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Study of the structural and optical properties of InGaAs quantum dots
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The growth parameters of InxGa;_xAs quantum dots grown by molecular-beam epitaxy were tested. It has been
shown that a decrease in the indium content in quantum dots structures yields to a decrease in the ground state
emission wavelength, with subsequent saturation of the behavior. The use of Ing 5Gag sAs quantum dots makes it
possible to realize effective photoluminescence close to 995 nm at 13 K temperature, with emission inhomogeneous
broadening of about 57 meV with unimodal size distribution. The high luminescence efficiency for structures with
Ing 5GagsAs quantum dots at 300 K temperature has been demonstrated, which makes it possible to use this type
of active regions for the fabrication of vertical microcavities to further realize reservoir computing.
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1. Introduction

Active regions based on quantum dots (QDs) are used
to form various types of laser structures, including optically
pumped structures with vertical microcavities [1-7]. These
structures are formed by positioning a light-emitting active
region between two distributed Bragg reflectors (DBRs).
Low-temperature lasing has already been demonstrated at
77K under optical pumping in micropillar lasers with a
vertical microcavity and extremely low (several tens of
uW) threshold pump powers [8]. This was achieved
through the use of Aly,Gag gAs/Alp9Gag1As DBRs, which
are non-absorbing at the optical pumping wavelength
(700—820 nm), and active regions with a single QD layer.
A further increase in the operating temperature of these
microlasers necessitates an increase in the optical gain
of active regions and, consequently, a transition to the
designs with three QD layers [9-11]. This approach allowed
the experimenters to achieve lasing in microlasers with a
vertical microcavity and three QD layers at a temperature
of 130K [9].

A high spectral uniformity of microlasers in an array
(~ 200 ueV in an array of 8 x 8 elements [10]) is needed to
implement reservoir computing based on arrays of optically
pumped microlasers. The use of quantum wells (QWs) as
the active region of optically pumped microlasers is limited
by the significant contribution of nonradiative recombina-
tion on the side surface of a microlaser [10,12]). QDs
allow one to suppress markedly the effect of nonradiative
recombination and to implement a sufficiently wide gain
spectrum for efficient tuning of the lasing wavelength in
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an array of microlasers [10,13-16]. At the same time, if
the QD deposition conditions are not optimized, a parasitic
bimodality effect (i.e., the formation of two types of QDs),
which has a negative influence on the PL intensity and
broadens the emission spectrum significantly [17,18], may
be observed in an array.

The metal-organic chemical vapor deposition (MOCVD)
technique helps avoid the emergence of bimodality in
an InGaAs QD array [8-10]. Photoluminescence (PL)
with a full width at halfmaximum (FWHM) of its spec-
trum of ~ 50meV has already been demonstrated at an
ultra-low optical pumping density (~ 1.7mW/cm?) and
a temperature of 13K [16]. In addition, the micro-
PL spectra measured at medium optical pumping den-
sities (~ 350 W/cm?) are characterized by FWHM va-
lues of 20—25meV at a temperature of 10K [19]) and
~ 60—80meV at 290K [10,19,20].

The main disadvantage of MOCVD is the significant
variation of thickness of layers of the microcavity structure
over the wafer area (~ 2% [21]), which translates into a
wavelength spread for the vertical microcavity (~ 29 meV)
over the area of a two-inch wafer [10]. A high spectral non-
uniformity of the microcavity wavelength is thus observed
in an array of microlasers (~ 260ueV for an array of
30 x 30 microlasers with a diameter of 4um and a pitch
of 8 um). Therefore, when the MOCVD growth method is
used, additional precision compensation of the microlaser
diameter in an array via electron-beam lithography is
needed [10] to adjust the lasing wavelength and implement
diffraction coupling of microlasers in the array.
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Molecular-beam epitaxy (MBE) provides a lower non-
uniformity of layer thicknesses over the wafer area (< 1%).
To achieve lasing with a vertical microcavity, one needs to
increase the gain of an active region based on QDs formed
by MBE. Thus, it is necessary to maintain efficient QD PL
at a wavelength of 1100 nm at a temperature of 300 K.

