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ABSTRACT

This experimental study reports the morphological and optical properties of self-organized quaternary InAlGaAs quantum dots (QDs)
grown on GaAs substrates. Atomic force microscopy (AFM) revealed the presence of QDs and their geometry across the sample surface,
while the optical properties were verified by photoluminescence (PL) spectroscopy. Temperature-dependent PL measurements were per-
formed for a series of samples with different indium compositions. Unlike conventional quantum well materials, the change in PL peak
positions in QD structures exhibits a non-monotonic exotic dependence on temperature. Our AFM data confirm a bimodal distribution of
dot sizes as corroborated by calculated thermal activation energies. A rapid decrease in the PL signal at elevated temperatures suggests that
thermionic emission and interface defects are the two dominant mechanisms of carrier escape and recombination in these QD structures.
Such a quaternary QD-based active region is important for realizing next-generation diode lasers with an emission wavelength shorter than

1um.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0071960

INTRODUCTION

Over the past few decades, research in semiconductor
quantum dots (QDs) has garnered much interest in a wide range of
both classical-' and quantum-emitters.” Owing to three-
dimensional (3D) carrier confinement and atom-like discrete
density of states, QD-based active regions, especially in semicon-
ductor diode lasers, provide numerous benefits, such as enhanced
thermal-stability,” insensitivity to back-reflection,” lower threshold
current density,l and ultra-narrow spectral linewidth.” All these
appealing advantages can only be obtained once the QDs’ unifor-
mity in terms of size, shape, and composition is maintained and a
high surface density of QDs is achieved.

There has been extensive research on InAs/GaAs™® and InAs/
InAlGaAs/InP”'"" QDs for devices at telecom and datacom wave-
lengths. Devices emitting at shorter than 1um are also important
for a wide range of emerging applications, including topographic
LiDAR,"" solid-state and fiber-amplifier pumping,'* therapeutics,
and heat-assisted magnetic recording.'* Although deploying stan-
dard quantum well lasers to those applications is a long practice,
QD-based lasers emitting this wavelength range are expected to

drastically improve the device performance, being useful for these
applications with advanced operations.

Since 1996, ternary AllnAs'’ and quaternary AlGa,In,_,_,As"’
QDs were found to be promising candidates for accessing this
short wavelength regime. In particular, AlGalnAs QDs are more
attractive since this material platform allows adjusting of strain
and emission wavelength in a wide range by varying In and Al
contents in addition to achieving high QD density, yielding QD
edge-emitting'>'° and vertical-cavity'~ lasers at <1 um. However,
the presence of Al and its high surface binding energy or low
surface migration length led to spatial inhomogeneity of localized
strain, compositions, and QD geometry,'™'” bringing new chal-
lenges to investigate their optical properties.

Hence, a comprehensive study on the surface morphology and
optical properties of self-assembled AlGalnAs QDs is of primary
interest prior to their use in realizing high-performance diode
lasers.”® Prior studies reported the bimodal distribution of QDs due
to variations in strain across the growth surface creating severe non-
uniformity in QD dimensions.””** Carrier thermal escape and
transfer due to QD size variation were also reported.”’ Eventually,
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all these effects attributed to the optical characteristics of the QDs
and deviation from typical features of defect-free uniform QD
ensemble is discernible.

As the spatial and compositional variations significantly affect
the optical and electronic performance of the QDs, a detailed study
of temperature-dependent carrier redistribution and repopulation
mechanisms of this class of nanostructures aid optimize material
growth conditions. This will eventually help toward realizing
thermally-stable lasers.'****” In this article, we investigated the
carrier recombination mechanism caused by compositional fluctua-
tions in AlGalnAs QDs by temperature-dependent photolumines-
cence (TDPL) measurements. Due to varying localized strain and
compositions, a bimodal distribution is found in QD morphology.
Non-monotonic and exotic temperature-dependent emission prop-
erties are observed in photoluminescence (PL) peak locations vs
temperature. The reason for the exotic temperature behavior within
an ensemble of QDs is also explained by PL FWHM and integrated
PL intensity as a function of temperature. Finally, the QD carrier
repopulation mechanism and drastic reduction in the PL signal
with increasing temperature were also discussed.

