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GaAs/AlGaAs quantum dots created by the nanohole-filling droplet epitaxy are promising for applications in
information photonics due to the low mechanical stress in these lattice-matched heterostructures. In this work, we
have carried out a detailed study of the optical properties of such quantum dots using microphotoluminescence
and reflection spectroscopy. For quantum dots grown by molecular beam epitaxy with a density of about
1 µm−2, the photoluminescence signal was scanned with a spatial resolution of about 1 µm. A correlation
map was constructed for the spatial derivatives of the photoluminescence spectra in order to identify the
emission bands that correlate with each other. It was found that QD A (E = 1.56 eV), QD B1 (E = 1.61 eV),
and QD B2 (E = 1.65 eV) bands originate from the same regions of the sample. The smaller width and the
lower energy position of the QD A band allow it to be related to the central part of the quantum dot, while
the QD B1 and the QD B2 bands’ origins are smaller quantum-sized objects located around the same dot.
All these bands are observed in anticorrelation with the signal from the heavy-hole exciton in the quantum
well.
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I. INTRODUCTION

The quantum confinement of charge carriers in quantum
dots (QDs) allows them to be used in many photonics applica-
tions ranging from lasers [1] to single photon sources [2]. The
traditional method for creating AIIIBV semiconductor QDs is
the lattice-mismatched growth of InAs on GaAs [3]. Strain in
self-organized InAs-based QDs creates electric field gradients
that enable interactions with nuclear spins, which is the main
source of the electron spin decoherence [4]. Engineering QDs
with reduced strain is therefore important for applications
requiring long spin relaxation times [5–8].

An alternative approach is the growth of QDs using droplet
epitaxy. This method is based on the fact that droplets of
gallium self-organize on the surface of GaAs or AlGaAs in
the case of an insufficient amount of arsenic. The surface
density of the droplets formed can be controlled using the
substrate temperature over a wide 108–1011 cm−2 range [9].
The simplest strategy is the further conversion of droplets of
gallium into GaAs by turning on the flow of arsenic and cov-
ering the resulting nanocrystals with a AlGaAs barrier layer
[10]. Despite the rich possibilities for controlling the shape
and arrangement of such QDs [11–13], the optical quality
of the obtained structures is quite low, which is due to the
low temperature of Ga droplet conversion into GaAs (usu-
ally around 200 ◦C). To obtain emission from such structures,
rapid thermal annealing (RTA) is necessary, which increases
the inhomogeneity of the QDs ensemble.

A breakthrough in the application of droplet epitaxy was
the discovery of local droplet etching [14]. In this mode
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of epitaxy, as the substrate temperature rises above 500 ◦C
[9,15,16], nanoholes are etched under Ga droplets. Further,
these nanoholes can be filled with barrier layers and dot ma-
terial between them to obtain GaAs/AlGaAs QDs [17]. This
method is called nanohole-filled droplet epitaxy (NFDE). The
optimal GaAs growth temperature makes these QDs defect-
free without the need for RTA. Partial filling of the nanoholes
leads to high homogeneity of QDs ensembles. Temperature
control during the formation of Ga droplets is used to obtain
the desired density of QDs to satisfy a wide variety of appli-
cations requiring either the addressing of single QDs or the
presence of dense QD ensembles.

In many works, single NFDE QDs have been studied,
including their fine-structure splitting [18–20] and magneto-
optical properties [21,22]. However, the study of the emission
spectra from large areas of the sample with a large number
of QDs revealed the presence of two or more emission bands
with a separation of several tens of meV [19,23]. The presence
of two bands can be associated both with two QD subensem-
bles and with the presence of several quantization regions at
one dot. A magnetophotoluminescence study [23] put for-
ward a hypothesis that the observed QD A (E = 1.58 eV)
and QD B (E = 1.63 eV) bands correspond to the dot inside
the nanohole and additional dots formed on the border of the
nanohole.

In our work, we scanned the microphotoluminescence sig-
nal, collecting data on several hundreds of single QDs. The
data obtained were used to build a correlation map that un-
ambiguously indicates the correlation or anticorrelation of
individual emission bands. The temperature-dependent pho-
toluminescence (PL) was studied for these bands, and the
positions of the resonances of heavy-hole (HH) and light-hole
(LH) excitons in the quantum well (QW) lying between QDs
were determined using reflection spectroscopy.
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FIG. 1. AFM images of the sample with nanoholes (a) and with QDs (b). The green circle denotes the approximate size of the laser spot.
AFM profiles of nanoholes (blue) and QDs (red) along the [110] (c) and [110] (d) directions.