The growth of InAs and InGaAs QDs of this spectral
range has been reported in literature. When an InAs layer is
deposited, 2D—3D transformation is typically observed (de-
pending on the growth temperature and the flux of group III
elements) at a critical thickness of ~ 1.4—1.7 monolayers
(MLs). Specifically, it was demonstrated in [22] that the
initial InAs QDs formed from a bulk InAs layer with a thick-
ness of 1.67 ML exhibit low-temperature PL near 986 nm
(at a temperature of 77 K) with a significant inhomogeneous
broadening (FWHM ~ 75meV). Since PL with a maximum
around 1114nm at 77K (FWHM ~ 50meV [22]) is ob-
served when the InAs thickness increases to 2.33 ML, the
calculated InAs thickness needed to implement PL in the
required spectral range (1000nm at 77K and 1100nm at
300K) is ~ 1.73ML. A QD array was found to be highly
sensitive to the substrate temperature and the amount of
InAs deposited during growth in preliminary experiments.
Thus, the use of initial InAs QDs of this spectral range
leads to a lower (compared to InGaAs QDs [23]) peak PL
intensity and a greater non-uniformity of parameters over
the wafer.

Studies into the formation of QDs with the use of
the method of partial capping and high-temperature an-
nealing [15], which was proven to be efficient [24,25],
were performed with the aim of reducing the magnitude
of inhomogeneous broadening in an InGaAs QD array.
Intense PL at a wavelength of 1100 nm was demonstrated
at 300K with a small spread of the microcavity wavelength
over the wafer area (~ 14meV, while MOCVD provided
~ 29meV [10]). However, the Stranski-Krastanov growth
of QDs from a bulk Ing 63Gag 37As layer with partial capping
and high-temperature annealing led to bimodality in the
InGaAs QD array with a characteristic FWHM value of
~ 73meV [16] measured at an optical pumping density of
1.7mW/cm? and a temperature of 13K.

In the present study, we report on the specifics of
formation and the parameters of inhomogeneous broadening
in an array of InGaAs QDs grown by MBE in the Stranski—
Krastanov mode. A vertical microcavity with an active
region of this type was formed, and its structural quality
was investigated.

2. Experimental samples

Heterostructures with InGaAs QDs were grown using
the MBE method in the Stranski-Krastanov mode by
depositing an InGaAs layer of a certain effective thickness
at an arsenic (Asy) pressure of 21077 Torr. The GaAs
substrate temperature in the process of QD deposition was
485°C, while the remaining epitaxial layers were grown at

a temperature of 600°C. The thickness of the GaAs capping
layer was increased from 5nm [15] to 10 nm. The QD layers
were positioned in the middle of a 300-nm-thick GaAs
matrix layer, which was located between two Alg 23Gag 77As
barriers with a thickness of 35 nm.

The critical InGaAs layer thickness corresponding to the
transition from layer-by-layer growth to three-dimensional
growth (2D—3D transformation) was identified by monitor-
ing the time of transformation of the reflection high-energy
electron diffraction (RHEED) pattern. As was demonstrated
in [26], the critical InGaAs layer thickness increases as
the amount of indium in InGaAs QDs decreases. The
Ing sGag sAs composition was chosen for QD deposition in
the first test heterostructure. The deposited IngsGag sAs
layer thickness was set by adjusting the experimental
time interval to a certain value exceeding the 2D—3D
transformation time. With the 2D—3D transformation
time exceeded by 20%, the ground-state peak in the PL
spectrum measured at room temperature was positioned
at ~ 1120 nm; when the 2D—3D transformation time was
exceeded by 10%, the PL peak shifted toward shorter
wavelengths (to ~ 1074nm). Since further shortening of
the time interval is associated with a high non-uniformity of
the QD array over the wafer area, a 10% excess over the
2D—-3D transformation time was chosen for experiments.
A series of experimental samples with InyGa;_xAs QD
layers with the indium content (fraction X) varying within
the range of 45—60% (in 5% increments) were grown
to obtain a ground-state PL line near 1000nm at a
temperature of 13K. The InGaAs layer deposition rate
was (0.85—1.13) ML/s for samples with InyGa;_xAs QD
layers with the indium content varying within the range of
45—-60%. The resulting estimated InGaAs layer thickness
was 6.6, 5.5, 4.7, and 4 ML for structures with In,Ga;_xAs
QDs with an indium content of 45, 50, 55, and 60%.