EXPERIMENTAL DETAILS

Self-assembled InAlGaAs/GaAs QDs were grown in a solid
source molecular beam epitaxy (MBE) using a RIBER compact
21DZ reactor. The most popular growth technique known as
Stranski-Krastanov (S-K) was employed to grow QD samples.
Prior to QD growth, the growth rates of Al, Ga, and In were cali-
brated by RHEED and chosen to be 0.5, 1, and 0.2 um/h, respec-
tively. The epitaxial growth started with depositing a 300-nm-thick
GaAs buffer layer on top of semi-insulating GaAs (100) substrates
at 600 °C. Quaternary active QDs were then grown at a temperature
of 520°C by the so-called “digital alloy” technique where
Alg71Ing9As, Gaggslng7As, and InAs were deposited in two
cycles. During the deposition of InGaAs, AllnAs, and InAs, V/III
ratios were adjusted to 10, 20, and 40, respectively. 4.9 monolayers
(MLs) of QD materials was deposited for the onset of 3D
transition.'® After deposition of each cycle, the group-III flux is
deliberately interrupted for 10s to enhance surface migration and
promote QD formation.'” The QDs were embedded in a
300-nm-thick GaAs barrier layer grown at 600 °C. The growth
ended with an identical QD layer on top of the barrier for the
assessment of QD morphology. Figure 1 schematically shows the
representative QD samples used in this study.

Indium-content is one of the most eminent variational param-
eters for QDs to control emission wavelengths.''® Therefore, three
different PL samples with In,Aly;5Gaggs As QDs were grown
where x=0.62, 0.52, and 0.42, while the Al composition was kept
constant at 15%. Morphological analyses were performed in a
Bruker Dimension Icon AFM. The use of an NSC15 cantilever with
a diameter of 16 nm provided an accurate measurement of QD
height, but diameter measurement was affected owing to tip decon-
volution and high density of QDs.”® Optical properties of the PL
structures were measured using a continuous-wave 405nm laser
with a constant pump intensity of 0.6 W/cm®. Temperature-
dependent PL was performed on QD samples using a photomulti-
plier tube (PMT) in the temperature range of 20-300 K.
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FIG. 1. Schematic cross-sectional view of test structures with identical embed-
ded and surface QD layers for structural and optical characterization.

RESULTS AND DISCUSSION

Figure 2 shows the 3D AFM images of the three InAlGaAs
QD samples. Bimodal distributions of QDs with two different fami-
lies are observed for 62%, and 52% In-containing samples. Small
and big QDs are marked by red- and green-colored dashed circles
in Figs. 2(a) and 2(b), respectively. Surface roughness in the range
of only 1nm is obtained for the 42% In-containing sample, sug-
gesting a 2D-like growth mode as shown in Fig. 2(c). As the critical
thickness required for the emergence of 3D growth mode transition
is higher than the thickness of the deposited QD layer in the 42%
In-containing sample, planar growth is favored with identical
growth conditions.'® Importantly, the 62% In containing sample
exhibits relatively smaller QDs compared to 52% In-containing
ones. The AFM image of the 52% In containing sample confirms
the reduced density of the 3D islands due to a low In-content.”’

The QD size histograms of 62% and 52% In-containing
samples are shown in Figs. 2(d)-2(g). In particular, the height and
diameter distributions of the QDs are presented for each sample.
Both the samples show bimodal distributions of dots represented
by a Gaussian probability distribution function. In fact, the histo-
grams of dot height and base diameter for samples were best fitted
with two Gaussian distributions of mean and standard deviations.
The mean values along with the standard deviations as well as QD
densities are listed in Table I.

Figures 3(a)-3(c) show the TDPL spectra of the three samples.
No emission from the wetting layer is observed, which indicates
that the carriers photogenerated in these layers rapidly transported
to QDs and afterward recombine from there. At 20 K, the measured
PL peaks are centered at 1.33, 1.32, and 1.36 eV for 62%, 52%, and
42% In-containing samples, respectively. The electronic band
diagram of QDs was then calculated by employing the 6-band k.p
model®® and extracting the QD geometry information from the
AFM data in Fig. 2. Considering the QD geometry and the ground
states of In,AlGaAs with x=0.62 and 0.52, the calculated photon
energies are 1.33 and 1.32 eV, respectively, showing a complete
agreement with the measured data.
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FIG. 2. 1x1um? AFM images of InyAly 1sGa0g5.As QD samples with different indium contents: x = (a) 0.62, (b) 0.52, and (c) 0.42. Height and diameter histograms for
bimodally distributed QDs for samples with In-contents of (d) and (e) 62% and (f) and (g) 52%.

