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Formation of InGaAs quantum dots in the body of AlGaAs nanowires

via molecular-beam epitaxy
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The results of experimental studies on the synthesis by molecular-beam epitaxy of AlGaAs nanowires with
InGaAs quantum dots are presented. It was shown that, as in the case of the InP/InAsP material system, the
formation of predominantly two objects is observed in the body of AlGaAs nanowire: InGaAs quantum dot due to
axial growth and InGaAs quantum well due to radial growth. It is important to note that the grown nanostructures
were formed predominantly in the wurtzite crystallographic phase. The results of the grown nanostructures physical
properties studies indicate that they are promising for moving single-photon sources to the long-wavelength region.
The proposed technology opens up new possibilities for integration direct-gap III—V materials with a silicon
platform for various applications in photonics and quantum communications.
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1. Introduction

At present, semiconductor nanostructures based on com-
pounds III—-V attract increased interest of researchers due
to their unique properties and the development of modern
methods of synthesis [1-3]. Of particular interest for
creating optoelectronic applications are nanostructures of
combined dimensions, such as quantum dots (QD) in the
body of nanowhiskers (NWs) [4-8]. Unlike self-organized
QDs on mismatched surfaces [9], the diameter, height,
and density of such QDs are determined by the NW
diameter, growth time, and NW density, respectively. It
is important to note that, due to the effective relaxation of
mechanical stresses on the side faces of NWs, such hybrid
nanostructures can be synthesized on the silicon surface.
In our previous works, we demonstrated the possibility
of growing AlGaAs NWs with GaAs QDs by molecular
beam epitaxy (MBE) [10-12]. Studies of the physical
properties of the grown nanostructures have shown that
they are efficient and directional sources of single photons
in the wavelength range of 750—800nm, which indicates
the promise of their application for quantum cryptography
and the integration of III-V materials with a silicon
platform [13-15]. Nevertheless, to increase the number of
applications based on NWs with QDs, it is necessary to
expand the range of materials composing QDs and NWs.
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This will lead to the advancement of single-photon sources
to the long-wavelength region.

In this work, the results of experimental studies of the
synthesis by the MBE method and the physical properties
of AlGaAs NWs with InGaAs QDs on the silicon surface
are presented. Unlike the most studied nanostructures in
the InGaAs/GaAs [16-19] material system, the localization
of charge carriers in InGaAs QDs in the AlGaAs NW body
has a higher value, since the AlGaAs band gap exceeds the
analogous parameter GaAs. This can lead to increase in
temperature at which one-photon properties of QDs can be
observed.

2. Experimental methods

Experiments on the synthesis of AlGaAs NWs with
InGaAs QDs were performed using a Riber Compact 21
MBE setup equipped with indium (In), gallium (Ga),
aluminum (Al), arsenic (As) effusion sources and an
additional metallization chamber. At the preparatory stage,
polished Si(111) wafers were subjected to cleaning in an
aqueous solution of HF(1:10). Then the substrates were
loaded into the metallization chamber, heated up to 950°C
and kept at this temperature for 20 min to remove the
residual oxide. At the next stage, the substrate temperature
was lowered to 550°C, and thin layer of gold (1—2nm) was
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deposited onto the substrate surface, followed by minute
exposure at the same temperature to form catalyst droplets
for subsequent growth of NWs. After cooling to room
temperature, the substrates were transferred to the growth
chamber without violating the ultrahigh vacuum conditions.
Then the substrate temperature was raised to the growth
temperature (510°C). The temperature of the substrates
did not change during the entire growth process. After
stabilization of the substrate temperature, the shutters of
the Al, Ga, and As sources were simultaneously opened for
13 min to form AlGaAs NWs. For the subsequent formation
of InGaAs QDs, the Al source shutter was closed and, at
the same time, the In source shutter was opened for 5s.
At the final stage of growth, the shutter of the Al source
was opened again to form the upper part of the AlGaAs
NWs. According to preliminary calibrations, the fluxes
from Al and Ga sources corresponded to the growth rate
of the AlGaAs layer ie. 1 monolayer per second (MS/s),
the nominal compositions of the AlGaAs and InGaAs solid
solutions were 0.3 for Al and 0.5 for In, respectively.

The morphological properties of the synthesized
nanostructures were studied by scanning electron mi-
croscopy (SEM). The structural properties of the synthe-
sized nanostructures were studied by transmission electron
microscopy (TEM) with the possibility of energy dispersive
X-ray analysis (EDX). The optical properties of the grown
samples were studied using the micro-photoluminescence
(micro-PL) method at temperature of 4 K. To compare the
emission from nanostructures grown in different directions,
part of the NWs standing on the substrate was removed
from the surface and placed on the surface of a clean Si/SiOx
wafer.