With the epitaxy of heterostructures of active regions
with InyGa;_xAs QDs optimized, epitaxial growth of a
heterostructure with a vertical microcavity was performed.
The bottom DBR included 35 pairs of alternating quarter-
wave (1/4n) Aly,GaggAs/AlygoGag 1As layers. A vertical
microcavity with a thickness of 1/n ~ 300 nm was formed
based on GaAs with three layers of Ing 5Gag sAs QDs, which
are needed to increase the optical gain of the active region,
positioned at its center. The QD layers were separated by
20-nm-thick GaAs layers. The top DBR was formed from
27 pairs of alternating Alp 2,Gag gAs/Aly.9Gag 1 As layers. The
calculated position of the resonant wavelength of the
microcavity (dip in the reflection spectrum) was 978 nm
at a temperature of 13 K.

Transmission electron microscopy (TEM) studies of the
vertical microcavity heterostructure were performed using a
JEM2100F (Jeol) electron microscope under an accelerating
voltage of 200 kV. Cross-section samples were prepared in
accordance with the conventional procedure that includes
thinning by precision grinding and sputtering with argon
ions to perforation at the final stage.
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The maps of surface defects of the vertical microcavity
heterostructure were examined using a Surfscan KLA
Tencor automated system for surface condition monitoring
and determining the density of defects.

PL spectra of heterostructures with InGaAs QDs were
measured under continuous optical pumping by a YAG:Nd
laser with a lasing wavelength of 532nm and an output
radiation power of 150 mW (the excitation power density
was ~ 5kW/cm?). PL was recorded in the standard lock-
in detection mode with the use of a cooled germanium
diode and an MDR-23 monochromator. The measurement
of PL spectra at 13K was performed using a Janis closed-
cycle helium cryostat within a wide range of optical
pumping. Low-temperature studies of PL spectra allow
one to suppress the processes of thermal ejection and
recapture of carriers (i.e., suppress carrier transport). The
contribution of excited states may be minimized by reducing
the pump level. The optical pumping density was adjusted
using a set of neutral optical filters; the variation range
was (1-3-107%). The minimum excitation power density
was ~ 1.7mW/cm?. The measurements of PL spectra at
a temperature of 300K were carried out at an excitation
power of 0.45mW, which corresponded to an excitation
power density of ~ 15 W/cm?,

Reflectance spectra maps for the vertical microcavity
heterostructure were recorded at a temperature of 297K
using a VerteX PM2000 setup (Nanometrics Inc.).

3. Results and discussion

The results of PL spectra measurements performed
within a wide spectral range at a minimum optical pumping
density are presented in Figure 1. It is evident that with
a high indium content (> 55%) of QDs and a decreasing
pumping density, the PL spectrum ceases to change in
shape at a certain density level and preserves its form
of a superposition of several peaks even at the weakest
pumping, which is indicative of bimodality of this InGaAs
QD array. The absolute FWHM values of the PL spectra
corresponding to an ultra-low optical pumping density
(~ 1.7mW/cm?) were 81 and 68meV for the structures
with InxGa;_xAs QDs containing 60 and 55% of indium.

It was demonstrated in [16] that the deposition of QDs
from a bulk Ing¢3Gag 37As layer with partial capping and
high-temperature annealing led to bimodality in the InGaAs
QD array grown by MBE. The FWHM value corresponding
to the low-temperature PL spectrum was 73meV at an
optical pumping density of 1.7 mW/cm? [16).

With the indium content reduced to 45—50%, the FWHM
value of PL spectra of the examined structures with
InyGa;_xAs QDs decreased, and the PL spectra themselves
became more symmetrical (Figure 1), indicating that PL
through the ground state was predominant. The FWHM
values of the PL spectra corresponding to an ultra-low op-
tical pumping density (~ 1.7 mW/cm?) were ~ 57 meV for
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both heterostructures with InyGa;_xAs QDs containing 50
and 45% of indium.

PL spectra were measured at a temperature of 300 K
and an excitation power of ~ 0.45 mW, which corresponded
to an excitation power density of ~ 15W/cm?, in order to
evaluate the PL efficiency that characterizes the optical gain
of the active region. The results are presented in Figure 2.
A peak corresponding to PL of InGaAs QDs and a PL
peak of the wetting layer (close to 920 nm) are seen in the
spectra. The FWHM of PL spectra of all the examined
structures falls within the range of 64—74 meV, which is
attributable to the contribution of excited states and agrees
with the values reported earlier [19].

