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The authors succeeded in observing atomic scale images of undamaged single InAs quantum dots
(QDs) embedded in the GaAs matrix using high resolution transmission electron microscope
equipped with focused ion beam system. The QD can be viewed from multidirections, and a
conclusive and comprehensible determination of the size and the shape anisotropy has been realized.
Asymmetry of the structural properties has been confirmed between the [110] and [-110] crystal
directions. The embedded QD is elongated along the [—-110] axis. The strain-field pattern is also
asymmetric according to the shape anisotropy. The results will enable the investigation of the exact
structure anisotropy influencing the atomlike properties of QDs. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2436633]

Atomlike electronic states of self-assembled semicon-
ductor quantum dots (QDs) produce excellent functions for
quantum information applications. Especially, the radiative
decay of biexcitons in a QD is expected as a source of
event-ready polarization entangled photon pairs.H’ However,
the two intermediate exciton states in real QDs are nonde-
generate because of in—lplane asymmetries of the structural
properties of the QD.” % The fine-structure splitting of the
intermediate states gives rise to the “which path” informa-
tion. Generally, the QD is elongated along the [-110] crystal
axis, which comes from the nature of the self-assembled ep-
itaxial growth.”f13 The atomistic asymmetry and the in-built
piezoelectric field cause the anisotropic optical transitions for
the [110] and [-110] polarizations. According to abundant
photoluminescence measurements of single QDs in a QD
ensemble, a relative trend between the sglitting and the re-
combination energy has been evaluated.>® However, the ob-
tained results do not show a unified trend, which sensitively
depends on the growth condition. In order to control the
fine-structure splitting, the in-plane symmetry of embedded
QDs still needs to be clarified. In particular, the anisotropy
between [110] and [-110] is important. For this purpose, we
have to perform the direct observation for single QDs em-
bedded in the matrix and to investigate the structural prop-
erties. The result will enable us to optimize growth strategies
for QDs.

Although the shape of uncapped QDs is easy to observe
by in situ scanning-tunneling microscopy (STM),'"™"? the dot
structure is not necessarily the same as that embedded in a
matrix because of In segregation during the capping layer
growth. Recently, a cross-sectional STM technique has been
developed to investigate the real-space image of single QDs
embedded in a GaAs matrix.'* This measurement is expected
to determine the shape, size, and composition of the QDs.
However, the image depends on the cleavage plane, and fur-
thermore, it is impossible to observe the single QD from
multidirections. Conventional cross-sectional transmission
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electron microscopy (TEM) also has the same problem. Here
we conceptually advanced the TEM technology by combin-
ing with the focused ion beam (FIB) microsampling
technique15 and succeeded in observing multidirectional high
resolution TEM images of single InAs QDs embedded in
GaAs. A single QD is selected and extracted from a desired
portion of the epitaxial wafer. The QD is placed at the center
of a micropillar. The multidirectional TEM observation re-
veals the anisotropic structural properties. Furthermore, this
technique can realize an extremely precise fabrication pro-
cess of micropillar devices including a desired single QD.

Self-assembled InAs QDs were grown on GaAs(001)
substrates by solid-source molecular beam epitaxy. The As
pressure was kept constant at 3.0 X 10~® Torr beam equiva-
lent pressure. InAs was deposited at 460 °C after growing a
510 nm thick GaAs-buffer layer. The growth rate was
0.012 ML/s. The deposited nominal thickness of InAs was
3.6 ML. The QD size can be controlled by changing the
deposited thickness and the growth rate. In the lattice-
mismatched system of (In,Ga)As/GaAs, the self-assembled
growth can be achieved by the Stranski-Krastanov growth
mode.'® Above the critical thickness of about 1.8 ML, the
growth mode is transformed from the two-dimensional layer-
by-layer growth to the three-dimensional island growth. The
growth-mode transition is determined from the change in the
reflection high-energy electron diffraction (RHEED) pattern.
At the growth transition, the RHEED exhibits chevron pat-
terns representing the QD formation. After growing the InAs
QDs, the dots were capped by a 150 nm thick GaAs.

After milling to a size of approximately 300 X 300 nm?,
we select a single QD for the three-dimensional TEM obser-
vation. This procedure is shown in Fig. 1. TEM images ob-
served with the incident beam parallel to the [110] and
[-110] directions are displayed on the right of the illustration
indicating the size and the crystal axes. The black image at
the topmost layer is a tungsten layer.15 Formation of an about
20 nm thick wall of amorphous GaAs during the FIB process
is confirmed. Figure 1(a) displays the initial pillar structure
with the size of about 320 X 290 nm?. As shown in Fig. 1(b),
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FIG. 1. (Color online) FIB sampling process. (a) TEM images observed
with the incident beam parallel to the [110] and [-110] directions are listed
on the right of the illustration. The black image at the topmost layer is a
tungsten layer. An about 20 nm thick amorphous GaAs wall is formed by
the FIB process. The size of the initial pillar structure is about 320
%290 nm?. (b) The width along the [-110] direction is reduced by the FIB
after a desired dot is selected (white arrow). (c) Next, the width along the
[110] direction is reduced in order to extract the single dot.

