electron microscope
(FEGTEM) has been applied to map the In and Ga
distributions and the local specimen thickness in thin
InGaAs layers. ESI has recently been developed as a
powerful tool to map local compositional changes [24] as
well as the absolute composition on the nanometer scale
[25,26]. Previous studies have mostly dealt with capped
island structures, since it is difficult to adequately protect
the surface during cross-sectional specimen preparation
by ion milling. We have bonded two cut pieces of the
wafer with InGaAs islands face-to-face with epoxy resin,
thereby producing a glue line of only 12 nm thickness.
This made it possible to thin the specimen (after initial
mechanical polishing) with low voltage argon ion milling
© 2001 The American Physical Society 2381
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FIG. 1. AFM image of growth islands upon the In0.25Ga0.75As
layer.

from both sides until perforation without the ion beams
actually disturbing the sensitive wafer surfaces.

The ESI work has been carried out using a Gatan imag-
ing filter attached to a JEOL 2010F FEGTEM operated
at a primary electron energy of 197 keV. Hartree-Slater
calculations [27] have shown that the ratio, srel, of the
ionization cross sections for the In M4, 5 to the Ga L2, 3
transition depends strongly on the energy window size and
the collection angle if the windows are placed immedi-
ately behind the onsets of the corresponding edges, while
this dependence is much less pronounced for integration
windows centered 50 eV behind the onset of edges (see
Fig. 2). For a beam convergence angle of a � 5 mrad, a
collection angle of b � 37 mrad, and energy windows of
widths between D � 10 and 80 eV, we then obtain srel �
12.2 6 1.0 [see Fig. 2(c)], and the cross section particu-
larly of the delayed In M4, 5 edge is enhanced relative to
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FIG. 2. Dependence of the ratio of inelastic scattering cross-
sections of In M4, 5 to Ga L2, 3, for various collection aper-
tures, b, on the width, D, of the integration window centered
either 50 eV behind (a)–(d) or placed directly at the edge onset
(e)–(h). Solid curves: b � 7 mrad; dotted: 20 mrad; dashed:
37 mrad; dot-dashed: 80 mrad. The experiments were per-
formed using curve �c�.
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measurements directly behind the edge onset, thus improv-
ing the signal-to-noise ratio. The accuracy will mainly be
given by that of the calculated scattering cross sections.
While a comparison of experimental and theoretical oscil-
lator strengths [28] indicates errors of 25%–30%, the scat-
tering cross sections of both Ga L2, 3 and In M4, 5 edges are
overestimated by a similar fraction, which almost cancels
out in the calculation of their ratio. The cross correlation
of images taken successively at different energies was per-
formed to pixel accuracy after appropriate image filtering
(low pass filtering to remove artefacts due to uneven illu-
mination and high pass filtering for noise removal), then
the background of the original pre-edge images was ex-
trapolated using an inverse power-law least-squares fit and
subtracted from the original post-edge images. Thus, net
elemental maps were calculated for both elements, In and
Ga. Since both elemental maps are spatially registered,
their ratio, r � I�In��I�Ga� could be directly related to
the indium composition x � r��r 1 srel� [25,29]. These
ratio maps exhibit negligible thickness [25] and diffraction
effects, as the layers have been oriented edge-on about 3±

off the �110� zone axis to avoid channeling. The thickness
gradients measured close to the interfaces and surfaces of
the specimen with InGaAs islands were small enough to
neglect the influence of subpixel drift between the In and
the Ga elemental maps on their ratio image. Also, the ex-
periment was repeated 3 times on different areas, and the
results were identical within the error bars.

Figure 3 shows a number of cross-sectional images and
maps across a growth island. The epitaxial island lies on
top of a flat InGaAs layer which has a full width at half
maximum of �3 nm, as seen from Fig. 4. The indium
concentration in this flat layer region is significantly be-
low the nominal composition [with a measured peak con-
centration of x�In� � 0.16 rather than 0.25] and decreases
further in the vicinity of the island [x�In� � 0.12 at the
base of the island]. While it is customary to describe a
flat layer grown before islanding takes place as a “wetting
layer,” this is not a satisfactory description in the present
case where substantial epitaxy of an InGaAs alloy has oc-
curred. This observation gives important insight into the
Stranski-Krastanow transition itself, as outlined below.

