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Investigation of photoluminescence in the InGaAs/GaAs system

with 1100-nm range quantum dots
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The results of studying the optical properties of InGaAs quantum dots are presented. Single-layer InGaAs
quantum dots with a height of 5.3, 3.6 and 2.6 monolayers, as well as three-stacked layers of tunnel-uncoupled
quantum dots with a height of 2.6 monolayers were formed by molecular-beam epitaxy according to the Stransky—
Krastanov mechanism on GaAs substrates, using the partial capping and annealing technique. A decrease in the
size of quantum dots makes it possible to carry out a blueshift of the photoluminescence spectrum maximum from
1200 nm to 1090 nm, and an increase in the number of QD layers makes it possible to compensate for the decrease
in the peak intensity. It is shown that this type of quantum dots is suitable for creating the lasers active regions
with a vertical microcavity for neuromorphic computing.
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1. Introduction

Quantum dots (QDs) are used as active regions for a wide
range of laser applications [1], including in lasers with a
microresonator for neuromorphic computing [2,3]. In single
photon sources, a low QD density is required [4], however,
in laser structures with a vertical microresonator, where
initially the volume of the active region is minimal, on the
contrary, it is necessary to increase the QD density in order
to reach the laser generation threshold. The optical gain
of the active regions based on ,jideal“ QD should exceed
the optical gain of the active regions based on quantum
wells, but in practice the situation is different, due to the
effect of inhomogeneous broadening in the ensemble of
QDs. This fact limits the high-temperature generation of
QD lasers in a structure with a vertical microresonator. The
maximum operating temperature of these current-pumped
lasers is ~ 100K [5].

InAs/InGaAs CT [6] are traditionally used for epitaxial
growth of long-wave laser structures with QD (O-spectral
range, near 1300nm). In turn, the deposition of an
additional InGaAs layer with a lower indium composition
makes it possible to realize long-wave radiation in QD
based on triple solid solutions of InGaAs [7]. However, the
amplifying properties of the active regions of the O-spectral
range based on InGaAs QD are lower in comparison with
the case of using InAs QD. QDs are epitaxially grown in the
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Stransky—Krastanov (SK) mode, for which the presence of
a wetting layer [8] is typical, which is essentially a strained
QA with a height of several nanometers located on the
heterointerface CT/GaAs [9].

InGaAs/GaAs QD are traditionally used to implement
laser structures with radiation near 1100 nm. With a high
proportion of indium (~ 60%), mechanically highly stressed
Henticular InGaAs QD with dimensions of 10—15nm
and a point density of ~ (1-2)-10""'cm=2 are formed.
Reduction of the proportion of indium to 45% reduces the
QD density to (1—2) - 10° cm~2 and increases the QD size
to 20—25nm [10]. A further decrease of the proportion of
indium (up to 30%) allows for a significant reduction of
the mechanical stresses between the deposited layer and the
substrate (up to 2%), to deposit QD with a lower density
(~9-10°cm~2) and elongated along one crystallographic
direction, which is required to create sources of single
photons. In this case, the characteristic QD dimensions
are in the range of 50—100nm along the direction [011]
and ~ 30 nm in the perpendicular direction [11-15].

The typical half-width of the photoluminescence spec-
trum (PL) of QD emitting near 1100 nm and demonstrating
the high efficiency of FL required for laser applications is
80—90 MeV [16,17], which significantly exceeds the similar
value for QD O-spectral range [18]. This fact is due to a
greater fluctuation in the size of QD in the ensemble for
the case of QD of the spectral range 1100 nm, whose sizes
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are smaller in comparison with QD of the spectral range
1200—1300 nm at typical growth temperatures. In turn, the
implementation of low-temperature QD allows to reduce
the half-width of the PL line (up to 35—40, MeV [16,17]),
however, the intensity of the PL line drops by several orders
of magnitude [16].

To implement photonic reservoir calculations, it is re-
quired to form a dense array of spectrally homogeneous
microlasers in order to implement diffraction binding of
lasers in the [2] array. An increase in the number
of microlazers in the array results in the increase of
the threshold power of optical pumping required for the
implementation of photonic reservoir calculations. As a
result, along with the spectral uniformity of microlasers,
it is also necessary to minimize the threshold pumping
power of individual microlasers [2]. On the one hand, it is
necessary to increase the gain of active areas based on QD
for reducing the threshold power, and on the other hand, it
is necessary to minimize losses in the layers of distributed
Bragg reflectors.