the width along the [-110] direction is reduced by the FIB
after a desired dot is selected. Next, the width along the [110]
direction is reduced in order to extract the single dot [Fig.
1(c)]. Thus the position of the QD in the pillar can be con-
trolled precisely by the in situ FIB process. Finally, the pillar
sample is milled gently using 500 eV Ga* ions to reduce the
damaged layer, which enables to obtain clearer lattice im-
ages. Figures 2(a) and 2(b) show TEM images of the finally
milled pillar sample observed with the incident beam parallel
to the [110] and [-110] directions, respectively. The selected
single QD is confirmed to be placed at the center of the pillar
sample. The size of the pillar sample is reduced to about
80 80 nm? and the thickness of the damaged layer is dra-
matically reduced to about 5 nm. Multidirectional high reso-
lution TEM observation can be accomplished using this pil-
lar sample.

High resolution TEM images of the pillar sample have
been observed with the incident beam parallel to the [110]
[Fig. 2(c)] and [-110] [Fig. 2(d)] directions. The observed
direction has been adjusted precisely by confirming the
electron-beam diffraction pattern as show in the inset of Figs.
2(a) and 2(b). The lattice fringes of the (111) plane of GaAs
are clearly observed as magnified in Fig. 2(d), which has
been attained by the final gentle milling. The embedded QD
observed from both directions has been revealed to have in-
plane asymmetry in size and shape. Although a faint strain-
field contrast overlaps with the lattice image, the asymmetry
is appreciable. The QD is confirmed to be elongated along
the [-110] crystal axis. The height is about 5 nm, and the
base lengths are about 21 and 23 nm along [110] and
[-110], respectively. These scales are almost the same as the
values for uncapped QDs measured by STM." The shape
anisotropy depending on the base length is considered to
come from the anisotropic formation of the crystal facets
between these directions. Generally, the low index facets
such as (111) and (—1—11) are known to form preferentially
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FIG. 2. Multidirectional TEM images of a single QD placed at the center of
a micropillar. Low-magnification TEM images of the pillar sample observed
with the incident beam parallel to the [110] and [—110] directions are shown
in (a) and (b), respectively. (c) and (d) are high resolution TEM images
corresponding to (a) and (b), respectively.

at the final stage of the QD growth.12’13 The relatively low

growth rate of the low index faceted planes gives rise to the
anisotropic shape. The facet interfaces between the QD and
the capping layer are unclear because of the In segregation
during the capping layer growth. Furthermore, it is found
that the strain-field pattern is asymmetric according to the
shape anisotropy. The shape anisotropy and the resultant an-
isotropic strain distribution provide key factors for under-
standing the excitonic states.

The strain-field contrast seems to be remarkable in the
image taken at the electron-beam incident azimuth along the
[110] direction [Fig. 2(c)]. This may indicate that the strain
distribution is preferential along the [-110] direction, i.e.,
the long axis of the QD. Actually, for an almost isotropic
QD, such anisotropic strain contrast has been found to be
weak. However, as can be seen from the diffraction patterns
in Fig. 2, the crystal orientations are both slightly off the
corresponding zone axes. Figure 2(a) shows that the sample
has been tilted slightly about the [001] axis and just a little
about [—110], as the diffraction spots are somewhat more
intense towards the bottom right. This tilt is very small, how-
ever, and the strong strain observed is due to the near-zone-
axis orientation. In Fig. 2(b) the sample is tilted about the
[110] axis, as the top diffraction spots are brighter than the
lower ones. This tilt implies that the interface structure is not
viewed edge-on, reducing the overall strain contrast. As the
strain extends further out of the quantum dot into the sur-
rounding material, a zone-axis orientation with lots of strain
contrast will automatically show a larger structure while a
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quantum dot will appear smaller if imaged under slight off-
axis conditions that suppress strain contrast. These facts
caused by the slight tilt are considered to be insignificant but
cannot be denied completely.

In conclusion, the multidirectional observation reveals
the anisotropic structural properties of the embedded QD,
which has never been observed. By comparing multidirec-
tional TEM images of QDs grown at different growth condi-
tions, we will be able to optimize growth strategies for QDs
with isotropic structural properties. The developed FIB-TEM
technique is applicable to any material which can be pro-
cessed by the FIB and would be a powerful tool to investi-
gate the solid image of desired materials. That strategy rep-
resents a significant conceptual advantage in the field of
electron microscopy. On the other hand, the in situ FIB pro-
cess is also expected to be useful in fabricating precisely
single QD devices.
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