Energy Transfer within Ultralow Density
Twin InAs Quantum Dots Grown by
Droplet Epitaxy

Bao-Lai Liang," Zhi-Ming Wang,™* Xiao-Yong Wang,* Ji-Hoon Lee," Yuriy I. Mazur,” Chih-Kang Shih,* and

Gregory J. Salamo*

Department of Physics, University of Arkansas, Fayetteville, Arkansas 72701, and *Department of Physics, University of Texas at Austin, Austin, Texas 78712

elf-assembled semiconductor quan-

tum dots (QDs) are the subject of in-

creasing interest due to their poten-
tial in developing a new generation of
optoelectronic devices." ® As an example,
a group of closely spaced QDs can act as a
“QD molecule” (QDM), which is interesting,
both as a new playground for studying in-
teracting electronic systems and as a build-
ing block to perform complex quantum
computing operations.® ° The simplest
QDM is composed of two interacting QDs.
A well-developed technique to fabricate
such QDM is the epitaxial growth of a verti-
cally aligned QD pair,’®" "2 in which the
coupling between two QDs can be tuned
by the spacer thickness and external
fields.”>'* Another approach to obtain
QDM s is to fabricate a laterally coupled QD
pair. Since self-assembled QDs are typically
characterized by a flat geometry, the nature
of the lateral coupling may differ apprecia-
bly from that of vertical coupling, rendering
the study of laterally coupled QDMs of fun-
damental interest.>'® However, the sto-
chastic nature of self-assembly growth re-
sults in the random distribution of InAs QDs
on GaAs surfaces, presenting an obstacle
for fabrication of laterally coupled QDMs.
Only recently, Schmidt et al. invented a spe-
cial fabrication technique allowing control
of InAs lateral QDMs on a GaAs surface
decorated with nanoholes.'” Also, Wang et
al. and Kuguchi et al. obtained GaAs lateral
QD pairs with the help of droplet epitaxy
growth.'®'? In this paper, ultralow density
(~10° cm2) lateral QD pair hybrid struc-
tures, consisting of twin InAs QDs, were de-
veloped based on the droplet epitaxy tech-
nique. The optical properties of twin InAs
QDs were investigated by photolumines-
cence (PL) measurements. The results
showed an energy transfer between the
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ABSTRACT Ultralow density (~10%/cm?) of twin InAs quantum dot (QD) hybrid structure was grown by a
droplet epitaxy technique. The photoluminescence (PL) from ensemble and individual twin InAs QD structures

showed a bimodal behavior and an energy transfer between the well-separated (~190 nm) twin QDs, which was

supposedly due to the special wetting ring that built the channel for exciton transfer. This research demonstrates

a novel approach to fabricate lateral InAs QD pairs as the candidate for a laterally coupled QD molecule.
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twin QDs, which support the twin InAs QD
hybrid structure as a candidate for laterally
coupled QDM.

RESULTS AND DISCUSSION

The twin InAs QD hybrid structures were
grown on semi-insulating GaAs (100) sub-
strate by a solid source molecular beam epi-
taxy (MBE) system. After oxide desorption
and the growth of a 0.5 pm GaAs buffer
layer at 600 °C, the substrate was cooled to
350 °C and the As valve was fully closed be-
fore the substrate stabilized at the desired
temperature. Once the growth temperature
was reached, an indium flux equivalent to
form one monolayer (ML) InAs at 0.1 ML/s
was supplied to the GaAs surface to form in-
dium droplets. In order to crystallize the in-
dium droplets into InAs nanocrystals, the
sample was kept at 350 °C for the first an-
nealing of 120 s with the As valve 5% open
(arsenic beam equivalent pressure ~ 0.8 X
10~° Torr). Then with the As valve fully
opened (arsenic beam equivalent pressure
~ 7.0 X 10 ° Torr), the sample endured the
second annealing of 120 s. After that, the
achieved QD morphology was quenched
and atomic force microscopy (AFM) charac-
terization was carried out on the sample in
air. To grow the sample for PL measure-
ment, after the second annealing, the
sample was capped with 10 nm GaAs at
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Figure 1. (@) 20 um X 20 pum AFM image of the twin InAs
QDs sample; (b) magnified three-dimensional AFM image
showing a typical twin InAs QD structure given by the
dashed line rectangle in panel (a); (c) line profiles along
[011] and [01—1] directions of the twin InAs QDs structure
given in panel (b).