The presence of high binding energy of Al yields a reduced
migration length of In adatoms on GaAs (100) surfaces and
smaller dot sizes are formed. Hence, this causes spatial size inho-
mogeneities in QDs, which subsequently influence the carrier
recombination mechanism.'®*>*" This is understood by the
“red-red-constant” exotic temperature dependence of PL peak
emission wavelengths, as shown in Figs. 3(a) and 3(b). In particu-
lar, an initial mild red shift of the emission wavelength followed by
a rapid red shift and finally a constant PL peak position with
increasing temperature was observed in our experiment. The distin-
guishable PL-emission peaks are seen from 20 to 220K for 62%
and 52% In-containing samples, suggesting a strong 3D confine-
ment of carriers. A noticeable drop of the PL signal is observed at a
temperature of >140K for the 42% In sample as shown in
Figs. 3(c), which is a consequence of QD growth being suppressed
with strain and thickness below the critical value, leading to 1D

TABLE I. Morphology of the Bi-modally distributed QDs of 62% and 52% indium
compositions.

Large QD family Small QD family

In Mean Mean Mean Mean Density

content  height  diameter height diameter  (cm™?)

62% 5nm 30nm  31nm  20nm  5x10"
(+0.57) (£5) (+0.4) (£3.4)

52% 66nm  67nm  36nm  24nm  2x10"
(+0.58) (£20) (+0.5) (£5.5)

carrier confinement within a thin layer. Different QD families with
varying dot sizes can be obtained for multi-dispersed and broader
QD ensembles.”’ The PL spectra of the overall QD ensemble are
dominated by different QD families at different temperatures. This
behavior is particularly more interesting for InAlGaAs QDs as the
presence of Al and its high binding energy has direct consequence
on QD size distribution. This makes our quaternary QD system
distinct from the well-studied InAs/GaAs™>> and InAs/InP’>**
QD systems.

To distinguish the individual contribution of each QD family,
the measured PL spectrum at a given temperature was deconvo-
luted by two Gaussian bands at three representative regions of tem-
perature, ie., 20, 140, and 180K. Each Gaussian function
corresponds to a certain QD family. Figures 3(d) and 3(e) show the
Gaussian bands for both 62% and 52% In-containing samples,
respectively. The smaller QDs are expected to provide higher
energy emission, whereas the low-energy emission is obtained from
the big QD family.

At the low-temperature regime around 20 K, the integrated PL
intensity contributed by the big QD family is higher than that of
the small one, as can be seen in Figs. 3(d) and 3(e) for 62% and
52% samples, respectively. We attribute this phenomenon primarily
to higher carrier occupation in big QDs where a higher radiative
recombination rate is expected compared to small QDs. This was
also verified by calculating the electron-hole wavefunction overlap
for big and small QDs of the 62% In-content sample. The calcu-
lated overlaps for big and small QDs are 1.3 and 0.88, respectively.
A factor of ~1.5 higher overlap was also calculated from the big
QDs vs small QDs in the 52% In sample. Moreover, the slightly
higher or even equal dot density of the big family with respect to
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FIG. 3. Temperature-dependent PL characteristics of InAIGaAs QDs with indium contents of (a) 62%, (b) 52%, and (c) 42%; numbers in legend indicate temperature in
Kelvin. Deconvolution of PL spectra at three representative regions for only (d) 62% and (e) 52% indium-content samples.

the small one [see the histograms in Figs. 2(d)-2(g)] partly explains
the higher integrated PL intensity contributed by the big QD
family.

After deconvoluting the spectra at an intermediate tempera-
ture of 140 K, identical contributions from the big- and small-QD
families of each sample are noticed. We presume that this behavior
is due to thermionic emission of carriers that were homogeneously
distributed across the entire QD ensemble at low temperatures.
With increasing temperature, thermalized carriers continue to pop-
ulate the nearby QDs. As the QDs are distributed in a bi-Gaussian
shape, this carrier population mechanism is faster for dominant
QD families. As a result, the contribution to optical emission from
both QD families comes closer in the intermediate temperature
range.

At high temperatures, e.g., 180 K, different behavior is seen
from the deconvoluted spectra of big and small QD families. For
the 62% sample, it is seen that most of the contribution are coming
from the big QD family. This could be due to the transfer of ther-
malized carriers from the small-to-big QD family. On the contrary,
a reasonable contribution, roughly 40%, is coming from the small

QD family of the 52% sample. This could be explained by the avail-
ability of small QDs with a larger dimension in the 52% sample as
can be seen in Table I and the AFM images in Fig. 2. That is, the
mean diameter and height of the small QDs appear larger in the
52% sample than the 62% one. Therefore, compared to the 62%
sample, the thermal carrier transfer process in the 52% one
becomes slower at higher temperatures.

