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Transmission-electron microscopy study of the shape of buried InxGa12xAs/GaAs quantum dots
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High-resolution electron microscopy, on-zone bright-field imaging, and image simulation were used to
investigate the shape of capped In0.6Ga0.4As/GaAs semiconductor quantum dots. Cross-section^110& high-
resolution images suggest that the quantum dots are lens shaped, while the@001# on-zone bright-field images
show a contrast that suggests a quantum dot morphology with four edges parallel to^100&. The image simu-
lation, however, suggests that a spherical quantum dot can produce a square-shaped image. These observations
lead to the conclusion that the quantum dots in buried In0.6Ga0.4As/GaAs semiconductor heterostructures are
lens shaped.@S0163-1829~98!51432-4#
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Quantum dots in semiconductors have important poten
applications in optoelectronic devices.1 Carriers in quantum
dots are confined three dimensionally, so that the optoe
tronic properties are different from those in bulk materia
quantum wells, and quantum wires. The shape and siz
quantum dots are important parameters in determining t
optoelectronic properties.2–5 The most frequently used tech
niques to study their shape and size are atomic force mic
copy ~AFM!,6–11 scanning tunneling microscopy~STM!,12,13

reflection high-energy electron diffraction~RHEED!,14,15and
transmission-electron microscopy~TEM!.1,12,16–18Different
shapes of quantum dots such as lens shaped or ro
shaped,7–19 pyramids with different facets,9,10,13–17and trun-
cated pyramids1,18 have been reported using the above te
niques.

Differences in the calculated values for quantum d
ground-state and excited-state emission, and in intersubl
energies will be obtained depending on what shapes and
pect ratios are assumed in the calculation. Calculations
both pyramid-shaped20 and lens-shaped InxGa12xAs/GaAs
quantum dots21 have been reported; however, an exact
PRB 580163-1829/98/58~8!/4235~3!/$15.00
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perimental determination of the shape of these islands i
present controversial.

It is well known that AFM and STM can only be used
study quantum dots on the top surface6–12 or cross-section
specimens of buried quantum dots where the dots are
posed on the specimen’s surface.13 However, these tech
niques are inappropriate and not useful for studying the m
phology of buried quantum dots. RHEED is also a surfa
technique, but since it is an indirect method, its results
easily be misinterpreted.14 TEM is the only tool capable of
studying buried quantum dots. However, under the usual
namical two-beam imaging or on-zone axis multibeam im
ing conditions, the diffraction contrast image is forme
largely by the strain field around the quantum dots, rat
than by their shape and size directly. As a result, it is
possible to interpret diffraction contrast images without i
age simulations.22,23 In this paper, we determine the shape
buried quantum dots in In0.6Ga0.4As/GaAs strained-layer het
erostructures by high-resolution electron microsco
~HREM!, and by on-zone bright-field imaging with imag
simulation.
The
FIG. 1. A ^110& cross-section HREM image of buried In0.6Ga0.4As quantum dots showing two lens-shaped dots partially overlapped.
boundaries are highlighted using white stars.
R4235 © 1998 The American Physical Society
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Capped nm-size In0.6Ga0.4As quantum dots were grow
by metalorganic chemical vapor deposition using a horiz
tal reactor cell operating at 76 Torr on a~001! GaAs sub-
strate. The growth temperature during the island growth w
550 °C. An 80-nm-thick capping layer of GaAs was grow
on top of the dots while ramping the growth temperature
650 °C. Further details of the growth procedure are repo
elsewhere.24,25

Plan-view and̂ 110& cross-section TEM specimens we
prepared by ion-beam thinning using a Gatan 660 Ion-Be
Thinner with a cold stage to prevent preferred thinning. TE
investigations were performed in Philips EM430, Phili
CM12, and Philips FEG CM200 transmission electron m
croscopes.

To determine the shape of GaAs capped In0.6Ga0.4As
quantum dots grown on an~001! GaAs substrate, a HREM

FIG. 2. A @001# on-zone bright-field image of buried
In0.6Ga0.4As quantum dots showing square-shaped contrast w
edges parallel tô100&.

