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We report a near-field photoluminescence study of pairs of GaAs quantum dots grown by droplet epitaxy, a
growth mode for fabricating quantum dot arrays with controlled geometries. Our study reveals the optical
properties of the individual quantum dots within each pair and, by means of a statistical analysis, the correla-
tion between geometrical and optical properties of such arrays. Due to their high optical quality and unique
geometry, ordered droplet epitaxy quantum dot arrays may become interesting candidates for coherent exciton

and/or spin manipulation.
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I. INTRODUCTION

The fabrication of semiconductor quantum dot (QD) ar-
rays with controlled geometries is a challenging and fasci-
nating current activity in solid-state research. During the past
few years, the coherent manipulation of charge and spin
excitations of QDs has seen encouraging progress toward
applications to quantum logic. For example, Rabi
oscillations,? a conditional two-qubit gate based on exciton-
biexciton transitions, strong coupling to photons,*~® and di-
polar coupling in a pair of quantum dots’ have been demon-
strated. In addition, manipulation of optically induced spins
in quantum dots 1is currently pursued in various
laboratories® and, most recently, single spin Rabi oscilla-
tions have been demonstrated using radio-frequency
excitation.!” These first steps toward quantum information
processing are relevant because QD systems offer, at least
conceptually, the potential of implementing scalable arrays
of quantum bits. The fabrication of QD arrays, however, is
challenging due to the inherent size and composition fluctua-
tions in QD ensembles and the difficulty of achieving con-
trolled spatial ordering.

Different strategies have been explored for generating
vertical or lateral ordering of QDs, such as using vertical
strain,®!'-13 templates,'* or lithography.'> Most recently,
droplet epitaxy using lattice-matched semiconductors has
emerged as a novel, promising technique for fabricating geo-
metrically controlled QD pairs, rings or even more complex
QD arrays, all of high optical quality.'~2° While some recent
studies have reported on single QD photoluminescence using
this growth approach,?! very little is known about the optical
properties of more complex nanostructures. In particular,
correlation studies between the complex structural and opti-
cal properties are still lacking.

In this paper, we present a near-field spectroscopic study
of pairs of QDs grown by droplet epitaxy. By spectrally re-
solving and spatially imaging excitonic and biexcitonic emis-
sion lines, we are able to resolve the optical properties of the
individual dots within such a pair. A near-field autocorrela-
tion analysis shows that the unique geometrical property of
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the QD pair is preserved during overgrowth and is directly
reflected in the near-field optical spectra. This result points to
the potential use of droplet epitaxy of ordered QD arrays for
studies in quantum logic.

II. EXPERIMENT

For this investigation, GaAs quantum dot pairs (QDPs)
were grown by molecular beam epitaxy on a semi-insulating
GaAs (100) substrate. The samples were fabricated by de-
positing a 500 nm GaAs buffer layer and a 50 nm thick
Aly3Gay;As layer, followed by deposition of Ga and the
formation of Ga droplets at a substrate temperature of
550 °C with the arsenic source being fully closed. The total
amount of Ga deposited was equal to an amount that would
normally result in 10.0 ML of GaAs growth. Subsequently,
the Ga droplets were “arsenized” into GaAs QDP oriented
along the [0—11] direction by fine control of the arsenic flux
and the corresponding annealing period.!”-'® The current un-
derstanding is that the QDP forms due to the anisotropic
surface diffusion of Ga adatoms during crystallization. 2!
After growth, the surface morphology of the QDP samples
was characterized using an atomic force microscope (AFM)
under ambient conditions. Meanwhile, for optical character-
ization, the QDPs were buried by deposition of 50 nm of an
Al 3Gay;As barrier layer and a 20 nm GaAs cap layer.

