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Determination of the shape and indium distribution of low-growth-rate InAs
quantum dots by cross-sectional scanning tunneling microscopy

D. M. Bruls,a) J. W. A. M. Vugs, P. M. Koenraad, H. W. M. Salemink and J. H. Wolter
COBRA Inter-University Research Institute, Dept. of Applied Physics, Eindhoven University of Technology,
P.O. Box 513, 5600 MB Eindhoven, The Netherlands

M. Hopkinson
Department of Electronic and Electrical Engineering, University of Sheffield, Mappin Street, Sheffield S1 3JD,
United Kingdom

M. S. Skolnick
Department of Physics and Astronomy, University of Sheffield, Sheffield S3 7RH, United Kingdom

Fei Long and S. P. A. Gill
Department of Engineering, University of Leicester, Leicester LE1 7RH, United Kingdom

~Received 27 August 2001; accepted for publication 10 July 2002!

We present a cross-sectional scanning-tunneling microscopy investigation of the shape, size, and
composition of InAs quantum dots in a GaAs matrix, grown by molecular beam epitaxy at low
growth rate. From the dimensional analysis we conclude that the investigated quantum dots have an
average height of 5 nm, a square base of 18 nm oriented along@010# and@100# and the shape of a
truncated pyramid. From outward relaxation and lattice constant profiles we conclude that the dots
consist of an InGaAs alloy and that the indium concentration increases linearly in the growth
direction. Our results justify the predictions obtained from previous photocurrent measurements on
similar structures and the used theoretical model. ©2002 American Institute of Physics.
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The shape and composition of self-assembled quan
dots ~SQDs! are properties that are very difficult to dete
mine and often only available by indirect means. Prec
knowledge of these parameters,1–7 on which optical and
electrical properties depend, are of major interest. In
SQDs in a GaAs matrix, grown by molecular beam epita
~MBE! in the Stranski–Krastanov growth mode, are of p
ticular interest. Quantum dots at the growth surface can
investigated using atomic force microscopy.8 The dot shape
and thus the electronic properties can, however, change
nificantly after coverage with a capping layer. High reso
tion transmission electron microscopy can be used to inv
tigate covered quantum dots,1,6,7,9,10but this method suffers
from averaging effects, which hamper the investigation
for example, interface roughness and alloy fluctuations
this study, cross-sectional scanning-tunneling microsc
~X-STM! is employed to obtain a conclusive and comp
hensive determination of the shape, size, and compositio
SQDs. These results are in good agreement with photo
rent measurements made previously on a similar structu1

and justify the theoretical assumptions that were used to
these photocurrent measurements.

The X-STM measurements were performed under U
(p,4.10211 Torr) conditions, using an Omicron STM1
TS-2 scanner, onin-situ cleaved~110! surfaces. All struc-
tures were grown by MBE at 512 °C and contained five la
ers of low growth rate~0.01 monolayers~ML !/s, 2.4 ML
InAs per layer deposited! InAs dots within a GaAs matrix.
The dots were located in the middle of ap– i –n junction to
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enable bias dependent photocurrent measurements.1 The dot
layers are uncoupled with a spacing of 50 nm between
layers.

A number of individual SQDs were investigated b
X-STM using the constant current mode in which both t
topography and current image were recorded. In Fig. 1
display a typical current image of a single investigated

FIG. 1. 40340 nm2 X-STM current image of a cleaved InAs quantum d
and the wetting layer. In the upper right corner some cleavage debr
visible.
8 © 2002 American Institute of Physics
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and part of the wetting layer. In these images the ato
corrugation and contrast are very pronounced. This enab
more clear distinction between the InAs quantum dot and
surrounding GaAs matrix, thus facilitating the determinati
of the size and shape of the dots.

Various models for the shape and orientation of quant
dots are proposed in the literature.10–13 It was also reported
that the shape strongly depends on the growth parame
during MBE.13 Performing measurements on the natu
~110! cleavage plane implies that the shape and size foun
the cross-sectional images depend on the position of each
with respect to the cleavage plane and the actual dot sh
In Fig. 2 we present the cross-sectional models for a full a
truncated pyramid quantum dot, and their possible cross
tions with respect to the cleavage plane. As the top surfac
all our measured dots is flat, we did not consider a le
shaped structure. We have investigated 18 cleaved dots
measured their cross-sectional dimensions.

The height and base length distribution is deduced fr
our X-STM measurements and is plotted in Fig. 3. No tria
gular shaped cross sections are observed, so model 1 c
excluded. As no fixed base length for various heights is
served, neither model 3 or 4 is feasible. The existence
various base lengths with a generally constant height is
agreement with model 2. Because of the limited numbe
investigated dots, it is not possible to determine the size
tribution of the dots.

The maximum base length of 26 nm is the diagonal

FIG. 2. Four models for the shape and orientation of the quantum dots
their various cross sections with respect to the cleavage plane.