The temperature dependence of PL peak positions for the QD
samples was then analyzed. Figure 4(a) shows the measured PL
temperature range, which is divided into three distinct regions and
marked as regions 1, 2, and 3. In region-1, a slight red shift with a
weak temperature dependence of PL peak energy is observed. At a
low temperature range, the PL transition energy is determined by
the inhomogeneous distribution of the QD ensemble where the
carriers are homogeneously distributed across all QDs of different
sizes and shapes as stated earlier. More specifically, the ground
state energies of the entire QD ensemble composed of QDs with
different sizes and shapes are responsible for optical transitions.
Also, at a lower temperature, insufficient thermal energy does not
allow the carriers to excite into higher states. So, the observed red
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FIG. 4. (a) PL peak emission energy as a function of temperature along with the Varshni fitting for the three QD samples with 62%, 52%, and 42% In contents. Three
distinct regions are identified in the plot and the thermal carrier transfer among QDs of different size is modeled for each region. Individual fitting for small and big QD

family in the samples with In contents of (b) 62% and (c) 52% is also shown.

shift of the PL peak position with increasing temperature in
region-1 is very slim. In region-2 with the temperature range of
50-160 K, the red-shift is comparatively faster than region-1. The
carriers in this temperature range are thermalized to higher QD
energy states and thermal escape of carriers from QDs occurs.
Here, QDs are distributed in a bi-modal manner as seen in AFM
images in Fig. 2 and the histograms, where one/two specific family
is dominant at a particular temperature.”>** At low temperatures,
the carriers are homogeneously distributed to QDs of different
shapes and sizes, but with increasing temperature, the outgoing
carriers escape and get into dominant QD families. At a higher
temperature, the excited states of that specific QD families begin to
be filled and the emission characteristics of those dominant QD
families are reflected through the ensemble PL spectra. Though a
blueshift was supposed to be seen due to radiative transition from
higher energy states, this effect is suppressed by the bandgap
shrinkage due to increased lattice vibrations at elevated tempera-
tures, and eventually, we see a continuous red shift of emission
wavelengths.”>*

With further increasing temperature beyond region-2, a cons-
tant PL peak position is seen. It is assumed that the overflow of
carriers from smaller QD family is faster than big QDs and enter-
ing after this range big QD family is the only contributing member
toward radiative transition. As the energy states are closer in the
big QD ensemble than the smaller ones, the change in PL peak
position with temperature is not so pronounced at this region.
Hence, we see a constant value of the optical transition energy. It

should be noted that the 42% In-containing sample exhibits an
almost 2D-like morphology, poor carrier confinement due to
higher dimensionality results in obtaining the PL signal only up to
160 K. The PL peak energy dependence with temperature for each
QD sample is then attempted to fit with the empirical Varshni
equation that is often used to model the temperature dependence
of the bandgap in bulk semiconductors.”” The measured data in
the two samples with 62% and 52% In-content exhibit significant
deviation from the fit. Hence, the observed exotic dependence of
the PL peak positions with temperature in QD samples cannot be
described by the Varshni equation, which is more appropriate for
3D-bulk structures. In the 42% In-containing sample, QDs were
not formed, ie, a planar 2D-like morphology was obtained
instead. Due to weaker carrier confinement in thin film-like struc-
tures, PL signals were not obtained in the temperature range of
>160 K, which result in the better fit with the Varshni equation. In
other words, the monotonic dependence of the PL peak energy on
the temperature in the 42% sample appears to be an artifact of the
fitting. As can be understood from Fig. 4(a), the measured PL data
in region-3 are what differ from the Varshni equation in both 52%
and 62% samples. The carrier transfer mechanism is schematically
shown on the bottom of Fig. 4(a), where the homogenous distribu-
tion of carrier in region-1 followed by carrier occupancy in the
dominant family (region-2), and finally, the transfer of carriers
from small- to big QDs (region-3) is seen.