3. Results and discussion

Fig. 1 shows a typical SEM image of grown AlGaAs NWs
with InGaAs QDs on silicon surface. It can be seen from
the figure that NWs have a conical shape with average
height of 1.4um. The NW diameter was 150nm at the
base and 30nm at the top, with average surface density of
NWs ~ 9108 cm~2. It should be noted that NWs formed
predominantly in the (111) direction, which indicates their
epitaxial growth on the Si(111) substrate. This was achieved
through a unique procedure for depositing gold in a separate
metallization chamber and transferring the substrate to
the growth chamber without violating ultrahigh vacuum
conditions. Otherwise, due to the rapid formation of a
natural oxide layer on the substrate surface, it must be
additionally removed in the growth station at a sufficiently
high substrate temperature (~ 950°C), which can lead to
uncontrolled etching at the substrate interface and disruption
of the epitaxial bond with the substrate.

Typical TEM image of a single AlGaAs NW with InGaAs
QDs dispersed onto carbon grid is shown in Fig. 2. It
can be seen from the Figure that, as in the case of the
InP/InAsP [8] materials system, the formation of mainly

Semiconductors, 2022, Vol. 56, No. 7

400 nm

Figure 1. Typical SEM image of grown AlGaAs NWs with
InGaAs QDs on a silicon surface.

50 nm

Figure 2. Typical TEM image of a single AlGaAs NW with
InGaAs QD dispersed onto a carbon grid.

two objects is observed in the NW body: InGaAs QDs
due to axial growth and InGaAs QWs due to radial growth.
With QD formation time equal to 5s, its dimensions are
on average ~ 21nm in height and ~ 11nm in diameter.
Studies of the compositions of InGaAs nanoobjects by the
EDX method showed that the molar fraction of indium
in the solid solution is the same for both QDs and QWs
and amounts to ~ 20%. It is important to note that the
synthesized nanostructures have a predominantly wurtzite
crystallographic phase [10]. Nanostructures with a wurtzite
crystallographic phase may be promising for a number of
applications, for example, piezoelectric generators [20-22].
Nevertheless, the wurtzite structures of both NWs and QDs
contain rare inclusions of the cubic phase of the material,
which should not significantly affect the optical properties
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Figure 3. Sets of typical micro-PL spectra at temperature of 4K from AlGaAs NWs with InGaAs QD: a of standing ones on the Si
surface; b of lying ones on the Si/SiOyx surface. (A color version of the figure is provided in the online version of the paper).

of QDs More detailed theoretical and experimental studies
of the formation of crystallographic phase transitions near
QDs will be carried out in subsequent works.

Fig. 3,a and b show sets of typical micro-PL spectra
measured at different points of the sample at temperature
of 4K, obtained from standing on a Si substrate (Fig. 3,a)
and AlGaAs lying on a Si/SiOy substrate (Fig. 3,5) NWs
with InGaAs QDs. Should be noted that when the laser spot
was focused to the size of ~ 1 um and the surface density
of the grown nanostructures was high, about 10—20 NWs
with QDs were simultaneously excited. As can be seen from
Fig. 3, the micro-PL spectra clearly show three main bands:
(1) in the 750nm region, corresponding to the emission
from AlGaAs NWs [11,12], (2) in the 820nm region,
corresponding to radiation from the InGaAs QW, and (3) in
the 850 to 900 nm range, corresponding to radiation from
InGaAs QDs. Nevertheless, the spectra obtained from
standing and lying NWs differ significantly from each other.
In the case of NWs lying on the surface, radiation from
QDs prevails, but no significant signal from AlGaAs NW
or InGaAs QW is observed. This correlates well with the
theoretical predictions described in [23,24], according to
which, for emitters with a longer wavelength, the anisotropy
in the radiation is suppressed;therefore, for radiation from
InGaAs QDs emitting in the range 850—900nm, the
anisotropy is less pronounced.

4. Conclusion

In the work, the possibility of growing AlGaAs NWs
with InGaAs QDs on a silicon surface by the MBE method
was demonstrated. The results of studies of the structural
and optical properties of the grown nanostructures showed
that, as in the case of the InP/InAsP material system, the
formation of mainly two objects is observed in the NW
body: InGaAs QDs due to axial growth and InGaAs QWs

due to radial growth. It is important to note that the grown
nanostructures were formed predominantly in the wurtzite
crystallographic phase. The results of studies of the physical
properties of the grown nanostructures indicate that they are
promising for promoting single-photon sources to the long-
wavelength region. Thus, this work opens up new prospects
for the integration of direct-gap III—-V semiconductors with
a silicon platform for various applications in the field of
photonics and quantum communication technologies.
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