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Abstract
Ultrafast carrier dynamics is found to be crucial for influencing the efficiency of quantum dot
(QD)-based optoelectronic devices. Here, we have studied picosecond resolved dynamics in
InAs semiconductor quantum dots forming various heterostructure geometries with their
different capping layers. The carriers (electron-hole pairs) are optically injected into three
dimensional heterostructure barriers after which, we monitor the carrier relaxation into the zero-
dimensional InAs dots by using picosecond resolved time correlated single photon counting
technique. We have explicitly investigated and analyzed the effect of three different capping
layers, GaAs (binary), In0.15Ga0.85As/GaAs (ternary) and In0.21Al0.21Ga0.58As/GaAs
(quaternary) offering various optical properties of InAs quantum dots. It has been observed that
quaternary strain reducing layer effectively suppresses Indium migration from the QDs and
enhances the confinement of carriers inside the QD heterostructures. In this study, we also find
that thermal stability of the carriers is improved in the quaternary capped QDs more effectively
compared to the conventional binary and ternary capped one. In brief, our experiments provide
essential insight into carrier relaxation in the InAs QDs across various capping layers.

Keywords: molecular beam epitaxy, InAs quantum dot, strain, photoluminescence, time-
resolved photo-luminescence, photodetector

1. Introduction

Engineered nanomaterials are always attractive to study their
unique physical properties in a manner not afforded by
naturally occurring bulk materials. The crucial physical
properties of these nanomaterials with different composition
and structures have immense potential for applications in
electronics and photonics. The nanostructures relevant to the
potential applications in various devices are typically grown
by molecular beam epitaxy (MBE) relying on various stra-
tegies. In particular, Stranski-Krastanov (S-K) technique

grown self-assembled InAs quantum dots (QDs) have
received great attention in the past two decades due to their
fundamental optical properties and promising application in
devices such as solar cell [1], and infrared photodetectors [2].
The three-dimensional confinements of carriers and atom-like
discrete energy levels inside the QD have advantages of
reduced carrier-phonon scattering, higher thermal stability,
and higher carrier lifetime [3–5]. However, there are still
many factors that need to be optimized for better performance
of QD based optoelectronic devices. The material of the
capping layer is one of those crucial parameters. The various
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strain forces exerted by the capping layer material have direct
influence on QD dimensions (height and length), which
subsequently controls the electronic properties of the capped
QDs [6].

In conventional InAs/GaAs heterostructures non uniform
distribution of QD size and density have been great limita-
tions due to larger lattice mismatch in between dot and cap-
ping layer, thus preventing proper use of their optical
properties. However, in the past decade, considerable efforts
have been employed to investigate the effect of different
strain reducing layers (SRL) on InAs QDs to obtain optimum
optical properties, such as longer ground state emission
wavelength, lower full width at half maximum (FWHM),
higher activation energy and better thermal stability [7, 8].
Due to the strong coupling in between QDs and SRL, such
nanostructures possess some unique properties. The hydro-
static strain in QD heterostructures is significantly relaxed in
the growth direction, which resembles a notable increase in
the size of the QDs [7]. The ground state potential is also
reduced in the presence of SRL, due to which the thermal
stability of the carriers enhances significantly in all the
temperature ranges [9]. Hence, in order to improve the per-
formance of QD based devices, the strain needs to be opti-
mized in QD heterostructures by growing a proper strain
reducing layer. Over the decade, InGaAs has been widely
adopted as a strain reducing layer in InAs/GaAs QD het-
erostructure to achieve lower dark current and strong carrier
confinement in the QD based photovoltaics and infrared
photodetectors [10, 11]. In spite of having multiple advan-
tages of using InGaAs SRL in InAs QD system, there is
significant exchange of In and Ga adatoms between the InAs
QDs and InGaAs, which results in lower carrier confinement
and degraded optical properties. In order to overcome the
problems of In/Ga interdiffusion many researchers have
employed the use of aluminum in the capping layer due to its
distinct phase separation behaviour in between In and Ga
adatoms. Among various SRLs, InAlGaAs has been a strong
candidate for growing high quality QDs with higher aspect
ratio and minimum size dispersion [12]. Previously, many
researchers have adopted different techniques and methods to
increases the efficiency with InAlGaAs SRL in the QD het-
erostructures by optimizing the (i) growth rate, (ii) capping
layer thickness, (iii) material composition, (iv) InAs mono-
layer coverage [13–17]. Although, the structural properties of
such QD heterostructures are well documented in the earlier
reports, the proper correlation in between the structural,
optical properties and carrier dynamics is hardly reported in
the literatures which is very much important in the
improvement of fabricating modern age optoelectronic devi-
ces such as infrared photodetector and intermediate band
solar cell.