After extracting transition energies from the deconvoluted PL
spectra for 62% and 52% In-containing samples, Varshni fitting
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was performed for each QD family. The PL peak energies of both
the QD families of each sample at different temperatures are shown
in Figs. 4(b) and 4(c). As there are geometric non-uniformities in
the QD ensemble, some anomalies in the measured data are
observed for QD families, leading to the moderate Varshni fits.
Compared to the small QD family of the 62% sample, the Varshni
fitting is poorer in the same family of the 52% sample, which
might be due to the higher size inhomogeneity. As can be seen in
Table I, there is a larger standard deviation of the QD size distribu-
tion for the 52% small QD family. It should be noted that the blue-
shifting phenomenon is observed for the small QD family of the
52% sample at higher temperatures. This behavior is attributed to
the occupation of carriers at higher energy states of small QD fami-
lies. Even after carrier transfer to big QDs, a handsome number of
carriers stay in small QDs. Radiative transitions from the higher
energy states of the small QDs are expected to dominate over the
lattice heating-induced bandgap shrinkage that causes a redshift.
Also, as the contribution of small QDs in the 62% sample was
found negligible at higher temperatures, the fitting was limited to
region-2. Thus, the individual fitting of different QD families of
varying In-contents expresses the significance of each family
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toward the Varshni fitting of the entire QD ensemble and the
reasons for deviation from the fitting.

To substantiate assumptions of TDPL emission, the FWHM
of the QD ensembles at each temperature was also extracted. The
TDPL-FWHM for all the three samples is shown in Fig. 5(a). In
the low-temperature range (region-1), the FWHM decreases with
increasing temperature and attains a minimum value at a certain
temperature for each sample. At lower temperature, the dominant
PL transition is a result of inhomogeneous distribution of different
QD sizes and the combined contribution of ground state emission
of each QD toward the PL spectra broadens the FWHM. With
increasing temperature, the thermally activated carriers relax to the
potential minima where the emission with the narrowest FWHM is
recorded. After the lowest point, a transition to increasing FWHM
is observed with increasing temperature. This behavior can be
attributed to the enhanced electron-phonon scattering, being a
dominant mechanism at high temperature, assumed for region-3 in
Fig. 4. For 62% and 52% samples, the transition temperature Ty is
recorded around 100 and 125K, respectively. For the 42% In
sample, a FWHM minimum of 45 meV is seen at 80 K, characteris-
tic of a QW-like behavior.”*
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FIG. 5. (a) Variation of measured PL FWHMs with temperature for all the three QD samples, (b) FWHMs of the individual QD families extracted from the deconvoluted
spectra for only 62% and 52% samples, (c) variation of integrated PL intensity for all the three QD samples with temperature, and (d) temperature-dependent integrated PL

intensity of individual QD families for only 62% and 52% samples.
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The individual contributions of certain QD families toward
the entire PL-FWHMs are shown in Fig. 5(b). It is seen that the
big- and small QD families of both the 62% and 52% samples
exhibit Ty at distinct temperatures. For the 62% sample, the differ-
ence in size for the small and big QDs is less pronounced as shown
in the histograms of Figs. 2(d) and 2(e). As a result, nearly same
carrier dynamics are observed for the big and small QD families
and Ty occurs almost at the same temperature. On the other hand,
Ty of the 52% sample occurs at separate temperatures, i.e., 60 and
130 K, for small and big QD families, respectively. This large differ-
ence of transition temperatures for big and small QD families is
attributed to their noticeable differences in QD size. Compared to
the 62% sample, there is a larger size deviation between the big- and
small-QDs of the 52% In sample [see Figs. 2(b), 2(f), and 2(g)].
Due to the smaller size, it is assumed that carriers relax quickly to
the ground state for the smaller QD family. Ty is, thus, seen at a
lower temperature. The larger QDs in the 52% sample are
expected to accommodate a larger number of carriers.
Consequently, the carrier relaxation process is slowed down and
Ty occurs at a higher temperature.

Calculation of the integrated PL intensity is another way to
emphasize our interpretation on the TDPL behavior of the QD
ensemble as shown in Fig. 5(c). An unusual behavior can be seen
in the low temperature range, where the integrated PL intensity
rises with increasing temperature followed by rapid degradation at
elevated temperature. In the low-temperature regime, we attribute
this behavior to thermal activation of trapped carriers into QD
ground states, enhancing the total intensity of the PL signal and
reaching an apex. At high temperature, augmented thermal energy
forces the carriers out of the QD region falling into the barrier,

from where a non-radiative recombination takes place reducing the
PL signal. As the temperature further increases and reach region-3,
electron-phonon scattering becomes the superior mechanism.
While the carriers in QDs continue to get more thermal energy,
some carriers overflow into the GaAs barrier region from where
they relax via non-radiative transition. This is assumed to be the
primary cause for loss of the PL signal at elevated temperature
(Fig. 3). The integrated intensity for each QD family extracted from
the deconvoluted spectra is plotted in Fig. 5(d). At very low and
high temperatures, the contribution of big QD family is found to
be dominant, as described by the multi-Gaussian study.