350 °C and followed by another 100 nm GaAs cap layer
at 600 °C. AFM image showed a smooth sample sur-
face after this capping growth.

Figure 1a shows a 20 um X 20 um AFM image of
the twin InAs QDs. The density of the QD structures
was ~10° cm ™2, 2 orders of magnitude lower than pre-
viously reported low density InAs QDs achieved by
droplet epitaxy on nanoholes.?® In order to clearly see
the morphologic features, Figure 1b presents a magni-
fied AFM image of a single hybrid structure, and Figure
1c gives the line profiles of this structure along the
[011] and [01—1] directions. It can be seen that, after
the growth, every indium droplet turned into a hybrid
structure with twin QDs sitting on a wetting ring base of
a height of 6.5 = 0.3nm. The separation between the
tips of the twin QDs was about 190 nm. The twin QDs
were about 16.8 = 0.9 and 18.4 = 0.7 nm above the
sample surface. Meanwhile, each hybrid structure also
had a hole in the center as deep as 40 nm. The forma-
tion of such deep holes during the droplet epitaxy
growth has been attributed to the nanodrill effect un-
der indium-rich conditions.?' Therefore, the growth dy-
namic was complicated, and it combined several pro-
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Figure 2. (a) PL spectrum of the twin InAs QD ensembles
measured at 8 K using a YAG laser (532 nm) with an excita-
tion intensity of 0.1 W/cm?; the inset gives a conduction
band schematic corresponding to the twin InAs QDs. (b) Nor-
malized QD PL spectra as a function of excitation laser
intensity.

cesses including indium droplet ripening, As
desorption, indium droplet crystallization, InAs diffu-
sion, and indium and gallium intermixing. We suppose
that the formation of twin InAs QDs was mainly due to
the anisotropic migration of indium atoms along the
[011] and [01—1] directions during the crystallization
of the indium droplet.?' =% The resulting hybrid struc-
ture of twin InAs QDs is substantially interesting, which
provides a new method to obtain an ultralow density
lateral QD pair for the studying InAs QDM.

Figure 2a shows a PL spectrum of the twin InAs QD
ensembles measured at 8 K using a YAG laser (532 nm)
with an excitation intensity of 0.1 W/cm?; a conduction
band schematic corresponding to the twin InAs QDs is
also given in the inset. Three different peaks could be
identified in the PL spectrum. The peak at 1.45 eV origi-
nated from the two-dimensional InAs wetting layer
(2D WL) on the sample surface, and its relatively strong
intensity was due to the ultralow density of the QDs.
The peak around 1.38 eV was attributed to the emis-
sion from the wetting ring shown in Figure 1, and it may
be regarded as the one-dimensional wetting layer (1D
WL) of the InAs QDs. The emission around 1.29 eV was
from the twin InAs QDs. The very high signal-to-noise
ratio at such low excitation intensity showed that the
twin InAs QDs were rather good quality nanocrystals.
Clearly, the twin QDs have the PL emission at a wave-
length shorter than typical self-assembled InAs QDs
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grown by MBE (~1.1 wm). This is likely due to the strong
Ga, In intermixing during the droplet epitaxy growth
of the twin QD hybrid structures.?®** Meanwhile, as
shown by the Gaussian fitting results, the emission from
the twin InAs QDs exhibited a bimodal distribution be-
havior. The energy separation between the bimodal PL
peaks was about 15 meV, which is much less than the
typical energy separation between the ground state
and the excited states of InAs QDs.?> Therefore, we be-
lieve the bimodal PL was not due to the excited states
of the InAs QDs but from bimodal QD size distribution.
The AFM shown in Figure 1 proved that the twin InAs
QD hybrid structures had anisotropic properties and the
heights of the twin InAs QDs in each hybrid structure
were not identical. As a result, the InAs QD ensemble
had bimodal behavior in their height distribution and
subsequently their PL spectrum. The conduction band
schematic given in the inset of Figure 1a indicated that
the wetting ring reduced the height of the potential
barrier between the twin InAs QDs, so the carrier may
have more possibility of transfer between the twin QD.
While the QD PL spectra were investigated with varia-
tion of the excitation laser intensity, Figure 2b gives the
normalized QD PL spectra in low pump regime to avoid
an excited state effect. Interestingly, we noticed a clear
increase of PL with pump intensity at the high energy
side of the PL band corresponding to small QDs. This
can be regarded as a result in terms of energy transfer
processes between the bimodal of QDs with different
size.2%%7

