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We show in this work that GaAs capping of 2 ML of GaSb grown by molecular beam epitaxy results
in the formation of very small �with heights of about 1 nm� GaAsxSb1−x nanostructures surrounded
by a GaAs rich layer. This conclusion is obtained by analyzing the morphology of the GaAsxSb1−x

nanostructures by high resolution scanning transmission electron microscopy in Z-contrast mode.
This result shows that a significant fraction of the Sb atoms must segregate along the growth
direction during the GaAs capping process. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3077009�

Research on GaSb/GaAs quantum dots is a topic of in-
creasing interest because this material has very attractive
properties, such as its type-II band alignment,1 opening the
possibility to fabricate new devices such as quantum infor-
mation devices and memories based on quantum dots.2–4

Jiang et al.5 studied by atomic force microscopy �AFM� un-
capped GaSb quantum dots grown by molecular beam epi-
taxy �MBE� and they found quantum dots sizes of about 10
nm. Nevertheless, during the process of capping of the GaSb
with GaAs, an important fraction of the formed quantum
dots seems to disappear, probably due to the exchange reac-
tion of Sb adatoms with As atoms on the GaAs surface
layer.6,7 This idea is supported by the fact that very small
�approximately 1–2 nm in size� GaAs capped GaSb/GaAs
nanostructures are observed by cross-sectional scanning tun-
neling microscopy on samples grown by metalorganic
chemical vapor deposition at 470 °C. In this work, we in-
vestigate by high resolution Z-contrast the nanomorphology
of GaAs capped GaSb nanostructures grown at 480 °C by
MBE. The analysis of the photoluminescence spectra of
these nanostructures in a previous work shows evidence
of a type-II band alignment, with holes strongly confined
�501 meV� and electrons weakly confined �46 meV� in the
electrostatic potential created by the accumulation of mul-
tiple holes inside each quantum dot under optical pumping.
The quantum dot photoluminescence at 1057 meV blueshifts
as the excitation power is increased.8 Here we present a
structural characterization study showing that GaAs capping
of GaSb quantum dots results in the formation of very small
�with heights of about 1 nm� nanostructures at the GaAs/
GaSb interface.

The analyzed nanostructures were grown by solid source
MBE at a growth rate of 0.1 ML/s at 480 °C on an n-type
GaAs�001� substrate after deposition of an n-type GaAs
buffer layer �Si: 1�1018 cm−2�. The formation of the GaSb
quantum dots was detected by the change in the reflection
high energy electron diffraction �RHEED� pattern after depo-

sition of 1.8 ML of GaSb. The GaSb layer, with a nominal
thickness of 2 ML, was then exposed to Sb flux for 20 s and
then annealed for an additional 20 s. The GaAs capping was
done at 0.4 ML/s in two steps. In the first step, a 10 nm thick
GaAs layer was grown at the temperature of quantum dot
nucleation. In the second one, a 40 nm thick GaAs layer was
deposited at 570 °C. During the growth, the As and Sb beam
equivalent pressures were 1.9�10−6 and 7.0�10−7 mbar,
respectively. This scheme was repeated six times. In order to
lower and stabilize the substrate temperature, growth was
interrupted for 3 min between each growth cycle. The top
layer was a p-type 300 nm thick GaAs:Be film grown at
580 °C. Single layer samples were also grown for photolu-
minescence and AFM studies.

Figure 1 shows a Z-contrast image of the GaAs/GaSb
interface obtained with the aberration-corrected scanning-
transmission electron microscopy VG Microscopes HB603U
microscope installed in Oak Ridge National Laboratory op-
erating at 300 kV. The electron probe size of this microscope
is less than 0.08 nm �Ref. 9� and the depth of field is 3–4
nm.10 The image has been taken close to in-focus conditions
collecting electrons scattered to angles higher than 57 mrad
using a probe forming aperture semiangle of about 22 mrad,
from an area containing GaSb nanostructures, which show
stronger contrast than the GaAs. This imaging mode is usu-
ally known as Z-contrast imaging because the intensity is
strongly correlated with the Z number of the analyzed atomic
columns and does not suffer from contrast reversal.