As the lattice mismatch is the key factor in S-K grown QDs,
another contributing factor might be the presence of defects in the
interface of QD and the barrier layer, which explains the rapid deg-
radation of the PL signal at higher temperature.”**® This is evi-
denced by the higher integrated PL intensity in the 52% sample
compared to the 62% one with a larger lattice mismatch. For the
42% In-containing sample with the least lattice mismatch, a higher
critical thickness does not result in 3D growth transition in our
experiment. Hence, the carriers are then confined in only one
direction that explains the low PL emission intensity.

For a deeper investigation of PL signal degradation at high
temperature, thermal activation energy of the carriers in QDs was
calculated using the Arrhenius equation,

I

i E, ’
1 —_
X eXP( ks T)

I(T) = (1)
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where I, is the integrated PL intensity of the QD ensemble at
T=0K, i are the energy states related to the localized states in the
QD ensemble, and E, is the thermal activation energy. Integrated
PL intensity as a function of 1000/T is plotted in Fig. 6(a), and the
experimental data are fit to Eq. (1). In our case, the best fits were
obtained with two activation energies for all the three QD samples.
Both activation energies as a function of In-content are plotted in
Fig. 6(b). The presence of two different activation energies could be
possibly attributed to the bimodal distribution of QDs. From the
data presented in Fig. 6(a), higher activation energies E,; are found
to be 330, 280, and 200 meV for the samples with x=0.62, 0.52,
and 0.42, respectively. The extracted smaller activation energies E,,
are 100, 90, and 68 meV for the same set of samples. As expected,
the smaller QDs have a lower activation energy compared to the
bigger ones.”* For the sample with 42% In content, the prediction
of two QD families is not valid. But it is assumed that due to the
non-homogeneity of the surface as well as variation of Al composi-
tion on the active layer accounts for spatial variation of bandgap
give rise to localized states from where two different activation pro-
cesses take place.

From Fig. 6(a), we see that E,, originating from the bigger
QDs, is the dominant activation energy for temperature above
70 K, while for lower temperature, E,, is the superior factor that
arises from smaller QDs. This confirms the general interpretation
that smaller QDs thermally activate at a lower temperature than the
larger QDs. We assume that E,; is related to the thermal repopula-
tion of carriers in smaller QDs. Upon thermal activation, they
repopulate to a larger QD family. While E,; is more relevant
toward the degradation of PL intensity at higher temperature, as
the escape of carriers from larger QDs results in non-radiative
recombination from GaAs barrier layers.

To draw a conclusion of PL-intensity degradation with the
thermal activation of carriers, the energy eigenstates of the QDs
samples were calculated. For simulation, two representative QDs
from the big- and small-families were chosen with mean height
and diameter listed in Table I for each composition. A 6-band k.p
model was employed for the simulation. As the contribution of
electron-hole Coulomb interaction was negligible (<5meV), this
was not considered in the simulation. Band diagrams with first
energy-states are plotted for the 62% In-containing sample in
Figs. 6(c) and 6(d) for big and small QDs, respectively. The differ-
ence between PL emission energy and the barrier bandgap energy
of QDs as a function of indium contents is plotted in Fig. 6(b) and
compared with calculated activation energies E,; and E,,. The
energy differences of the big and small QDs are found to be close
to activation energies calculated for each family, thus confirming
our assumptions on carrier repopulation as well as rapid degrada-
tion of the PL signal at higher temperatures.

CONCLUSION

This work experimentally investigates the TDPL spectroscopic
behavior of InAlGaAs/GaAs QDs with three different indium com-
positions. All the anomalies in the TDPL behavior are fitted with
theory and understood in detail. As the TDPL characteristics are
reflected in QD-based device performance, this study suggests the
stable operation window and predicts any temperature behavior of

ARTICLE scitation.org/journalljap

the QDs once integrated into active devices. Quaternary InAlGaAs
QDs are particularly important for shorter wavelength device appli-
cations with enhanced thermal stability. Ex situ techniques such as
rapid thermal annealing (RTA) are a potential way to improve QD
homogeneity in the ensemble.”*” Also, modulation p-doping near
the active region has emerged to be an effective way for thermal
stability for some other QD-based devices and materials,”’ paving
the way to next-generation temperature stable QD devices operating
at shorter wavelengths.
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