Photoluminescence (PL) spectra from an ensemble of
QDP were recorded in a variable temperature 8-300 K
closed-cycle cryostat using a Nd:YAG (where YAG denotes
yttrium aluminum garnet) laser at 532 nm as the excitation
source. For these measurements, the laser light was focused
to a diameter ~30 um and the excitation power was varied
between 0.3 uW and 10 mW. The PL signal from the sample
was dispersed using a monochromator and detected by a
nitrogen-cooled InGaAs photodiode array. For high spatial
resolution imaging of individual QDP luminescence, how-
ever, we used a low-temperature near-field scanning optical
microscope operating at a temperature of 15 K inside a high
vacuum chamber.?? In this case, optical excitation was pro-
vided by a helium-neon laser at 632 nm at power levels of
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FIG. 1. (Color online) (a) AFM image of the quantum dot pair
sample before overgrowth. The individual pairs have an interdot
distance of about 130 nm and are aligned along the [0—11] direc-
tion. The dots with a height of 10 nm reside on a shallow base with
a diameter of 300 nm. (b) Size distribution for all small QDs (blue)
and all big QDs (red) in each QDP. (c¢) Three-dimensional plot of a
zoom into the AFM image. Shown are images of two adjacent QD
pairs. The height scale is 15 nm.

0.5 nW-0.5 uW, which was coupled into a chemically
etched, uncoated single mode fiber.>*> The local PL signal
was collected through the same fiber tip, dispersed using a
spectrometer (with =50 cm and resolution ~100 ueV), and
recorded with a nitrogen-cooled charge-coupled device cam-
era. For spatial PL imaging, the fiber probe was raster
scanned across the sample surface in a 4.8 X 4.8 um? area
with a pixel of 80 nm. At every pixel, a full PL spectrum was
recorded within an integration time of 0.5 s. A constant tip-
to-sample distance of 15 nm was maintained during scanning
by means of a shear-force distance control.?* This near-field
optical technique simultaneously demonstrated excellent PL
detection efficiency and a spatial resolution down to
160 nm.? For the studies reported here, the spatial resolution
was held at 300 nm.

III. RESULTS

A typical AFM image of the QDP sample is shown in Fig.
1(a). The image reveals the almost perfect alignment of the
quantum dot pairs along the [0—11] direction and a rather
low QDP density of about 2.3 QDPs per um?. A zoom into
these images [Fig. 1(c)] gives an average interdot distance
within each pair of 130 nm. The height of individual QDs is
about 5 nm, and each pair resides on a flat and rather ex-
tended 4 nm high GaAs base with a diameter of about
500 nm. This picture is confirmed by additional x-ray diffuse
scattering measurements of the uncapped sample, showing
completely strain-free QDPs aligned along the [0—11] direc-
tion with a 135 nm inner distance.?® For all QDs, from Fig.
1(a) the height was estimated, and the height distributions for
the small and large QDs within each QDP are shown in Fig.
1(b). Figure 1(b) indicates an average height of 3.5 nm and
of 5.0 nm for the small and large QDs, respectively. Clearly,
the height of the two QDs within each pair is not the same,
but differs by about 30%.

Low-temperature (T=10 K) PL spectra of the QDP en-
sembles at a moderate excitation intensity of about 3 W/cm?
[Fig. 2(a)] reveal two distinct PL bands assigned to QDP
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FIG. 2. (Color online) (a) Typical macroscopic PL spectrum of
an ensemble of QDPs at low excitation intensity (1 W/cm?) re-
corded with a spatial resolution of 30 um. At this intensity, the
emission bands A and B reflect the inhomogeneously broadened
emission ground state exciton emission spectra of the individual
quantum dots within each pair. (b) Macroscopic PL spectra recorded
with a spot size of 30 um for different excitation intensities be-
tween 0.03 and 1000 W/cm?. The spectra are normalized to the
maximum emission of peak A. With increasing excitation power,
the emission from peak A saturates and peak B dominates the total
PL signal.

emission: (i) a low-energy band A with a maximum at E4
=1.536 €V and a full width at half maximum (FWHM) I,
~ 10 meV; and (ii) a high-energy band at Ez=1.567 eV and
I's~29 meV. Both PL resonances are spectrally quite nar-
row and even for the high-energy band, with a FWHM three
times larger than that of band A, the width is considerably
smaller than for typical self-assembled QDs grown in the
Stranski-Krastanov mode. The far-field spectra of such QDs
are governed by inhomogeneous broadening, and the com-
paratively narrow width of our spectra, therefore, reflects the
good size homogeneity of the QD ensemble grown by high-
temperature droplet epitaxy.