Approaches aimed at reducing inhomogeneous linewidth
broadening, i.e. QDs size distribution are applied to increase
the maximum optical gain of active regions in lasers of the
spectral range of 1100 nm based on QD [17].

The first of the approaches to reduce inhomoge-
neous linewidth broadening is to use submonolayer
migration-stimulated epitaxy (submonolayer deposition)
based on the formation of alternating submonolayer layers
InAs/(In)GaAs [11-13,19,20]. It is worth noting the
complexity of controlling the composition of QD among the
disadvantages of the approach due to the inertia of switching
the dampers of materials in molecular beam epitaxy (MBE)
units.

The second approach to reduce QD inhomogeneous
linewidth broadening is to use the partial capping and
annealing technique (PCA) or indium-flush procedure as
this method is also called [21], QD height-limiting growth
method [17]. In this case, the structure is annealed for
several minutes after the formation of QD and epitaxy of a
thin coating layer of GaAs [22-24]. During annealing of the
structure, the height of the QD is reduced due to desorption
of the material from the uncovered area near the top of the
QD. The development of this approach is presented in the
paper [25], in which, due to the formation of an additional
wide-band layer of AlAs after the formation of QD, it was
possible to eliminate the binding effect between QD and the
wetting layer states (the presence of PL from the wetting
layer in the PL spectra of the QD ensemble), and high-
temperature annealing was applied to reduce the spread in
the height of QD in the ensemble.

To summarize: the use of the PCA method for QD
epitaxy in lasers with a vertical microresonator allows
for more precise control of the radiation wavelength (by
changing the thickness of the coating layer and by changing
the annealing time) and, as a result, more precise control of
the amount of detuning between the spectral position of the
radiation of the QD ensemble and the spectral position of
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the main optical mode of the resonator what is required for
laser structures used for neuromorphic computing.

Previously, the method of organometallic vapor phase
epitaxy (OMVPE) was used to form heterostructures of
QD lasers with a vertical microresonator required for
neuromorphic calculations [2,3]. However, the typical
deviation of layer thicknesses over the area of the epitaxial
structure was ~ 2%, which led to a shift in the resonant
wavelength of the radiation ~ 30MeV over the area of the
two-inch plate. As a result, when creating lasers for photonic
reservoir calculations, it is necessary to compensate for
this spectral inhomogeneity. In turn, the MBE technology
provides greater uniformity of the composition and thickness
of the layers over the area of the structure (~ 1%).

This paper presents the results of epitaxial growth and
the study of the optical properties of InGaAs QD grown by
the MBE method using the Stransky—Krastanov mechanism
using the PCA method.

2. Experimental samples

During the experiment, a series of samples including
InGaAs QD grown by the Stransky—Krastanov mechanism
was formed by the MBE method. A buffer anti-aging
layer of GaAs with a thickness of 100nm was grown on
GaAs(100) substrates. There was a layer of the GaAs matrix
with a thickness of 300 nm between the two barrier layers
Aly 23Gag 77As with a thickness of 35nm in the middle of
which layers with QD were placed. The growth temperature
was 580°C for all studied structures. In turn, before
the deposition of QD, the substrate temperature decreased
to 490°C. The deposition rate of QD layers was 0.2 mono-
layer (ML) per second. Next, the deposition of the capping
layer of GaAs with an increase in the arsenic flow and the
subsequent temperature rise to 580°C [17] was performed
for annealing the samples for 4min (implementation of
the PCA mode).

Structures 1—3 included one layer In ¢¢5Gag3sAs QD
with different QD heights (5.3, 3.6 and 2.6 ML). The thick-
ness of the GaAs layer covering QD in them was 5.0 nm.
The structure of 4 is similar to the structure of 3, except for
the thickness of the GaAs layer covering the QD, which has
been reduced to 3.5 nm.

A structure 5 with three layers of Ing ¢3Gag 37As QD with
a height of 2.6 ML was grown for increasing the optical
amplification of the active regions of lasers with a verti-
cal microresonator required for neuromorphic calculations.
A further increase in the number of QD layers to 5 or
more is inefficient due to the need to place the QD in the
maximum spatial distribution of the intensity of the standing
wave in the microresonator. The thickness of the GaAs layer
covering the QD in the structure 5 was 5nm, and the QD
layers were separated by GaAs layers with a thickness of
20nm in order to exclude the binding effect between the
QD layers. An exposure was added for structures 3—35, after
QD deposition on the GaAs surface, the exposure time in
the arsenic stream was 30s.
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Figure 1. Cross-sectional images (11_0): a, b, ¢ and d — for structures 1, 2, 3 and 5, respectively.