The material studied here consists of GaSb nanostruc-
tures capped by GaAs epitaxially oriented on the GaAs sub-
strate. The Ga and As–Sb atomic columns are clearly re-
solved in the Z-contrast image of Fig. 1, due to the electron
beam size used in our experiment that is smaller than 0.1 nm,
and therefore smaller than the distance between both atomic
columns in an �110� projection of GaAs �0.14 nm�. In gen-
eral, As–Sb columns appear brighter than Ga columns in the
Z-contrast image because their Z atomic number is higher.
Higher intensities in the image will correspond to higher
GaSb composition. The presence of a significant concentra-a�Electronic mail: sergio.molina@uca.es.
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tion of Sb in an anionic column can be detected from inten-
sity profiles as the one shown in Fig. 1�b�, which has been
traced along �001�. Each double-peak in this profile corre-
sponds to atomic dumbbells of Ga �right peak� and As–Sb
�left peak� columns. Those peaks of a dumbbell with similar
intensities correspond to GaAs �ZGa=31, ZAs=33�, whereas
higher intensities in the left peak are more likely associated
with higher Sb �ZSb=51� contents.

To analyze in more detail the Sb distribution in the
Z-contrast images, we have mapped the integrated intensity
in each projected unit cell, following an analogous procedure
to the one explained in previous publications.11,12 In this
way, the map of Fig. 1�c� has been built from the Z-contrast
image of Fig. 1�a�. The average integrated intensity of GaAs
unit cells measured in the substrate �i.e., GaAs� region is
IGaAs=6.17�107 counts, with a standard deviation of �GaAs
=0.19�107 counts. Blue color columns are associated to
unit cells having an integrated intensity lower than IGaAs
+�GaAs, that is, to those corresponding to pure GaAs or
GaAsSb with a Sb composition that is not statistically sig-

nificant. GaAsxSb1−x unit cells with a significant Sb compo-
sition have been colored according to the count scale of the
figure. Higher numbers of counts correspond to unit cells
with higher Sb contents. These maps are very helpful to mea-
sure the lateral sizes �in the order of 1–10 nm� and heights
�about 0.6–1.2 nm� of the formed GaAsxSb1−x nano-objects.
However, quantitative determination of Sb compositions is
very difficult because the very small size of GaAsxSb1−x
nano-objects will be surrounded by GaAs. The electron
channels preferentially along the atomic columns when the
electron beam is focused into the material along a zone axis
�in this case a �110� zone axis�,13 and therefore the electrons
collected by the high-angle annular dark field detector will
have been scattered both from the GaAsxSb1−x nano-object
and the surrounding GaAs material.

Given the extremely small size of the GaSb nanostruc-
tures observed by electron microscopy, a legitimate question
is whether quantum dots were formed before the GaAs cap-
ping process. In Fig. 2, we present a high energy electron
diffraction pattern in reflection geometry �RHEED� obtained
in situ during quantum dot growth. The RHEED pattern in
the inset of Fig. 2 is a transmission diffraction pattern that is
typical of quantum dot formation. The spot intensity profiles
in Fig. 2 have a sudden onset at t=18 s. Such an onset marks
the critical thickness for the two-dimensional to three-
dimensional transition typical of Stranski–Krastanov quan-
tum dot growth.

Figure 3 shows an AFM image of an uncapped GaSb
quantum dot sample grown in the same conditions with a
height profile for a representative quantum dot shown in the
inset. Average lateral dimensions and height are 30�10 and
11.2�2.0 nm, respectively. This implies three orders of
magnitude reduction in quantum dot volume during GaAs
capping of GaSb quantum dots. The quantum dot dimensions
decrease roughly an order of magnitude in each spatial di-
rection.

In conclusion, the deposition by MBE of 2 ML of GaSb
on GaAs and the further GaAs capping of GaSb result in the
formation of a discontinuous layer composed of GaAsxSb1−x
nanostructures with heights in the order of 1 nm or below.
GaAs capping results in three orders of magnitude volume
reduction in GaSb nanostructures. This is evidence that seg-
regation of the Sb must occur during the GaAs capping pro-

FIG. 1. �Color� �a� High resolution Z-contrast image of the GaSb/GaAs
layer. �b� Intensity profile taken from the image shown in �a� traced from A
to B along �001�. �c� Integrated intensities for each projected unit cell su-
perimposed on the original Z-contrast image shown in �a�. Blue color cor-
responds to unit cells which are not statistically different from GaAs.

FIG. 2. �Color� RHEED pattern and oscillations acquired with the electron
beam parallel to the �110� azimuth. Both the RHEED pattern and the thresh-
old at t=18 s are typical of quantum dot nucleation. The RHEED pattern in
the inset corresponds to t=20 s.
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cess, with the formation of a floating layer containing Sb
during the GaAs growth.
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FIG. 3. �Color� AFM micrograph of GaSb quantum dots before capping.
The lateral dimensions of the image are 2000 nm on each side. The color
scale corresponds to a height range of 0–20 nm.
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