We tentatively assign these two resonances to the emis-
sion from the two individual QDs within each QDP [sup-
ported by the size distribution shown in Fig. 1(b)]. Power
dependent macroscopic PL spectra are shown in Fig. 2(b).
Up to an excitation intensity of ~100 W/cm?, the PL inten-
sity of band A increases linearly and then begins to saturate.
At the lowest excitation intensity, the maximum emission
intensity of band B is about a factor of 8 less than that of
band A. When normalized to the intensity of the PL maxi-
mum of band A, the relative weight of band B increases
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monotonously with increasing excitation intensity and this
band begins to dominate the emission at intensities above
300 W/cm?. This intensity dependence is most likely ex-
plained by the saturation of the ground state exciton emission
due to state filling of the—geometrically slightly larger—
low-energy QDs and the—geometrically slightly smaller—
high-energy QDs. The nonlinear increase in emission inten-
sity of band B then arises from an increasing excited state
emission from both QDs at high excitation intensities. This
interpretation is supported by the near-field spectroscopic ex-
periments discussed below.

Apart from these QD-related emission bands, the spectra
at high intensities also show a broad background emission
around 1.5 eV. In high-quality GaAs materials, emission in
this spectral region is generally due to recombination pro-
cesses involving shallow acceptors, i.e., free electron—bound
acceptors and donor-to-acceptor pair transitions.?” Here, it is
likely that such acceptors are mostly located within the 4 nm
high GaAs base surrounding the QDs. We note that, apart
from these acceptor transitions, we observe no clear signa-
ture of the GaAs base in photoluminescence. This indicates
that transfer of carriers within the GaAs base and subsequent
trapping into the quantum dots?? are fast compared to the QD
PL decay time and highly efficient.

Based on the macroscopic far-field photoluminescence
spectra alone, it is difficult to unambiguously verify this as-
signment because various alternative interpretations are pos-
sible. For example, multiexcitonic transitions2® or even ex-
cited states within a pair of electronically coupled QDs are
possible. Also, interdot exciton relaxation processes can
largely affect those spectra. Therefore, it is particularly inter-
esting to analyze the optical properties of the QDPs by prob-
ing them individually. This is challenging because of the
small geometric separation of only about 100 nm between
the individual QDs of each QDP. We, therefore, decided to
use low-temperature near-field scanning optical microscopy
in order to obtain spatially highly resolved spectroscopic
characterization. In order to have sufficient flexibility in
varying the excitation conditions, we used an uncoated,
chemically etched near fiber probe? using the illumination-
collection geometry. In this geometry, the sample was locally
excited by transmitting the He-Ne laser light through the
near-field probe and collecting the emitted PL via the same
fiber. As already mentioned, this geometry provides spatial
and spectral resolutions of less than 200 nm and 100 ueV,
respectively.” A spectrally integrated near-field photolumi-
nescence image of the QDP sample within a scan range of
4.8 4.8 um? is shown in Fig. 3(a). The image is taken at a
temperature of 15 K by raster scanning the near-field probe
at constant probe-to-sample distance across the sample with
a step size of 80 nm. The sample is excited at the photon
energy of 1.959 eV with an intensity of 75 W/cm?. Every
pixel of the imaged PL spectrum Ip;(x,y,\) is recorded in
the detection range between 1.532 and 1.602 eV. The inte-
grated intensity of this spectrum I(x,y)=3,I(x,y,\;) is
then plotted as a function of the position of the near-field
probe. In this image, the emission from the individual QDPs
is clearly resolved. The spatial density of the luminescent
QDPs is the same as that of the QDPs in the AFM image
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FIG. 3. (Color online) (a) Two-dimensional near-field image of
total PL intensity of the QDP sample. The QDP sample is illumi-
nated by a He-Ne laser at an intensity of about 75 W/cm?, and a
full near-field PL spectrum is recorded in the energy range between
1.532 and 1.602 eV at every pixel of the image. The integrated
intensity of this spectrum is then plotted as a function of the posi-
tion of the near-field probe, as it is scanned with a step size of
80 nm within a 4.8 X 4.8 um? area. The spatial position of the in-
dividual QDs within each QD pair, as extracted from the near-field
spectra (b) and (c), is indicated by a white (black) dot for the low-
energy dot A and high-energy dot B, respectively. (b) Representa-
tive near-field spectrum of a single QD pair in the region indicated
by the black square in (a). (c) Spatial images of the PL intensity at
detection energies of 1.543 eV (QD-A) and 1.559 eV (QD-B). The
image is recorded by scanning the near-field probe with a step size
of 60 nm. For this particular QD pair, the images show the align-
ment along the [0—11] (x) direction and indicate an interdot dis-
tance of 200 =20 nm.