II. SAMPLE GROWTH AND CHARACTERIZATION

The sample (T874) was grown on epi-ready GaAs (001)
substrate using the SVTA MBE-35-3 molecular beam epitaxy
setup. The substrate was kept at 510 ◦C during the growth.
A 200-nm GaAs buffer layer was grown. After this all shut-
ters were closed for 30 s to smooth the surface and reduce
the As flux. Then the Ga source was opened for a time
equal to the growth of 2.8-nm GaAs. The Ga flux corre-
sponded to the growth rate of 0.3 monolayers/s. After this,
As flux was supplied to the substrate for 300 s to locally
etch nanoholes. Then the sample was covered with a 7.3-nm
Al0.47Ga0.53As barrier and a 3.4-nm GaAs layer. Subsequently
all shutters were closed for a 120-s pause to smooth the
surface and fill nanoholes with GaAs. During the growth
pause, a redistribution of GaAs occurs: part of the material
deposited near the nanoholes fills them. The resulting cone-
shaped GaAs form QDs. In the vicinity of these QDs the
GaAs layer is depleted. Far from QDs, the 3.4-nm GaAs layer
remains, which leads to formation of a QW. Next the 84-
nm Al0.38Ga0.62As barrier and 20-nm GaAs cap layers were
grown.

For the analysis of nanoholes, a sample (T873) was grown
that was interrupted after the etching step. Surface relief of
both samples was studied by atomic force microscopy (AFM)
using the NT-MDT Integra microscope.

Figure 1(a) shows the AFM image of the etched sample
surface. Nanoholes are visible on the surface, surrounded by
raised borders. Such structures are typical for local droplet
etching under Ga droplets [14]. An AFM image of the surface
after growth of subsequent layers is shown in Fig. 1(a). Hills
are formed in place of the nanoholes. The density of obtained
QDs is around 1 µm−2. Both holes and hills have an asymmet-
ric shape, which is illustrated by cross sections in Figs. 1(c)
and 1(d).

III. OPTICAL STUDY

Micro-PL measurements were carried out at T = 4 K using
a 532-nm cw laser focused down to an ∼1-µm2 spot by a
50× microobjective lens. Figure 1(b) shows a typical spot

size in scale. A spectrometer with 750-µeV resolution was
used. Micro-PL was scanned by the lens movement along
the x direction with sub-micrometer resolution. Reflection
measurements were carried out at T = 10 K using a halogen
lamp in geometry close to the Brewster angle for GaAs (74◦)
[24]. The signal with P polarization was normalized to the
signal with S polarization.

Figure 2(a) shows the PL spectrum averaged over the large
area of the sample. The following bands could be distin-
guished in the spectrum: excitonic emission from the bulk
GaAs layer (E = 1.515 eV), emission from carbon impurities
in GaAs (E = 1.493 eV) [25], excitonic emission from the
bulk AlGaAs layer (E = 1.98 eV, not shown) and three bands
related to QDs: QD A (E = 1.56 eV), QD B1 (E = 1.61 eV),
and QD B2 (E = 1.65 eV), designated following Ref. [23].

During the sample growth on a part of the surface free
of nanoholes, QWs are formed. Due to the large QW area,
exciton resonances in QWs have a strong enough oscillator
strength to be observed in the reflectivity spectrum. Fig-
ure 2(a) shows the reflectivity spectra (blue curve). Two
resonances corresponding to the heavy-hole (QW HH, E =
1.710 eV) and light-hole (QW LH, E = 1.750 eV) excitons in
QW are observed. The emission from QW is seen only from
the lowest-lying QW HH state (E = 1.700 eV). The reflectiv-
ity and PL spectra were obtained from different points on the
sample, which accounts for the slight variation in observed
energies caused by the sample’s gradient.

One of the possible explanations for several spectral fea-
tures in PL spectra is the presence of monolayer fluctuations in
the QW. In order to test this hypothesis, the QW emission was
modeled using NEXTNANO software [26]. The energy levels
of the electron, light, and heavy holes were calculated for
a QW with barriers having the same composition as in the
T874 sample. The thicknesses of the QW varied from 10 to 20
monolayers of GaAs. The materials’ parameters were taken
for T = 4 K. The difference between first electron and hole
levels was taken as the transition energy neglecting the exciton
binding energy.