Particularly, the dynamics of the optically injected car-
riers play crucial role in determining the efficiency of the QD-
based optoelectronic devices [18]. Thus, further improvement
of the device technology requires ultrafast dynamical studies
on the optically injected carriers in order to optimize carrier
relaxation and transport in the QD-based novel nanos-
tructures. Although, some femtosecond resolved optical

studies are available in literature for the carrier dynamics in
InAs QD heterostructures [19, 20]. But, the real application of
QD and QW based devices requires longer time window for
complete observation of photo physical events after the carrier
injection [21–23]. In this regard, picosecond resolved time
correlated single photon counting (TCSPC) offers reasonably
good time resolution to monitor photo physical dynamics and
carrier relaxation in the time window starting from tens of
nanosecond up to several microseconds. Thus, a picosecond
resolved study employing TCSPC technique is important to
correlate the carrier dynamics with device performance.
Moreover, studies on strain relaxation in InAs QD hetero-
structures and its correlation with the optical properties and
ultrafast carrier dynamics are very sparse in the contemporary
literature, and are the motive of the present work.

In the present study, we have proposed three hetero-
structures, differentiated by binary (GaAs), ternary (InGaAs/
GaAs) and quaternary (InAlGaAs/GaAs) capping layer,
offering various strains, in order to realize their effect on the
structural and optical properties of the capped QDs. The
results are characterized by using high resolution transmission
electron microscopy, high resolution x-ray diffraction and
optical spectroscopy. Here, we have mainly anticipated into
the photo physical studies of QDs in presence of different
capping layers. The steady state photoluminescence (PL)
results of conventional GaAs capped InAs QD have been
compared with the ternary and quaternary capped QDs.
Picosecond resolved photoluminescence studies have been
done at different temperatures and detection energies to pro-
vide a deeper insight into the carrier escape and capture
mechanisms from/to the dot and its dependence on the barrier
potential. High as well as low energy excitations have been
carried out to explore the carrier relaxation and distribution
mechanisms inside the QD heterostructures. In our opinion,
this comparative study of structural and optical properties of
InAs QDs with different capping layer would be beneficial in
real field applications.

Figure 1. Schematic of InAs QD heterostructure capped by different
capping layers such as 5 nm GaAs layer (sample A), 5-nm InGaAs
layer (sample B), and 5-nm InAlGaAs layer (sample C) with a total
combinational capping thickness of 50 nm.



2. Experimental methods

2.1. Sample growth

The samples studied in this article were grown on semi
insulating GaAs (001) substrates in a RIBER III–V Epineat
molecular beam epitaxy (MBE) system. The substrates were
pre-heated in the first (1st) entry lock (FEL) and buffer
chamber to outgas moisture and other organic contaminants.
The oxide desorption process was carried out in the main
chamber, before the growth. The native oxides from the
surface of GaAs substrate desorbed under arsenic over-
pressure, resembling clear and distinct streaky patterns on the
reflection high energy electron diffraction (RHEED) screen.
A 200 nm GaAs buffer layer was grown on the substrate
preceded by the oxide desorption, which inhibited the trans-
formation of defects and pits towards the active layer of the

heterostructure. The temperature during the deposition of
GaAs buffer layer was kept at of 590 °C. The temperature was
then reduced to 490 °C during the growth of 100 nm GaAs
layer. The self-assembled 2.7 monolayer (ML) InAs quantum
dot (QD) followed by a capping layer was grown on the GaAs
surface at the same temperature. The critical thickness of QD
was 1.7 ML, which is the transition point of forming a three-
dimensional (3D) structure from a two-dimensional (2D)
wetting layer. It takes place due to the lattice mismatch in
between GaAs and InAs. The transition from streaky to dotty
pattern was observed in the reflection high energy electron
diffraction (RHEED) screen after 1.7ML growth of InAs.
Hence, the QD was grown with an overgrowth percentage
of 59%.

Figure 1 illustrates the three different QD hetero-
structures, which are differentiated by the GaAs (sample A),
InGaAs (sample B) and InAlGaAs (sample C) capping layer

Figure 2. TEM micrographs of (a) GaAs Capped QD (Sample A), (b) InGaAs/GaAs capped QD (Sample B) and (c) InAlGaAs/GaAs capped
QD (Sample C). (d) Variation of aspect ratio with different capping layers.



above the 2.7 ML InAs quantum dot. The growth rate of InAs
QDs was 0.1 ML s−1 and that of GaAs layer was 1ML s−1

(dot density ∼3×1010 cm−2). The entire growth process was
done at an arsenic overpressure of 1E-5 Torr. The total
thickness of the capping layer for sample A, B and C was kept
same at 50 nm. For sample B and C capping layer was splitted
into two layers. The QDs were capped with a 5 nm of ternary
(In0.15Ga0.85As) and quaternary (In0.21Al0.21Ga0.58As) layers
in sample B and C respectively, followed by a 45 nm GaAs
layer. The particular thicknesses of the capping layers have
been chosen based on the previous experimental optimization
[24–26].