[Fig. 2(a)], demonstrating that essentially all of the QDPs are
optically active. We also note that the integrated PL intensity
shows very little variation from one QD to the next, which is
another signature of the high optical quality of the QDs in
every QDP.

Due to the finite spatial resolution of our measurement
technique, it is not yet possible to resolve signatures of the
individual QDs of each QDP in these spectrally integrated
images. However, this information can be obtained by inves-
tigating the local photoluminescence spectra. We focus on
the single QD pair marked by a black square in Fig. 3(a). A
representative local near-field PL spectrum in this region is
shown in Fig. 3(b). We observe a series of spectrally sharp
emission lines in the regions around 1.54 and 1.56 eV, re-
flecting the emission from different exciton states localized
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within this QDP. Despite the comparatively high excitation
intensities, the spectral width of most resonances is quite
narrow, and falls in the range of 0.2—0.5 meV, slightly above
our monochromator resolution. These comparatively sharp
resonances are different from the rather broad emission lines
with a width of several meV recently observed from single
QDs grown by low-temperature droplet epitaxy?' and high-
light again the high optical quality of the QDP sample. Using
the more precise information on the spatial intensity distri-
bution of the individual emission lines from our near-field
experiments, it becomes possible to deduce the spatial origin
of the different emission lines. Such an analysis is shown in
Fig. 3(c) for the two emission lines at 1.543 and 1.559 €V in
Fig. 3(b). It is evident that the spatial center of the two emis-
sion peaks is shifted by 200 £ 20 nm along the x direction,
i.e., along the [0—11] direction. We find, however, no mea-
surable shift along the y direction, i.e., along the [011] direc-
tion. This demonstrates clearly that the near-field spectra al-
low us to separately probe the optical spectra of the two
individual quantum dots (A and B) within each pair. Based
on this spatial selectivity, we can assign most of the lines in
the low-energy region around 1.54 eV to originate from
QD-A, whereas the high-energy lines around 1.56 eV are
mostly related to emission from quantum-confined exciton
states of QD-B. As we will demonstrate below, it is likely
that the sharp lines at 1.5428 and 1.5408 eV arise from ex-
citon (X) and biexciton (XX) emission of QD-A, whereas
those at 1.5591 and 1.5566 eV can be assigned to the X and
XX emission from QD-B.

Before we further support this assignment, it is interesting
to ask whether this observation of spatially distinct emission
peaks from the individual dots of the QDP is representative
for this class of quantum dots. To address this question, we
perform a statistical analysis of the local PL spectra of more
than 30 different QDPs from several spatial scans including
the one shown in Fig. 3(a). For each of about N=60 sharp
and intense emission lines, i=1,...,N, we extract the spatial
position 7; of the emission center from plots similar to those
in Fig. 3(c). Using these center positions, spatial autocorre-

lation images g(r)= m&ﬁj#é(;i—rj—ﬂ are calculated by
using a Gaussian function with a FWHM of 20 nm for (7).
Similar autocorrelation images are also recorded from the
AFM images shown in Fig. 1(a). Here, 7; corresponds to the
center position of one of the two QDs within each pair. The
results of the autocorrelation images from AFM and near-
field scanning optical spectroscopy are compared in Fig. 4.
The AFM images [Fig. 4(a)] show two clear correlation