Figure 3 shows the calculated dependency of the QW HH
and QW LH resonances’ positions on the number of GaAs
monolayers (MLs) in the QW. The calculated spectral position
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FIG. 2. (a) The averaged PL spectrum (T = 4 K, red curve, log scale) and the reflectivity spectrum (T = 10 K, blue curve). (b) PL map
I (E , x) for the scan along the x direction (T = 4 K). Log intensity scale. (c) Spatial derivative dI (E , x)/dx of the PL map in panel (b).
(d) Schematic representation of the emitting regions of the sample.

and HH-LH splitting are in good agreement with the experi-
mental values for grown 12-ML QWs. The calculation also
predicts monolayer fluctuations of the order of 0.02 eV, which
were not observed in the experimental spectra.

In the PL spectrum shown in Fig. 2(a), three bands are
identified as QDs emission: QD A (E = 1.560 eV), QD B1
(E = 1.614 eV), and QD B2 (E = 1.649 eV). To establish the
nature of these bands, we studied the spatial dependence of
the micro-PL spectra. The micro-PL signal was scanned along
the x direction—“across” the elongated QDs [scan direction is
shown in Fig. 1(b)]. Figure 2(b) shows the spatial dependency
of the micro-PL signal. The intensities of bulk GaAs and
GaAs:C emission bands remain constant across the sample.
Other bands change with the position to some extent. In order
to isolate signals from individual QDs and to find the relation

FIG. 3. Calculated transition energies for heavy-hole and light-
hole excitons in the Al0.47Ga0.53As/GaAs/Al0.38Ga0.62As quantum
well at 4 K for different numbers of GaAs monolayers. According
to the growth data, the expected thickness of the QW in the studied
sample is 12 MLs.

between emission bands, the correlation map was constructed
by the following procedure.

First, the spatial derivative of the PL map I (E , x) was
calculated as dI (E , x)/dx [Fig. 2(c)]. For the movement along
the x direction, the positive derivative values dI (E , x)/dx > 0
correspond to the emergence of the emission [red areas in
Fig. 2(c)] and the negative derivative values dI (E , x)/dx < 0
correspond to the emission disappearance (blue areas). Both
absent and constant emissions will result in zero values (white
areas).

Subsequently, the autocorrelation maps C(Ei, Ej, x) were
constructed for spatial derivative maps at each x position by
the following formula:

C(Ei, Ej, x) = dI (Ei, x)

dx

dI (Ej, x)

dx
. (1)

Finally, the correlation map C(Ei, Ej ) for the entire
scanned part of the sample was calculated by averaging of all
autocorrelation maps: C(Ei, Ej ) = 〈C(Ei, Ej, x)〉x. Figure 4
shows the correlation map constructed from the sample scan
of 57 µm in the x direction.

The elements on the diagonal of the correlation map
(Ei = Ej) are the averaged values of the squared spatial
derivatives. The nonzero values observed in these diagonal
elements correspond to PL bands that exhibit a spatial depen-
dency in their intensity. The correlation map for bulk GaAs
and GaAs:C bands exhibits zero values, as their intensity
remains independent of the position.

The off-diagonal elements of the map (Ei �= Ej) represent
the correlation between the spatial derivatives of the emission
bands with energies Ei and Ej .

Three possible scenarios can be observed in the correlation
map. Regions where C(x, Ei, Ej ) > 0 (shown in red in Fig. 4)
indicate a correlation between the emission bands with ener-
gies Ei and Ej . This implies that their emission simultaneously
appears or disappears during the spatial scan. Conversely,
regions with negative values C(x, Ei, Ej ) < 0 (shown in blue)
represent an anticorrelation between the bands. In this case,
the emergence of one peak coincides with the disappearance
of another. Areas with C(x, Ei, Ej ) ≈ 0 (shown in white)
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FIG. 4. (a, c) The PL spectrum I (E ) averaged along the x axis
taken at T = 4 K. (b) Correlation map C(Ei, Ej ).

indicate not only the absence of emission or constant emission
but also noncorrelated emissions.