Transmission electron microscopy (TEM) studies were
performed using JEM2100F (Jeol) electron microscope
with an accelerating voltage of 200kV. The samples were
prepared in cross-sectional geometry using a generally
accepted technique, including thinning by precision grinding
and spraying with argon ions at the final stage before
perforation.

Measurements of the PL spectra at a temperature
of 297K were performed using the PM2000, VerteX
(Nanometrics) unit using an InGaAs photodetector and a
semiconductor laser with a pump wavelength of 532nm.
The measurement speed was 5 points per second, the gap
size 2mm. A diffraction grid of 300 lines/mm was used.
The optical pumping power is fixed at the level of 4 and
45 MW, respectively.

The PL micro-spectra were measured in the tempera-
ture range of 77—290K using an Nd:YLF laser with a
wavelength of 527nm. The laser power varied in the
range of 0.016—2MW (continuous pumping mode). The
radiation was focused using a 100x Mlens,Plan Apo NIR
(Mitutoyo). The spot size after focusing was ~ 1 microns.
The PL signal was directed to the input slots of the
MS5204i monochromator (Sol Instruments). The technique
of synchronous detection using a cooled InGaAs detector
was used to register the spectra of micro-PL.

3. Results and discussion

Figure 1 shows images of structures 1—3,5, obtained by
transmission electron microscopy (TEM images) under two-
beam conditions with an active diffraction vector g = (002)
in the dark field mode. It is shown that QD in the structure

of 3 have the lowest height. The shape of the QD differs
from sample to sample. In structure 2 QDs have the
shape of lenses with a height of ~ 4nm and a lateral size
of 20—27nm. In structure 1, the QD shape is a ,high*
truncated pyramid, and in structure 3 is also a truncated
pyramid, but with a significantly smaller height. This form
of QD is determined by the use of annealing after the
growth of the covering layer of GaAs, which led to the
evaporation of indium from the apexes of the QD protruding
above the covering layer. InGaAs layer parameters are
listed in the table. The estimated value of QD density in
the studied samples was (1—3) - 10'* units/cm?. The upper
boundary of the GaAs layers that covered the QD during
annealing between QD is not visible. However, the layers in
which QDs are located have a rather strong dark contrast.
A similar contrast is associated with the wetting layer (WL),
which remains after the formation of QD. The thickness of
this ,,dark” layer on TEM images reaches 3.5—4.0nm in
the studied structures. Typical thicknesses of the wetting
layer with InAs QD growth are 0.5—1.0nm [26]. Thus,
with the growth of InGaAs QD, the thickness of the wetting
layer exceeds the same value in InAs QD [12], which is
due to a smaller mismatching in the crystal lattice constant
between InGaAs and the GaAs matrix layer [27], in fact,
the composition of indium InGaAs.

Fig. 1,d shows the results of a study of the structure 5,
including 3 layers Ing¢3Gag37As QD height 2.6 ML. The
figure shows a vertical alignment of QD during storage. As
shown earlier [28], successive deposition of several layers
of QD separated by thin barriers results in the fact that
the mechanical stresses of the lower layer of QD affect the
growth of the next layer of QD and the effect of vertical
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InGaAs QD parameters of grown structures

Ne Height Lateral Ti:ggﬁfgss
structures QD, nm QD size, nm
layer, nm
1 45-55 15-20 49
2 2.0-40 20-27 2.8
3 20-25 14-23 15-24
5 38—42 18—-35 1.5-1.7

alignment of QD in columns is observed. At the same
time, it is shown [29] that this effect is observed at the
thicknesses of layers separating CT, < 15nm. In turn, in the
structure 5, the thickness of the layers separating the QD is
higher (20 nm), but at the same time the effect of storage in
columns is also observed, which may be due to the larger
lateral size of the QD. Based on the statistical analysis of
a number of images obtained for the structure 5, it was
shown that the shape and size of the QD in all three layers
are identical, while the growth mode of the QD layers was
also the same. No special approaches were used to preserve
the QD size. Thus, with these QD sizes and thicknesses of
the separating GaAs layers, during growth, the elastic stress
field from the already grown QD has an effect only on the
location of the QD in the formed layer and does not affect
their size and shape in any way. As a result, the effect of
an increase of the magnitude of inhomogeneous linewidth
broadening due to the size dispersion of QD in different
rows does not manifest itself.