Examination of Figs. 3(f) and 3(g) shows that, first, the
peak concentration of In in the epitaxial island is much
greater than the nominal deposited composition. Further-
more, these figures demonstrate that the In composition
within the island is not constant but increases from base
to apex and shows a maximum of x�In� � 0.62 along the
vertical center line (see Fig. 4), while decreasing towards
the periphery. Such compositions represent projected aver-
ages across the island in the electron beam direction: The
actual peak In concentration will, therefore, be somewhat
higher than the measured value given above. These direct
composition maps are the first of their type to show such
strong composition variations within an island and are in
accord with scanning tunneling microscope (STM) stud-
ies presented recently [30]. Indeed, the measured local In
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FIG. 3. Measurement of the chemical composition of InGaAs
islands and wetting layers in cross section by ESI. Displayed
are an elastic bright field image (a), a relative thickness map
(b), a net In map (c), a net Ga map (d), and the In�Ga ratio
map (e) from which an In concentration map (f) can be directly
calculated. The gray-level map of (b) extends from 0.4 to 0.5
of the inelastic mean free path for electron scattering (�76 nm
for InGaAs). For the map in (c), an improved multi-window
method (with six pre-edge images between 300 and 425 eV and
a least-squares fit to the ln of the intensities) was used. The
sampling was 0.32 nm�pixel. (g) is a gray-level map of the
In composition, calculated by averaging in (f) nearest-neighbor
pixels and thresholding as indicated by the legend beneath. This
effectively reduces the spatial resolution to 1 nm.
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FIG. 4. Line profiles along [001] of the regions marked in
Fig. 3(f) (solid line: 20 nm wide scan across the flat layer left
of the island; dotted line: 3 nm wide scan across the center of
the island; dashed line: 6 nm wide scan just at the right base of
the island).

concentration values can be shown to be consistent, over-
all, with the deposition flux concentration of x�In� � 0.25.

The above results indicate that the growth process pro-
ceeds in two key stages. First, a flat layer of epitaxial
InGaAs alloy is formed and then, at a certain point, the
transition to island formation occurs. Previous literature
[3] has confirmed that this roughening is strain driven
but, from the present results, it is clear that the critical
strain is not achieved until a finite flat alloy layer has been
deposited. It is proposed here that this islanding delay
results from the need to build up a critical enhanced In
concentration upon the alloy layer surface and that this pro-
cess occurs by In segregation during the flat layer growth.
This proposal has been correlated with theory by com-
puting the expected rate of segregation of elemental In
to the layer surface. The two-state exchange segregation
model has been employed with In subsurface/surface acti-
vation and segregation energies taken to be 1.8 and 0.2 eV,
respectively [31,32]. The assumed lattice vibration fre-
quency was 1013 s21. The results of the calculations show
that, within the limitations of the model and under the
growth conditions employed here for the formation of a
In0.25Ga0.75As flat layer, it would be expected that �3 nm
of growth would take place before a stable surface In con-
centration of x�In� � 0.85 could be established. Thus, the
present work would indicate that the delay in island forma-
tion during Stranski-Krastanow growth is due to the need
to build up such an In-enriched layer at the growth surface,
resulting in a reduced In concentration in the underlying
flat layer, as observed. Segregation enriched surface lay-
ers with lower In concentrations do not result in islanding
since the present deposited flux has the lowest In concen-
tration ��25%� for which islanding is actually observed
[5]. For deposition fluxes with higher In concentrations,
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surface In enrichment on the initial flat layer builds up
more rapidly so that, for deposition of pure InAs, the flat
(or wetting) layer is only ,2 monolayers thick, as first
suggested on the basis of TEM studies [33] and later con-
firmed by reflection high-energy electron diffraction [34]
and AFM [35]. We note that the Stranski-Krastanow is-
landing transition is expected to have the same fundamen-
tal nature for all deposited In concentrations and, indeed,
depends upon segregation in other heteroepitaxial systems.

The enhanced In concentration measured within the
growth islands themselves results from the accumulation,
from the layer surface, of In in these partially stress-
relieved structures. Furthermore, the ESI measurements
demonstrate that there is a reduced amount of In remaining
at the flat layer surface around the island edges (Fig. 4,
dashed curve). This is in accord with the presence of an
accretion zone around each island, from which In has
been extracted.

Lastly, it is important that the present direct composition
measurements show the In distribution within a typical is-
land. This is not uniform but exhibits a distribution appar-
ently resulting from the preferential trapping of In atoms
at the apex of the island, in accord with previous STM
[30] and optical spectroscopy [36] measurements. The is-
land apex is the location at which there is maximum lat-
tice plane dilation [37], thus providing strain relief for the
larger bonded In atoms. The form of the relaxation induces
chemical potential gradients up the sides of each island
and, in the surface atom diffusion fluxes during growth,
these tend to separate In at the apex of the island from Ga
near the base.

In conclusion, the present work has provided the first
direct measurements, by elemental mapping, of the In
composition in the early stages of InGaAs alloy growth on
GaAs, demonstrating strong vertical and lateral In segrega-
tion. The delay in islanding characteristic of the Stranski-
Krastanow transition is attributed to the requirement to
form, upon an initially flat layer, a critically strained
growth surface enriched in In by the process of (vertical)
segregation. This work also confirms the inhomogeneous
In distribution within the growth islands, which contain
excess In near their apices.
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