In micro-PL measurements of a single structure of
twin InAs QDs, the sample was excited at 4 K using a Ti:
sapphire laser emitting at 720 nm. The laser beam was
focused onto the sample by a lens with a focus spot of
~30 wm diameter. The PL was collected by a 50X ob-
jective lens and recorded with a CCD camera. Due to
the extremely low QD density, no shadow mask or pat-
terning was required for spectroscopy of single twin
QDs. Shown in Figure 3a is a PL image of the sample.
This image revealed bright spots, and each spot origi-
nated from the individual structure of the twin InAs
QDs. The number density of the twin InAs QDs ob-
served from Figure 3a was ~10° cm ™2, which was con-
sistent with the result obtained from the AFM image in
Figure 1a. One twin InAs QD, as shown in Figure 3b, was
randomly selected to study the micro-PL spectroscopy.
Its PL image showed clearly the GaAs substrate PL at
1.52 eV, the 2D wetting layer signal at 1.45 eV, and the
wetting ring emission at about 1.37 eV, as presented in
Figure 3c. The wetting ring emission was localized only
in the area of the twin InAs QD structures. However,
the PL signal from the 2D wetting layer covered almost
the whole sample surface, which indicated that the 2D
wetting layer was likely formed due to InAs diffusion
from the droplets during the crystallization and anneal-
ing process. Also, as shown in Figure 3d,e, two groups
of sharp luminescent lines appeared at approximately
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Figure 3. (a) PL image of the twin InAs QD sample, in which
each bright spot came from a single structure of the twin
InAs QDs; (b) one representative twin InAs QD was randomly
picked up for the study of micro-PL spectroscopy; (a) and
(b) were obtained by using a 900 nm long pass filter so that
only the optical emissions from QDs can be seen. The x-axis/
y-axis corresponds to the spatial positions cut/along the
spectrometer slit. (c) PL images from the GaAs substrate,
2D WL, and 1D wetting ring; (d) PL image of the representa-
tive twin InAs QDs; in (c) and (d), the y-axis corresponds to
the spatial position along the spectrometer slit, while the
x-axis denotes photon energy after the PL signal was dis-
persed by the spectrometer. (e) PL spectrum extracted from
panel (d) for the representative twin InAs QDs.

1.246 and 1.263 eV, respectively. These were attributed
to the twin QDs in the investigated individual hybrid
structure. The energy separation between these two
groups of luminescent lines was ~17 meV, which
agreed with the result obtained from Figure 2a. These
PL features were found to be similar for other twin InAs
QDs.

Then PL spectra obtained at 4 K from the represen-
tative twin InAs QDs are presented in Figure 4a for vary-
ing excitation intensity. As the excitation intensity in-
creased, the spectra showed two sets of peaks,
corresponding to the emission of two InAs QDs, high-
lighting the consistency of the observed behavior. For
QD1, the sharp peak at 1246 meV can be attributed to
ground state exciton X1 recombination. As evidenced
by its excitation intensity dependence, at very low
pump intensity, the X1 peak is dominant. With a con-
comitant rise of the pump intensity, some other peaks
appeared, which have been documented due to multi-
exciton and charged exciton recombination.® The simi-
lar behavior was observed in QD2, and the sharp peak
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Figure 4. (a) Micro-PL spectra from the representative twin
InAs QDs obtained at 4 K with different excitation intensity;
(b) the integrated intensities of exciton (X1, X2) PL peaks of
the representative twin QDs as a function of excitation
intensity.
at 1269 meV can be attributed to the ground state ex-
citon X2 recombination. The integrated intensities of
exciton (X1, X2) peaks of the twin QDs are plotted in
Figure 4b as a function of excitation intensity. At low ex-
citation intensity, approximately linear dependence
was observed for X1 and X2 peaks.??°