Fig. 2 shows the PL spectra measured at the optical
pumping level of 4 and 45MW. At a low pump level,
the structure 1 with a single layer Ing¢5Gag3sAs with a
QD height of 5.3 ML demonstrates the maximum intensity
of the PL spectrum near 1198 nm with a small full half-
width of the maximum of the PL spectrum (~ 45MeV,
Fig. 1,a). Thus, the use of the root cause analysis (RCA)
technique allowed to reduce the spread of QD parameters
(heterogeneous broadening in the QD ensemble [20,30]).
The value of the PL full width at half maximum (FWHM
value) corresponding to the transitions through the ground
states in the QD ensemble (~ 38MeV, based on the
decomposition into 2 Gaussian components) is comparable
with the previously obtained results (FWHM ~ 40MeV)
for Ing 5Gag sAs QD of similar height obtained by RCA [17].
A short-wave shoulder near 1154nm is also observed
in the PL spectrum, 42MeV away from the PL line
corresponding to transitions through ground states. Typical
energy distances between the ground and excited states in
the QD ensemble are 25—75 MeV and are determined by
epitaxy modes, including the deposition temperature of QD,
their composition, as well as the thickness of the covering
layer [21].

A decrease in the QD height from 53 to 2.6 ML
(structures 1—3) leads to a short-wave shift in the position
of the maximum intensity of the PL spectrum, an increase
in the intensity of the PL line corresponding to transitions
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through excited states, as well as to a broadening of the
maximum of the spectrum PL.

The maximum intensity of the PL spectrum for the
structure is 3 with a QD height of 2.6 ML corresponds to
the radiation wavelength of 1094 nm. As shown earlier [31],
a decrease in the size of QD while maintaining their
composition leads to an increase in the quantization energy
of the ground and excited states. When a certain critical
size of the QD is reached, the excited states rise in energy
so much that they shift to the region of the wetting layer,
leading to the presence of only the ground state and optical
transitions associated with it. In turn, an increase in the size
of the QD above some critical value leads to a convergence
of energy levels until a mini-zone is formed. Thus, with
a decrease in the size of the QD, two effects manifest
themselves: a short-wave shift in the position of both PL
lines, as well as an increase in the energy distance between
these PL lines [1] (a larger short-wave shift of the excited
state PL line relative to the shift of the ground state PL line),
which is described by the short-wave shift of the position of
the maximum PL, as well as an increase in the width of the
maximum spectrum PL.

The structure 5 with three layers Ing ¢3Gag 37As a 2.6 MS
QD shows a higher intensity of the PL spectrum compared
to the structure 3 with a single layer of 2.6 ML QD. It was
previously shown [32] that the effect of saturation of PL
through ground states is observed at higher optical pumping
densities in structures with several layers of QD, which
correlates with the experiment. The full width of the PL
spectrum from QD is slightly lower than the same value for
a structure of 3 with one QD layer due to more efficient
pumping of the ground state in a structure of 5 with three
layers of QD.

Earlier it was reported about the use of a coating layer
with a thickness of 3nm for the implementation of QD
emitting in the spectral range of 1100 nm, grown by the
MPE [17] method. Similar parameters were used for the
growth of the structure 4, where the thickness of the coating
layer was up to 3.5nm. However, a decrease in the thickness
of the coating layer in comparison with structures 1-3 led
to the absence of a line typical for QD in the PL spectrum
(see Fig. 1,a). In the PL spectrum of structure 4, there
are three lines corresponding to GaAs (near 860 nm), the
InGaAs wetting layer (near 910nm, designation WL), as
well as the QD layer significantly shifted to the short-
wavelength region relative to the position of the QD line
in the structure 3. Due to the reduction of the thickness of
the covering layer, large QD has reevaporated and radiation
from QD with smaller dimensions radiating in the shorter
wavelength region of the spectrum is observed in the PL
spectrum. The intensity of PL from QD decreased, which
is associated with a lower density of QD compared to the
structure 3.