peaks at positions r,=(%130 nm,0 nm), reflecting the aver-
age interdot separation of 130+ 10 nm inside each quantum
dot pair and the QDP alignment along the [0—11] axis. The
clear clustering of the correlation peaks from the individual
dots (white dots) and the narrow width of the ensemble-
averaged correlation peak reflect small fluctuations of the
interdot spacing and, thus, the excellent size homogeneity of
the fabricated QD pairs. In the optical measurements [Fig.
4(b)], individual correlation peaks (white dots) are certainly
more spatially disordered than in the AFM data. Yet, the
ensemble-averaged correlation function g(7) still shows two
clear correlation peaks at essentially the same spatial posi-
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FIG. 4. (Color online) Spatial autocorrelation images g(r)
=m2i2 j+i0(F;—r;—r) calculated from (a) atomic force micros-
copy and (b) near-field scanning optical microscopy. In both cases,
the center position 7(i=1,...,N) of a series of more than 60 emis-
sion lines from an ensemble of about 30 quantum dot pairs is ana-
lyzed and the autocorrelation function is then calculated by using a
Gaussian function with a full width at half maximum of 20 nm for
&(7). These measurements clearly evidence the correlation between
geometric and optical properties of the QD pairs. They highlight the
QDP alignment along [0—11] and indicate an interdot distance of
(a) 130+ 10 nm and (b) 150 %25 nm.

tions 7,=(=150 nm = 25 nm,0 nm) as in the AFM measure-
ments. This striking result proves directly that the geometric
ordering of the QDPs is maintained during overgrowth and
governs the optical properties of the QDPs. At present, we
attribute the larger disorder of the optical data mainly to the
significantly reduced spatial resolution of the optical mea-
surements compared to the AFM resolution of only 20 nm.
We, thus, cannot yet rule out that the overgrowth procedure
results in additional size fluctuations of the QDPs. More de-
tailed optical studies with improved spatial resolution will
certainly give more information on this question.

IV. DISCUSSION

Based on this information, we can now attempt to analyze
the energetic structure of the QDPs. The macroscopic PL
spectra (Fig. 2) indicated already a clustering of the emission
lines into the inhomogeneously broadened bands A and B.
This clustering is clearly seen when comparing near-field PL
spectra from different QD pairs [Figs. 5(a) and 5(b)].

Such spectra consistently show a series of few emission
lines centered around 1.54 eV from the geometrically some-
what larger quantum dot A and a second series of emission
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FIG. 5. (Color online) [(a) and (b)] Representative near-field PL
spectra of two different quantum dot pairs recorded at an excitation
intensity of 25 W/cm? and assignment of the PL lines to the X and
XX emissions of the individual low (A) and high (B) energy dots
within each QD pair.

lines fluctuating more strongly in energy range between 1.55
and 1.6 eV. These high-energy lines are assigned to the geo-
metrically slightly smaller quantum dot B. This unambigu-
ously shows that bands A and B in the macroscopic PL spec-
tra are due to the geometrically larger QD-A and to the
geometrically smaller QD-B within each quantum dot pair,
respectively. A narrow size inhomogeneity of the larger
QD-A explains the narrow width of the A band. Finally,
studying the intensity dependence of near-field PL spectra
allows one to explain the origin of most of the emission
bands in the QDP spectra. Representative low (0.2 W/cm?,
black line) and high (25 W/cm?, red line) excitation density
PL spectra recorded at the same spatial position are depicted
in Fig. 6(a). These data are taken from a series of intensity-
dependent spectra recorded at different spatial positions on
the sample in the intensity range between 0.2 and
250 W/cm?. Several of the spectrally sharp resonances dis-
play linear excitation intensity dependence and reflect the
emission from excitonic (X) states localized within these
QDs. When normalizing these spectra to the X emission in-
tensity, it is clearly evident that for each X line a connected
XX line exists, which is redshifted by 1-3 meV and displays
a nonlinear intensity dependence. This assignment is clearly
supported by plotting the dependence of the peak intensity of
all these lines on the excitation power. We have studied this
excitation power dependence for several individual QD pairs
and representative results are shown in Fig. 6(b). The exciton
lines of both QDs A and B show the same, essentially linear
power dependence at low powers. Possibly, saturation of the
high-energy QD-B sets in first. Studying different QDs, we
observe that sometimes the low-energy and sometimes the
high-energy QD saturates first. The plots for the biexciton
lines [dashed lines in Fig. 6(b)] indicate for both QDs a slope
of 1.8, close to the ideally expected value of 2.