One interesting feature observed in Figure 4a is
that the sharp PL peaks from the bigger QD1 appeared
with smaller excitation intensity than those from the
smaller QD2. This filling effect was further confirmed
while several other twin InAs QDs were randomly se-
lected for micro-PL measurement. As the focus point of
the excitation laser was about several tens of microme-
ters in diameter, which was much bigger than the diam-
eter of the twin InAs QDs, the twin InAs QDs received
identical excitation laser intensity and inhomogeneous
excitation effect was excluded. Meanwhile, at the low
temperature of 4 K, the thermal energy was too small
to activate and transfer the carrier from small QDs into
large QDs. Generally, for two isolated QDs at 4 K, the ex-
citons occupy the QDs statistically and the exciton PL
should have the same dependence on the laser excita-
tion intensity. Therefore, the observations in Figure 2b
and Figure 4a indicated that a carrier transfer or a cer-
tain cross-talk existed between the twin InAs QDs.
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A number of possibilities exist to interpret this cross-
talk phenomenon. First, it is possible that the observed
filling effect in Figure 4a between the twin QDs is due to
spectral variation in the carrier relaxation from the wet-
ting ring into the QDs. If this was the case, however,
one would expect that the PL intensity ratio of the two
QDs does not change with the variation of the pump in-
tensity before their PL emissions reach saturation. Sec-
ond, the two most common mechanisms for energy
transfer between two neighbor QDs is the short-range
carrier tunneling due to quantum coupling and the
long-range transfer of exciton energy due to the For-
ster coupling.®' ~32 However, from the AFM shown in
Figure 1, the center-to-center separation between the
twin QDs was measured to be about 190 nm. For such
a big separation, experimental and theoretical investi-
gations have proved that both mechanisms for direct
exciton transfer between the twin QDs are neglected
because they require a tunneling/transfer time much
longer than the exciton lifetime.>*3> Therefore, we con-
clude that the nature of the lateral cross-talk of our
twin InAs QD structures differs appreciably from the
coupling of laterally/vertically aligned QDM. While a
more systematic study of the carrier dynamic proper-
ties is out of the scope of this work, we speculate here
that the cross-talk between the twin QDs is likely due to
the special twin InAs QD hybrid structures with a wet-
ting ring. The wetting ring may couple (quantum or
dipole—dipole) with the twin QDs, respectively, and
the subbands in the wetting ring build a channel for
the carrier transfer between the twin QDs,>2 which pro-
vides the twin InAs QD hybrid structures with the po-
tential as a laterally coupled QDM for information com-
munication. These two QDs and the associated 1D
wetting ring and 2D wetting layers compose a unique
system for studying such processes as electron flow and
thermal activation that could only be achieved on the
ensemble level previously. For example, the filling effect
through the 1D wetting layer has been achieved in QD-
chain structures that consist of smaller and larger QDs
associated with 1D wetting wires on the ensemble
level.>®

CONCLUSION

In summary, an ultralow density (~10%cm?) QD
structure was obtained by a droplet epitaxy technique.
The AFM investigation indicated that, after the growth,
each indium droplet formed a hybrid structure with
twin InAs QDs sitting on a wetting ring. The ensemble
PL showed a bimodal characteristic due to the anisotro-
pic properties of hybrid structure and consequently
the bimodal distribution of QD height. Remarkably, en-
ergy transfer between the bimodal of QDs was ob-
served. The micro-PL investigation also indicated the
existence of a filling effect between the two InAs QDs
in an individual hybrid structure. These observations
demonstrate that there is lateral cross-talk in each twin
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QD. We suppose it is due to the special geometrical
properties of the hybrid structure and the wetting ring
forming a channel for exciton transfer, which provided
this hybrid structure with potential as lateral-coupled
QDM for information communication.
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