FIG. 3. Height versus base length distribution of the cross-sectional im
of the analyzed quantum dots. The expected distributions for the two
sible cross-sections with the$111% ~dotted line! and$101% ~solid line! facets,
forming the sidewalls of the dots, are indicated in the graph.
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the square base, so the actual base length is 186 1 nm. The
height of the dots is 56 1 nm. This is in perfect agreemen
with photocurrent measurements performed previously o
sample grown under very similar conditions.1,2 Moreover,
they concluded that an indium gradient must exist in th
SQDs. In the measured quantum dots, many small s
ranged fluctuations are visible~Fig. 1! indicating that the dot
material is indeed an alloy. The formation of an alloy duri
growth is well known from STM measurements on uncapp
InAs quantum dot structures.3

After cleavage the quantum dot relaxes outwards due
the strain resulting from the large lattice mismatch betwe
InAs and GaAs~7%! ~Fig. 4!. This is visible in line profiles
across the dots in topography images. The magnitude of
outward relaxation is linked to the local indium concentr
tion inside the quantum dot11 ~Fig. 4!. By using the proper
tunnel conditions, only the true surface relaxation is imag
and the electronic effects in the height corrugation due
band gap differences are negligible.14

Using the finite element calculation packageABAQUS,
which was successfully used for the interpretation of pho
current measurements,1 it is possible to calculate the outwar
relaxation~Fig. 4! and lattice constant~Fig. 5! profiles for
cleaved dots with finite dimensions consisting of various
dium distributions, like a linear indium gradient. In the ca
culations, different values for Young’s modulus~EInAs

551.44 GPa,EGaAs585.62 GPa! and Poisson’s ratio~n InAs

50.353,nGaAs50.3177! are assumed inside and outside t
dot, respectively. Furthermore, these parameters and
strain in the alloy are assumed to be a linear function of
indium concentration. Although some particular shape a
composition combinations could result in the same relaxa
profile, these calculations, together with the X-STM me
surements, can be very effectively used to determine the
cal indium concentration in the SQDs within 10%.

The calculations have been performed for various co
positions for a dot with the shape of a square based trunc
pyramid and have been compared with experimental res
~Figs. 4 and 5!. The width of the dot at the bottom is 18 nm
and decreases to 10.6 nm at the top of the dot. The dot he
is 5.0 nm, it sits on a 0.6-nm-thick continuous wetting lay

nd

es
s-

FIG. 4. Measured and calculated line profiles across the center of the
All indium gradients and the measured profile are plotted from bottom
top.
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and is assumed to be cleaved along its diagonal. In the
culations the following indium profiles in de dots are inve
tigated:~1! InxGa12xAs dots with constantx, ~2! dots with a
linear indium gradient,~3! dots with a pure inverted pyrami
dal shaped indium core, and~4! dots with indium profiles as
proposed in Ref. 15.

By analyzing only dots with a cross-sectional ba
length that equals the maximum observed value~Fig. 3!, we
are sure that the experimental data presented in Figs. 4 a
are indeed obtained from dots that are cleaved along t
diagonal. Calculations assuming steeper side facets of
dot, which are not observed, result in a worse outward re
ation fit. A lower indium concentration indeed results in
lower average outward relaxation, and the dots cannot c
sist of pure InAs due to the asymmetry in the profile. T
calculation assuming an indium gradient~60% linear to
100% from bottom to top! yields the best fit to our relaxatio
measurements~Fig. 4!. In addition, we find a reasonabl
agreement for the same parameter set for the lattice con
profile in Fig. 5, where we have determined the change
lattice constant throughout the cleaved dot by taking l
profiles and measuring the spacing between the atom ro

We observe an increase of the lattice constant of 35
going from the bottom to the top of the cleaved dot. This c
be linked to the local indium content.11 In principle a varia-
tion of the lattice constant in the dots does not imply a g
dient in the indium concentration. By using the finite eleme
calculations we were able to show that from the investiga
models, only the models assuming an indium gradient
wards the top of the dot, as proposed in Refs. 1 and 2,

FIG. 5. Average measured lattice constant profile in the growth directio
the quantum dot~circle!, compared with calculated profiles from the phot
current results~uncleaved surface! ~solid line! and numerical simulations
~square!.
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which gave the best fit to the measured relaxation profi
can give rise to the observedincreasedstrain in the growth
direction, causing the observed lattice constant profile of
cleaved dot~Fig. 5!. The indium gradient is possible throug
growth processes such as segregation and strain relate
dium incorporation.9,16 Both these mechanisms might be e
pected to lead to an indium gradient, resulting in a high
indium concentration in the top of the dot.

In conclusion, we show that X-STM can be used ve
effectively to determine shape, size, and local indium c
centration of SQDs in a quantitative way. From outward
laxation, lattice constant profiles, and numerical calculatio
we have concluded that the indium concentration within
dots, which were grown at low growth rate, increases l
early towards the top. This is in agreement with predictio
of previous photocurrent measurements, justifying the th
retical approach used in Ref. 1. Therefore the application
X-STM, together with theoretical modeling, can give a co
rect description of the optoelectronic properties of SQDs

The authors would like to acknowledge J. A. Barker a
E. P. O’Reilly for making the data of the strain distributio
used in Ref. 2 available to them, J. H. Davies and Prof.
Cocks for fruitful discussions and the EPSRC for fundi
~Grant No. GR/M31705!.
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