Let us consider the correlation map (Fig. 4) in detail.
The QW HH emission shows anticorrelation with all three
QD bands (QD A, QD B1, and QD B2; region I in Fig. 4).
This observation can be attributed to the presence of a GaAs
depletion region surrounding the QDs. The GaAs material
fills the nanoholes and forms the QDs during a pause in the
epitaxial growth process [27]. As a result, the QW signal is
only observed in areas that are distant from the QDs. This phe-
nomenon accounts for the observed anticorrelation between
the QDs and the QW bands.

The QD A emission band correlates with QD B1 and QD
B2 bands (region II in Fig. 4). This means that all three
bands belong to the same QD surroundings and are not the
manifestation of three subensembles of QDs. It also aligns
with the findings of microscopic measurements depicted in
Fig. 1, demonstrating the unimodal size distribution of both
etched nanoholes and fully grown hills.

The splitting between the QD A and QD B1 bands, as well
as between the QD B1 and QD B2 bands, is around 50 meV.
The binding energy of different exciton complexes in NFDE
QDs is on the order of a few meV [28–31]. This rules out
the possibility that observed emission bands are related to
exciton complexes coexisting in the same QD. Thus, these
bands correspond to the emission of different quantum-sized
objects localized close to each other (at the position of a single
nanohole). The QD A emission with the lowest emission
energy corresponds to the biggest of the objects. This allows
us to consider that the QD A band refers to the GaAs material
that filled the nanohole, while the QD B1 and QD B2 bands
correspond to other objects that are formed near the nanohole,
for example, due to the presence of the elevated border around
it. This result supports the same hypothesis drawn in Ref. [23]

FIG. 5. PL spectra for different sample temperatures (below) and
spatially-averaged PL spectrum for T = 4 K (above) with PL bands
indicated. Log intensity scale.

based on the magneto-PL study. The QD B1 and QD B2 bands
correlate with each other (region III in Fig. 4), which means
that all three objects (A, B1, and B2) are usually present
together.

The fine structure of the QD B1 band displays an anticorre-
lation within the band itself, as depicted by region IV in Fig. 4.
This behavior can be explained as follows: when examining
each individual micro-PL spectrum, only a limited number of
narrow QD B1 emission lines are observed. In the presence
of one of these lines, the likelihood of observing other lines
decreases. Consequently, only several narrow lines are seen
for each individual nanohill, but the variation in their positions
across different nanohills results in a broad QD B1 band when
examining the spatially-averaged PL spectrum [Fig. 2(a)]. A
similar observation, though to a lesser extent, can be made for
the QD B2 band (region V in Fig. 4). Contrasting to QD B
bands, the QD A band is considerably narrower, aligning with
its attribution to the emission of the intended NFDE-grown
QDs.

The information obtained from analysis of correlation
maps is summarized in schematic representation of the emit-
ting regions of the sample in Fig. 2(d). We refrain from
explaining the smaller features in Fig. 4 because, unlike those
already discussed above, they are not observed in every region
of the sample.

Figure 5 shows the temperature dependency of the
spatially-averaged PL spectrum. All bands are subject to the
red shift with increasing temperature, which could be ex-
plained by the decrease of the GaAs band gap. Bulk GaAs
emission is observed almost up to room temperature, the
QW HH and QD A emission intensity drops around 100 K,
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the QD B1 and QD B2 emission at even smaller temperatures.
This behavior could be explained by the weaker confining
potential for QD B1 and QD B2, leading to the easier thermal
escape from these states and quenching of the PL emission
with temperature growth.

IV. CONCLUSIONS

In this work, we have studied the micro-PL and reflectiv-
ity from GaAs/AlGaAs NFDE QDs. The following emission
bands were identified: excitonic and carbon-impurity-related
emission in bulk GaAs and heavy-hole exciton emission from
the QW formed around QDs and three QD emission bands:
QD A, QD B1, and QD B2. To establish the relationship
between these bands, we analyzed the correlation between

them in a large set of micro-PL spectra obtained by sample
scanning. This analysis proved the existence of the region with
GaAs depletion resulted in the anticorrelation of QW and QD
emissions. The lowest-lying narrow QD A emission band was
identified as the emission of the GaAs-filled nanoholes. The
QD B1 and QD B2 bands correspond to smaller quantum-
sized objects located around the nanohole.
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