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Great suppression of fine-structure splitting (FSS) is demonstrated in self-assembled GaAs quantum dots (QDs) grown on AlGaAs(111)A surface.
Due to the three-fold rotational symmetry of the growth plane, highly symmetric excitons with significantly reduced FSS are achieved. Scanning
tunneling microscopy and cross-sectional transmission microscopy demonstrate a laterally symmetric dot shape with abrupt interface. Polarized
photoluminescence spectra confirm excitonic transition with FSS smaller than ~20 eV, a substantial reduction from that of QDs grown on (100).

© 2010 The Japan Society of Applied Physics

much interest because of their potential application

in entangled photon sources, which would serve as a
key unit for quantum information technology. The genera-
tion of entangled photons in the QDs relies on the twin-
photon emission associated with the transition cascade from
the biexciton state to the exciton state, and to the ground
state. Thanks to the spinor nature of excitons, this transition
path becomes two-fold. When these two paths are indis-
tinguishable, the two photons become entangled on a
polarization basis."

Many studies have focused on Stranski—Krastanov (SK)
growth of QDs on (100) surfaces. However, these QDs
normally exhibit significant fine-structure splitting (FSS) due
to the elongated morphology, strain-induced piezoelectric
field, and intermixing between InAs and GaAs.? Several
approaches have been reported for solving these problems,
such as high-temperature annealing® and the application of
external fields.*® In the first case, however, only small
percentage of total QDs exhibited small FSS. The latter
approach requires a complicated setup, which is not
practical. It is therefore desirable to establish an alternative
technique for the self-assembly of symmetric QDs.

Very recently, the reduction of FSS using (111) surface
was predicted theoretically,”® and demonstrated experimen-
tally.”!? Note that, via SK growth, it is difficult to obtain
QDs on the (111) substrates. Thus, they used patterned
substrates (inverted pyramids)® or droplet epitaxy (DE),'”
both producing InGaAs QDs on GaAs(111)B. In the former
case, however, highly complex processes, such as electron
beam lithography, are required for preparing the patterned
substrates. Also, a large number of impurities might be
incorporated during these processes, which would shorten
the carrier lifetime. In the latter case, they applied DE to
the lattice-mismatched system, implying the lowering of
morphological quality compared to the lattice-matched
case.!V

In this study, we demonstrate the self-assembly of GaAs
QDs on AlGaAs(111)A surfaces via DE.'”'¥ In the case
of DE in the lattice-matched GaAs/AlGaAs system, the
formation of strain-free, nearly pure GaAs QDs was realized.
Owing to the three-fold rotational symmetry of the growth
plane, well-defined, highly symmetric QDs were formed.
Moreover, excitons with significantly reduced FSS were
achieved in all the investigated QDs.

S emiconductor quantum dots (QDs) are attracting
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The sample was grown using a conventional molecular
beam epitaxy system. After the growth of a GaAs buffer
and AlGaAs barrier layer on the GaAs(111)A substrate
at 500°C, followed by annealing at 600°C, Ga droplets
were formed by supplying a 0.45 monolayer (ML) of Ga
(0.09 ML/s) at 350 °C. Then, the substrate was cooled down
to 200°C, and crystallized into GaAs by supplying an Asy
flux of 2 x 107® Torr beam equivalent pressure. The sample
was then annealed at 400°C (or 500°C), followed by
capping with an Aly3Gag;As layer. Finally, rapid thermal
annealing was performed to improve the optical properties
(800°C for 4 min).

The structural properties were studied by in vacuo
scanning tunneling microscopy (STM),'> and atomic force
microscopy (AFM) in an ambient environment. The QDs
embedded in AlGaAs were further studied by cross-
sectional high angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM). Optical prop-
erties were analyzed by low-temperature photolumines-
cence (PL) measurement based on both ensemble and
micro objectives. A continuous wave laser emitting at
532nm was used for excitation. Excitation polarization
was set to be linear to avoid the Overhauser effect.'® ;PL
experiments were performed using a confocal setup with
lateral resolution of about 1um. The collected PL was
dispersed by polychromator and detected by charge
coupled device (CCD) camera with spectral resolution of
130 peV.