The results obtained at 13 (Figure 1) and 300K (Figu-
re 2) under similar pump densities (15W/cm?) were
compared. It turned out that the FWHM of the PL line for
the structure with InyGa;_xAs QDs with an indium content
of 60% decreases from 80 to 70meV with increasing
temperature. The structure with InyGa;_xAs QDs with an
indium content of 55% behaved in a similar way when
the temperature increased: the FWHM of the PL line
decreased from 72 to 64meV. In contrast, the FWHM
of the PL line for the structures with InysGa;_xAs QDs
with an indium content of 50 and 45% increased from
64 to 71meV and from 61 to 64meV, respectively, with
increasing temperature.

In general, carriers are distributed randomly over the QD
array states at low temperatures. When the temperature
increases, the ejection of carriers from smaller QDs (with
weak carrier localization) with subsequent capture through
the wetting layer into larger QDs becomes possible. This
process manifests itself in a reduction of the FWHM
value of the PL spectrum within the temperature range
of 140—150K. A subsequent temperature growth leads to
an equilibrium distribution of carriers over the QD array
states and an increase in FWHM of the PL spectrum. Thus,
the ratio of small and large QDs governs the temperature
behavior of FWHM of the PL spectrum. In QDs with
bimodality (two ensembles of QDs differing in size), the
FWHM value decreases significantly with increasing tem-
perature [27]. In contrast, QDs with weak inhomogeneous
broadening exhibit a slight increase in FWHM of the PL
peak when the temperature rises.

Thus, the last two structures have the temperature
behavior of FWHM characteristic of structures without
the effect of QD bimodality (FWHM remains constant
or increases slightly with temperature). This provides
an additional confirmation of the conclusion regarding the
presence of bimodality in InGaAs QDs containing > 55%
of indium, which was formulated based on the results of
analysis of Figure 1 (see above).

The PL data obtained for the reference structure with
QDs deposited by MBE from a bulk Ing¢3Gag37As layer
with partial capping and high-temperature annealing [15] are
also presented in Figure 2. It follows from the figure that,
compared to the reference structure with QDs containing
63% of indium, the maximum of the PL spectrum for
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Figure 1. PL spectra (semi-logarithmic scale) of structures with InyGa;_xAs QDs with a varying indium content (fraction x) measured
at a temperature of 13 K. The coefficients of pump laser power attenuation were as follows: 3 - 107%,3-1073,1-107%,3-107%, 0.001,
0.003, 0.01, 0.03, 0.1, 0.3, and 1.0. The plots in panels a, b, c, and d correspond to the structures containing 60, 55, 50, and 45% of
indium, respectively. (A color version of the figure is provided in the online version of the paper).
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Figure 2. PL spectra (semi-logarithmic scale) of heterostructures
with InyGa;_xAs QDs with a varying (60, 55, 50, 45%) indium
content (fraction X) measured at a temperature of 300 K. The PL
spectrum of the reference structure with QDs containing 63% of
indium is also shown. The inset shows reflectance spectra mapped
over the area of a three-inch wafer of the vertical microcavity
heterostructure. (A color version of the figure is provided in the
online version of the paper).

the heterostructure with 60% of indium in QDs is shifted
toward longer wavelengths, which is attributable to the
difference in thickness of the capping layer; notably, the
absolute maximum PL intensity is somewhat lower. It
should also be noted that the PL maximum shifts toward
shorter wavelengths as the indium content in InGaAs QD
layers decreases gradually from 60 to 45%. The ground-state
PL line for the heterostructure with InGaAs QDs with 50%
of indium corresponds to a wavelength of 1077 nm. The
PL intensity may be increased through the use of a capping
layer (e.g., Ing43Gag s,P) with a bandgap wider (1.92¢V)
than the one of GaAs [20] and by increasing the QD density
due to the formation of an additional InyGa;_yAs layer

prior to the deposition of the InyGa;_yxAs layer for QD
fabrication.

The study of reflectance spectra mapped over the area of
a three-inch wafer (see the inset in Figure 2) revealed that
the position of the resonant wavelength of the microcavity
varies only slightly along the trajectory from the edge
to the center of the three-inch wafer (within ~ 12 meV).
According to the results of numerical modeling, this
corresponds to a ~ 1% thickness deviation. The resonant
wavelength of the microcavity was shifted by 3.8 meV at
a distance of 25mm from the center. In earlier studies of
a MOCVD vertical microcavity structure with 27 and 23
Aly.9Gag 1 As/GaAs pairs forming a DBR, the position of
the resonant wavelength of the microcavity varied along the
trajectory from the edge to the center of a two-inch wafer
within ~ 29 meV [10], which corresponds to a 2.6% layer
thickness deviation.