This power dependence supports the assignment of the X
and XX lines to exciton and biexciton emissions from
quantum-confined states localized within either quantum dot
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FIG. 6. (Color online) (a) Near-field PL spectra of an individual
QD pair recorded at the same spatial position for two different
excitation intensities of 0.2 W/cm? (red line) and 25 W/cm?. Ex-
citonic (X) and biexcitonic (XX) emission lines are distinguished
by normalizing the two spectra to the intensity of the excitonic peak
of QD-A. The emission line at 1.546 eV belongs to a different QDP.
(b) Excitation power dependence of the intensity of the X and XX
peaks of QD-A and QD-B of the individual QD pair studied in (a).
The power dependence is plotted on a double-logarithmic scale.
The solid lines are fits to a power dependence [/« P¢ with @=1.05
and 1.0 for X, and Xp, respectively. The dashed lines indicate a
power dependence [/« P* with @=1.8 for the biexciton peaks of the
two QD.

A or B within the QDP. The power dependence also suggests
that excitons are localized separately in the individual QDs
of each pair. Apparently, there is no efficient tunnel coupling
and also little incoherent exciton relaxation between the two
dots of each pair. As stated before, the emission lines cen-
tered at 1.54 eV correspond to the geometrically somewhat
larger QD-A. Excitonic and biexcitonic emissions account
for most of the emission lines observed under high excitation
intensity conditions as used for recording Fig. 3(a). In addi-
tion, we observe a few other spectrally sharp emission lines
with lower emission intensity in the energy region of the X
and XX lines. Even though the assignment of those lines is
not yet conclusive, it is likely that this emission arises from
charged excitonic states, as is well known from PL studies of
Stranski-Krastanov QDs. At very high excitation intensities
(>100 W/cm?), we find additional emission lines at the en-
ergy of about 20 meV above the X emission. Our results
indicate that this emission stems from excited excitonic
states within these QDs. This indicates a sublevel splitting of
about 20 meV within the individual QDs of each pair, con-
sistent with the dot diameter of about 90 nm estimated from
the AFM measurements. Emission from these excited states
is likely to account for the resonance appearing at the energy
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of 18 meV above the A band in the density-dependent mac-
roscopic PL spectra [Fig. 2(b)].

As a result, the following schematic picture for the ener-
getic structure of the investigated QDPs emerges. For the
present sample, the two QDs within each pair are spatially
separated by about 130 nm, and excitons are localized within
either the left or right dot of each pair. The geometries of
these two dots are slightly different so that the energies of the
lowest excitonic states vary slightly: around 1.54 eV for the
geometrically larger dot and 1.55—-1.6 eV for the geometri-
cally smaller dot. Preliminary evidence exists for a sublevel
splitting of about 20 meV within each QD.

The near-field results also help in clarifying the assign-
ment of the far-field spectra in Fig. 2. The near-field results
show conclusively that, also at very low optical powers,
emission from both the low- and high-energy dots is ob-
served. The emission from the low-energy dot falls into the
energy range around 1.54 eV, whereas that of the high-
energy dot scatters more strongly and falls into the range
from 1.56 to 1.58 eV. This makes it likely to assign the
emission bands A and B in the far-field spectra at low powers
to the inhomogeneously broadened emission spectra of the
individual, high- and low-energy dots of each pair. The near-
field data show essentially the same power dependence for
the excitonic and biexcitonic emission peaks of both dots.
Therefore, one can clearly not explain the power dependence
of the far-field spectra by considering the ground state exci-
tonic emission of both dots only. Obviously, saturation of the
ground state emission and increasing emission from excited
states at lower optical powers must be taken into account in
order to explain the power dependence.