FIG. 3. Total displacement as a function of distance from
center of a dot, along@100# and @110# directions, respectively.
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study of^110& cross-section samples of buried quantum d
was carried out. Figure 1 is a typical cross-section HRE
image, showing large and small lens-shaped In0.6Ga0.4As
quantum dots, partially overlapped. The aspect ratio
height to diameter is approximately 1:5 for the large dot a
approximately 1:4 for the small dot, while the diameter
the large dot is around 42 nm. Images from other dots h
aspect ratios between these values, which is in agreem
with the values measured by AFM and cross-section HR
for uncapped quantum dots.11,12,17 This agreement sugges
that there is no shape change during the growth of the c
ping layer, even though such a change has b
suggested.26,27

While the HREM images suggest that the quantum d
are lens shaped,@001# on-zone bright-field images sugge
otherwise. As shown in Fig. 2, the images of many quant
dots are seen, with square shapes, and edges parall
^100&. The edge lengths vary between 20 and 40 nm. Ru
mov et al.16 have reported a similar square-shaped diffra
tion contrast image, which, combined with their cross sect
HREM image, led them to conclude that their quantum d
were of pyramid shape with a square base. However, fr
our image simulations below, we argue that extreme cau
is required in interpreting the shape of quantum dots fr
the shape of on-zone experimental images, and we bel
that the same caution is also needed in interpreting the
ages of Ruvimovet al.16

To investigate the relationship between the image sym
try and the shape of quantum dots, image simulations w
carried out using multibeam dynamical electron scatter
theory,28 with the strain field introduced as a local displac
ment R(x,y,z) . As R(x,y,z) is not easily obtained for a lens
shaped quantum dot, a spherical quantum dot was used,
ing the same radial symmetry as the lens-shaped dot w
observed from@001#, as in the experiment. The formulatio
of Mura29 was used for determining this displacement, w
the anisotropic elastic constantsc11, c12, and c44 of
In0.6Ga0.4As set equal to those of GaAs.30 This formulation

th

e

FIG. 4. A simulated@001# on-zone bright-field image of a burie
spherical dot showing a near square contrast with edges parall
^100&. The following parameters are used in the image simulati
accelerating voltage, 120 kV; number of electron beams used in
simulation, 29; film thickness, 80 nm; depth of dot center in t
sample, 40 nm; dot radius, 10 nm; and lattice mismatch, 3.6%.
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assumes a periodic array~in three dimensions! of dots. Pro-
vided that the dot spacing is not too small, this periodic
does not affect the displacement field significantly, althou
it does affect the calculation speed. A periodicity of eig
times the dot diameter was chosen, following the work
Degischer31 that suggests that this spacing is sufficien
large for that purpose. For simplicity, the structure factors
GaAs and In0.6Ga0.4As were assumed to be equal.

Figure 3 shows calculated displacement fields along@100#
and @110# for a spherical dot with a radius of 10 nm. It
clear that the displacement field is different along the t
directions because of the symmetry of the cubic lattice,
in fact, it has fourfold symmetry along@001#. Such a differ-
ence will certainly affect diffraction contrast images.

Figure 4 shows a simulated@001# on-zone bright-field im-
age of the spherical model In0.6Ga0.4As quantum dot inside
the GaAs. The simulated image has a near square shape
edges parallel tô100&, even though the dot is spherical
shape. This simulated image is in excellent agreement w
images obtained experimentally, as shown in Fig. 2. M
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sumura et al.23 also reported experimental and simulat
fourfold symmetry in@001# on-zone bright-field images from
spherical Co-rich precipitates in a Cu-Co matrix. From th
we conclude that buried spherical quantum dots in the cu
lattices can appear having fourfold symmetry in^001& on-
zone bright-field images.

It is clear from these image simulations that the on-zo
bright-field image contrast of quantum dots will reflect t
symmetry of the lattice rather than the symmetry of t
quantum dot. Furthermore, we conclude that a lens-sha
quantum dot viewed along@001# will show fourfold symme-
try. From this, we conclude that the image of Fig. 2 cou
arise from lens-shaped quantum dots, in agreement with
shape determined from HREM.

The authors would like to thank the Australian Resea
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