An increase in the level of optical pumping (up to
45MW) leads to an increase in the intensity of PL. In
contrast to the case of low optical pumping, two maxima
are clearly expressed in the FL spectrum of the structure 1
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Figure 2. Photoluminescence spectra of structures 1—5 at the optical pumping level of 4 MW (panel a) and 45 MW (panel b). The
spectrum of the PL structure 4 on panel a is shown in scale (x35), the designation WL corresponds to the InGaAs wetting layer.

with a single layer IngesGagssAs CT, which is due to
more efficient pumping of excited states (Fig. 1,b). With
a decrease in the QD height (from 5.3 to 2.6 ML), two
effects are observed: a decrease in the intensity of the
maximum of the PL spectrum, as well as an increase
in the intensity of the line corresponding to transitions
through excited states. The structure 5 with three layers
of QD demonstrates an increase in the intensity of the PL
spectrum and more efficient pumping of the ground state
in comparison with the structure 3 with one layer of QD.
Comparison of the PL spectra of the structure 1 with one
QD layer with a height of 5.3 ML and the structure 5 with
three QD layers with a height of 2.6 ML allows drawing the
following conclusions: reducing the size of the QD allows
a short-wave shift of the position of the maximum of the
PL spectrum from 1200 to 1090nm, and increasing the
number of QD layers allows for compensation for the drop
in intensity of the maximum of the PL spectrum.
Temperature studies of the spectra of micro-PL struc-
ture 5 with three layers of QD 2.6 ML high were performed.
Fig. 3 shows the results of measurements at an optical
pumping power of 0.17MW. At a temperature of 77K,
a broad maximum is observed with a characteristic full
width at half maximum micro-PL spectrum ~ 110 MeV. An
increase in temperature to 140 K leads to an increase in the
intensity of micro-PL. At the same time, a drop in the value
of the full width at half maximum of the micro-PL spectrum,
which is due to more efficient pumping through the ground
states. A further increase of the temperature to 290 K results
in the decrease of the radiation intensity. A small drop
of the integral intensity of micro-PL (by 1.9times) with
an increase of temperature from 77 to 290K indicates a
high optical quality of the formed QDs. The maximum of
the spectrum of micro-PL, corresponding to a temperature
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Figure 3. Spectra of micro-PL structure 5, measured at various
temperatures. The optical pumping power was 0.17 MW.

of 290K, is decomposed into two Gaussian components.
The FWHM of the PL line near 1070 nm corresponding to
transitions through the ground states was ~ 54 MeV. The
energy distance between the ground and excited states in
the QD ensemble was 47 MeV.

Figure 4 shows the spectra of the micro-PL structure 5
with 3 QD layers with height of 2.6 ML, depe nding on
the pumping, measured at a temperature of 290 K. With a
pumping power of 0.02 MW, optical pumping is observed
through the ground states in the QD ensemble. The PL
peak FWHM was 66 MeV. An increase of the intensity of
the micro-PL line from excited states is observed with an
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Figure 4. Spectra of micro-PL structure 5 at different levels of
optical pumping, measured at a temperature of 290 K.

increase in pumping, the luminescence efficiency from the
wetting layer and the substrate increases. With a pumping
level of 0.54 MW, the intensities of micro-PL lines from
transitions in the QD ensemble through the ground and
excited states are compared. A further increase of the
pumping level (> 0.54MW) leads to a faster increase of
the intensity of the PL line due to optical transitions through
excited states with saturation of the intensity of the PL line
due to optical transitions through ground states.

4. Conclusion

Epitaxial growth experiments and investigation of the
optical properties of InGaAs QD in the spectral range of
1100 nm produced by the Stransky—Krastanov mechanism
using the method of partial covering and high-temperature
annealing of QD were performed. The structural quality of
the formed QD was studied by the transmission electron
microscopy. It was shown that a vertical alignment of QD
is observed during storage for a structure comprising three
layers Ing 63Gag37As QD with a height of 2.6 ML. The PL
spectra of the formed structures were studied. A reduction
of the size of the QD allows for short-wave shift of the
position of the maximum of the PL spectrum from 1200
to 1090nm, and an increase of the number of QD layers
allows compensating for the decrease of the intensity of
the maximum of the PL spectrum. Temperature studies of
the spectra of micro-PL structures with three layers of QD
with a height of 2.6 ML were conducted. A slight drop of
the integral intensity of micro-PL was found in case of an
increase of temperature from 77 to 290 K, which indicates
the high optical quality of the formed QD and the prospects

Semiconductors, 2023, Vol. 57, No. 1

of using QD data as active regions of lasers with a vertical
microresonator for neuromorphic calculations.
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