Figure 1(a) shows an AFM image of bare GaAs QDs
before capping. Well-defined QDs are present with a spatial
density of 2.5 x 10'°cm™2. They exhibit a disk-like shape
with a base diameter of 38nm and a height of 1.0nm on
average. The base size shows a rather uniform distribution
(17%), while the height is highly distributed (56%). This fact
suggests that carrier quantization and its energy distribution
are governed by vertical confinement along the growth
direction.

Figure 1(b) summarizes the cross-sectional AFM profiles
of three QDs differing in size. For each QD, the cross
sections along two orthogonal directions ([211] and [011])
are of identical shape. Such isotropic feature is in stark
contrast to QDs previously grown on the (100) surface;
those were elongated by 5—20% along the [110] direction.'®
Thus, QD symmetry was substantially improved by using
the (111)A substrate.

© 2010 The Japan Society of Applied Physics
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Fig. 1. (a) AFM image of GaAs QDs formed on AlGaAs(111)A surface.
The surface QDs were annealed at 400°C for 10min. Scan area is
250 x 500nm?. (b) Cross-sectional AFM profiles of three QDs differing
in size along the [211] and [011] directions. (c, d) /n vacuo STM images
of GaAs QDs formed on GaAs(111)A surface. (e, f) Cross-sectional
HAADF-STEM images of GaAs QD [shown in (a)] capped with AlGaAs.

Note that in the DE growth, Ga droplets have circular
symmetry independent of their bottom surface due to the
loss of bonding at the liquid-solid interface. Elongation must
take place at the crystallization and annealing stages, where
the final QD shape is determined by the complex interplay
between Ga flow (from droplets) and As flow (from Asy
flux), which is quite sensitive to the surface anisotropy. For
the (111)A plane, on the other hand, equivalent directions
appear with respect to every 120° rotation, thus removing
in-plane anisotropy in an ideal case.

Figures 1(c) and 1(d) show in vacuo STM images of
GaAs QDs. Again, elongation is not evidenced, but random
orientation is exhibited, which reflects the microscopic
environment at the surface. Such orientation randomness
might have been emphasized by the formation of an atomic
step/terrace structure at the side surface, rather than the
formation of preferential facets. The morphology is nearly
truncated pyramid with an atomically-flat top.

Figures 1(e) and 1(f) present cross-sectional STEM
images of a GaAs QD embedded in AlGaAs. A buried QD
with truncated shape is again visible. The presence of a clear
interface suggests an abrupt boundary between the matrix
and QDs, free from intermixing. There is no indication of
defects, supporting high crystal quality. We also note the
absence of a two-dimensional GaAs wetting layer under-
neath the QDs. This is consistent with the present growth
conditions where the nominal amount of Ga deposition was
0.45 ML, much less than 1 ML.

Figure 2 shows a low-temperature PL spectrum of the
ensemble of GaAs QDs. High-yield PL was observed at a
wavelength of 720nm (1.72 eV) with 180 meV FWHM. The
PL spectrum consists of multiple peaks, rather than a broad
band. Such spectral signature was independent of excitation
intensity (not shown) and thus not ascribed to the state-
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Fig. 2. PL spectrum of the ensemble of GaAs QDs, measured at
6 K. The vertical lines show the calculated energy levels, assuming a
truncated cone shape with constant top (15nm) and bottom (38 nm)
diameters.

filling of QD levels. We attribute the spectral multiplet to
ground state emissions from different GaAs QD families
whose heights vary by a ML step, reflecting a flat shape with
atomically-smoothed top, as was proven in Figs. 1(c) and
1(e). The vertical lines plotted in Fig. 2 represent the
transition energies calculated within the framework of the
effective mass model.!” In this calculation we assumed a
truncated cone shape with constant top and bottom diameters
(15 and 38 nm, respectively, as deduced by AFM analysis),
and changed the height by a ML step (0.32 nm). As shown in
Fig. 2, this model perfectly reproduces the spectral multi-
plets, thus, confirming the validity of our model.