It was demonstrated in [10] that only 20 of the
64 micropillar structures (~ 31%) in an array after etching
fit within a +100ueV spectral range of positions of the
resonant wavelength of the microcavity. Thus, the reduction
of spectral spread in the MBE-grown structure examined
in the present study should translate into a greater fraction
(91%) of micropillars in the array that fit within the spectral
range of +100ueV. Therefore, it should be possible to
implement diffraction coupling in an array of 8§ x 8 elements
with only six microlasers requiring precision diameter
compensation.

The results of examination of the structural quality of
the obtained vertical microcavity heterostructure with an
active region based on three layers of IngsGagsAs QDs
with a transmission electron microscope are presented in
Figure 3. It is evident that the active region is defect-
free and the layers are planar. Just as in the earlier study
of QDs deposited from a bulk Inge3Gag37As layer with
partial capping and high-temperature annealing [15], the
effect of stacking (vertical alignment) of QDs located in
different layers is observed in the heterostructure. The scan-
ning transmission electron microscopy (STEM) image was
obtained at minimum magnification to provide an overall
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Figure 3.

a — active region of the heterostructure imaged by transmission electron microscopy; b and ¢ — QDs in the vertical

microcavity heterostructure imaged by scanning transmission electron microscopy.
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view of the structure. The DBR layers are characterized by
fine planarity and a constant period, and no defects were
detected at the DBR/active region interfaces.

As was demonstrated earlier, the use of MBE in the
process of overgrowth does not lead to planarization of an
uneven surface (buried tunnel junction) [28,29]. A similar
effect may be observed when a QD array is buried
in the vertical microcavity heterostructure. =~ Moreover,
the surface roughness may increase (in comparison with
mirrors based on GaAs/Aly9Gap 1As) as a result of epitaxial
growth of DBR layers with an elevated aluminum content
(Aly2Gag sAs/Aly 9Gag 1As) due to gallium segregation on
the surface [30]. Surface defect maps were plotted in
order to study the surface quality of the vertical microcavity
heterostructure. The measured densities of normal defects
(0.6—10um? in size) and oval defects (10—250um? in
size) were 461 and 222 units/cm?, respectively, which is
consistent with the results presented earlier [31]. The
haze value, which characterizes surface roughness, was
22 and 3units/million for normal and oval defects. One
may estimate root-mean-square (rms) surface roughness
6 based on these data with the use of the following
expression [32]: § = (1/4-7)(H/Ry)%>, where Ry is the
reflectance of the material, H is the haze value, and 1 is
the pumping wavelength. The estimated root-mean-square
surface roughness of the fabricated heterostructures did not
exceed 0.3 nm for normal defects. In addition, § is near-zero
for oval defects. Thus, an atomically smooth surface of the
top DBR based on the Al ,Gag gAs/Alg.9Gag 1 As heteropair
was obtained in experiments.

4. Conclusion

The modes of formation of InyGa;_xAs quantum dots
by molecular-beam epitaxy were optimized. It was
demonstrated that the ground-state luminescence wave-
length gets shorter as the indium content in structures
with InyGa;_xAs QDs decreases (with eventual saturation
of this dependence). The use of QDs formed from
an IngsGag sAs layer allowed for intense low-temperature
photoluminescence with a maximum around 995 nm and a
characteristic FWHM of the PL peak of ~ 57 meV; notably,
the bimodality effect in the QD array was not detected.
Epitaxial growth of a vertical microcavity heterostructure
with an active region based on three layers of Ing sGag sAs
QDs was performed. The high structural perfection of the
vertical microcavity heterostructure and the lack of influ-
ence of DBR layers with an increased aluminum content
(Alp2Gag gAs/Aly9Gag 1As) on the surface roughness of
the heterostructure were verified via transmission electron
microscopy and analysis of surface defect distribution
maps. The discussed vertical microcavity design is the
first to achieve low-threshold surface whispering-gallery
mode lasing [33] and vertical mode lasing at elevated
temperatures [34].
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