A statistical average of the near-field emission spectra in
Fig. 3, recorded at an intermediate excitation intensity of
about 75 W/cm?, confirms this conclusion. In this analysis
(Fig. 7), we identified the spatial center position of each
emission peak in the near-field spectra and assigned it to
either the low- or high-energy dot of each pair. This assign-
ment procedure was performed for more than 200 emission
peaks and resulted in the histograms shown in Fig. 7(a) for
the low- and high-energy dots, respectively. When convo-
luted with a Lorentzian line shape function with a width of
4 meV, these histograms gave the ensemble-averaged spec-
tra shown as a dashed red line (low-energy dot) and as a
dashed-dotted blue line (high-energy dot) in Fig. 7(b), re-
spectively. The summation of both spectra (solid black line)
qualitatively resembles the far-field spectrum at such inter-
mediate excitation intensities.

The average spectrum of the low-energy dot (dashed red
line) is dominated by the strong ground state emission peak
(the A band in the far-field spectrum) around 1.54 eV. Slight
differences in the emission energies between ensemble-
averaged near-field and far-field spectra are likely to arise
from a different inhomogeneously broadened ensemble
probed in both experiments and/or the different spectrom-
eters used. In addition to the ground state emission, this
spectrum shows a shoulder at higher energies, most likely
arising from excited state emission.

The emission of the high-energy dot (dashed-dotted blue
line) shows a complicated emission spectrum in the energy
region of the B band, with contributions from excitons in
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FIG. 7. (Color online) [(a), Top] Histogram of the spectral dis-
tribution of the near-field PL intensities of the emission peaks of the
low-energy dot. For each emission peak in the near field in Fig.
3(a), the spatial center position is identified to either the low- or
high-energy dot of the respective QD pair. For the sampled statisti-
cal ensemble of low-energy dot peaks, the emission intensity is then
plotted as a function of the emission energy. [(a), Bottom] Histo-
gram of the spectral distribution of the near-field PL intensities of
the emission peaks of the high-energy dot. (b) Ensemble-averaged
emission spectra of the low-energy (dashed red line) and high-
energy (dashed-dotted blue) quantum dots. The spectra are ex-
tracted by convoluting the histograms in (a) with a Lorentzian line
shape function with a width of 4 meV. The summation of both
spectra is shown as a solid black line.

both ground and excited states. Therefore, at intermediate
excitation intensities, the band B in the far-field spectrum can
no longer be assigned to ground state emission from the
high-energy dot alone. Rather it reflects a complicated super-
position of different emission bands, namely, exciton and
biexciton ground state emissions of the high-energy dot and
excited state emission from both dots.

This supports the assignment of the intensity-dependent
far-field spectra given already above. The intense band A
reflects the ground state (excitonic and biexcitonic) emission
of the low-energy dot. At low excitation densities, the emis-
sion of band B is governed by ground state emission from
the high-energy dot. At higher energies, luminescence from
excited exciton states of both dots adds to this emission
band. With increasing excitation intensity, the ground state
emission saturates, and excited state emission in the energy
range of the B band dominates the spectrum.

V. SUMMARY AND CONCLUSIONS

In summary, the results reported in this paper give experi-
mental evidence for a correlation between structural and op-
tical properties of QDs grown by droplet epitaxy. By means
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of a statistical analysis of low-temperature near-field PL
spectra, we have demonstrated that the geometric alignment
and interdot spacing of 130 nm found in AFM images of
uncapped quantum dot pairs also govern the optical proper-
ties of these nanostructures. Quantitative information on the
energetics of confined excitonic states within such pairs is
obtained. For conceptual simplicity, these PL studies have
been performed on QDPs with a rather large interdot separa-
tion, where the formation of coherently coupled molecular
quantum dot states is suppressed and in which excitonic in-
teractions between neighboring dots within each pair are
weak. During the past months, several research groups have
demonstrated that droplet epitaxy permits the growth of pairs
and more complex arrays of QDs with much smaller dimen-
sions and interdot distances in the range of a few tens of
nanometers. The excellent optical properties of droplet epi-
taxy QDs demonstrated in our work make such pairs and

PHYSICAL REVIEW B 77, 075314 (2008)

arrays highly interesting for probing the intricate optical
properties of molecular excitonic states and in particular the
complex dynamics of dipolar interactions in quantum dot
arrays with controlled geometries. Such studies are highly
relevant for exploring the potential of these nanostructures
for implementing scalable arrays of exciton and/or spin-
based quantum bits and are now under study.
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