Figure 3(a) shows an example of a uPL spectrum in the
(111)A GaAs QDs.'"® It consists of several sharp peaks,
for which the linewidth, limited by the resolution of our
equipment, is less than 50 ueV. Figure 3(b) displays the
dependence of the energy of two representative lines, which
are denoted by X and T in Fig. 3(a), as a function of the
angle of analyzer polarization. By fitting the data with a
sinusoidal dependence we extract the amplitude of the
oscillation (which represents the FSS) and its phase (the PL
polarization axis). It was found that X showed a significant
polarization-dependent shift having an amplitude of 27 ueV,
while T did not exhibit a shift. The observation of sinusoidal
dependence naturally led us to attribute X to a neutral
exciton that gave rise to anisotropic FSS, and T to a trion.
Note that all PL lines were categorized as either of two
groups, one with polarization dependence (like X), and
the other without (like T), allowing FSS statistics to be
characterized.

Figure 3(c) presents a comparison between the absolute
value of the FSS [as determined by the analysis shown
in Fig. 3(b)] in GaAs(111)A QDs and that in (100) QDs
reported as a function of the corresponding X emission
energy. The latter series was previously reported.'*!%??
For (111)A, the magnitude of FSS was 17 ueV on average.
Note that this value must be overestimated, because QDs
with FSS smaller than the fit accuracy (~10peV) were
not included in our statistical analysis, even though, the
magnitude of FSS in (111)A was much smaller than that of
(100), for which the average was 54 ueV. This is the direct
consequence of the improved symmetry of QDs grown on
(111)A with respect to the (100) case.

© 2010 The Japan Society of Applied Physics
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Fig. 3. (a) Typical PL spectrum of a single GaAs QD at 6K. (b) PL

energy shift as a function of the detected polarization angle for X (squares
in black) and T (triangles in green) of the QD shown in (a). The dotted
black (green) line is a sinusoidal fit to X (T) energy shift. (c) Summary of
the FSS of QDs grown on (100) (squares in blue) and on (111)A (circles in
red). The lines are guides for the eye. (d) Top (bottom) panel displays the
polarization axes of the QDs grown on the (111)A [(100)] surface as a
function of X emission energy (90° corresponds to the [211] ([110]) in-
plane direction). The inset of (a) shows an AFM image of low-density
GaAs QDs used for the uPL study.

Figure 3(d) shows the dependence of the linear polariza-
tion axis, which was determined by the polar plot analysis
[Fig. 3(b)], as a function of X emission energy. The (111)A
QDs showed completely disordered behavior of the
polarization axis, confirming the absence of preferential
in-plane directions. On the other hand, in the (100) QDs
the polarization axis was mostly aligned along the [110]
direction, while it became randomly oriented for energies
higher than 1.8eV. The elongation of QDs on (100) was
enhanced for larger dots, which suffered more from
anisotropic atomic diffusion during growth.'* Thus, even
for (100), sufficiently small QDs would possibly give
negligible FSS, which has been confirmed in In(Ga)As/
GaAs QDs grown via the SK method.” In contrast, (111)A
QDs present the complete absence of preferential polariza-
tion axes, suggesting a much higher probability of finding
QDs with zero FSS in a wide range of wavelengths. Such
characteristics are highly favorable for QDs application to
entangled photon sources.
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In conclusion, we demonstrated highly symmetric and
strain-free GaAs QDs grown on a (111)A substrate. The
absence of elongation and that of the facet formation were
confirmed by morphological analysis. FSS was substantially
reduced in comparison with the QDs grown on (100). We
believe that the present system assured the removal of
every macroscopic origin that induced QD asymmetry,
while residual FSS due to microscopic randomness could be
removed by post-selection procedures.
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