2.2. Characterization methods

In order to investigate the effect of capping layer materials on
QD’s morphology, the microstructures of all the above
mentioned samples were studied by using cross sectional
transmission electron microscopy (XTEM). The samples were
prepared by using a standard XTEM sample preparation
technique. XTEM images were obtained using a JEOL JEM
2010F electron microscope operated at 200 kV.

Temperature dependent photoluminescence measure-
ments were performed for all the samples. The temperature
was varied (80–300 K) by a temperature controller connected
to the sample stage. A green (532 nm) diode-pumped solid
state (DPSS) laser was the source of excitation, having a
power density variation from 44W cm−2 to 1.1 kW cm−2.
The emission spectra from the samples were collected by a
liquid nitrogen–cooled InGaAs array detector, followed
through dispersion via 600 grooves/mm grating in a Spectra-
Pro spectrometer with 750 mm focal length.

Time resolved photoluminescence (TRPL) measurements
were done by a custom-made time correlated single photon
counting setup (TCSPC) in the temperature range of
80–300 K. The photoluminescence signal was detected by a
near infrared micro-channel plate photomultiplier tube (MCP-
PMT,R3809U-69, Hamamatsu) and was further recorded by
SPC-130 module (Becker & Hickl) and analyzed by micro-
math scientist software. The photoluminescence decays were
fitted by using a multi-exponential rise-decay model
(IPL(t)=−Ir å+-
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Here i can take any value (from 1 to n) depending upon the
number of decay function in the photoluminescence decay.
Both high energy and low energy excitations were performed
in this study by using picosecond pulsed 510 nm and 965 nm
Pico-Quant lasers respectively at the power density of
1.6 w cm−2. The instrument response function (IRF) of the
entire system was measured to be 130 picosecond.

3. Results and discussion

3.1. TEM analysis

Figures 2(a)–(c) represent the TEM images of sample A, B
and C respectively. Each inset of the figures depicts the HR-

Figure 3. Photoluminescence spectra of (a) Sample A, (b) Sample B
and (c) Sample C at the temperature 80 K and 300 K (Power
Density-1.1 kW cm−2). The inset of each figure represents the
excitation intensity dependent PL at 80 K.



TEM image of the individual InAs QD signifying its average
height and width at the resolution of 10 nm. The majority of
QDs exhibit a height of 2.5, 3.5 and 6 nm with an error of
±0.5 nm for sample A, B and C respectively. Similarly, the
base (top) width for majority of sample A, B and C are 15 nm
(11 nm), 18 nm (13 nm), and 25 nm (18 nm) with an error of
±1 nm. It has been observed that the size and uniformity of
QDs have increased with the tailoring of the capping layer
from binary to quaternary which subsequently helps in tuning
the optical properties of the system.

The variation of aspect ratio (height/base width) in
presence of different capping layers has been represented in
figure 2(d). The values are calculated to be 0.167, 0.194,
0.243 for sample A, B and C respectively. Aspect ratio clearly
portrays the effect of strain in the QD heterostructures.
According to the earlier reports, the strain on the QDs
decreases in presence of strain reducing layer [31, 32].
However, as the QDs have been grown on the same GaAs and
it shares larger surface area with the capping layer. Therefore,
the relaxation of strain is higher in the growth direction
compared to the in plane direction [33]. Consequently, in
presence of SRL the height of the QDs increases with higher
rate compared to the base width due to reduced lattice mis-
match, lesser strain and minimum intermixing of materials
[34–36]. Hence the aspect ratio increases. In GaAs capped
QDs (sample A), strain is maximum amongst the three sam-
ples due to larger lattice mismatch in between the dot and
capping layer [37]. Here, two phenomena occur significantly
(a) migration of Indium adatoms from the InAs QD’s apex
and (b) interdiffussion of Gallium adatoms to the InAs QDs,
occupying the vacancies left by the Indium adatoms. Both of
these phenomena lead to the formation of lower sized
quantum dots. Additionally, In out-diffusion rate from the
QDs is also very high in presence of GaAs capping compared

to InGaAs and InAlGaAs SRL due to absence of any third
agent to restrict the interdiffusion. This results in a lower
aspect ratio of 0.167. On the other hand, InGaAs and InAl-
GaAs capping act as strain driven phase separation alloy that
is activated by the pre-deposited InAs QDs. The modulation
of surface strain along a QD layer induces a phase separation
in the ternary and quaternary layer grown on the QDs
[38, 39]. It results in compositional In gradient in the vicinity
of the elastically relaxed islands. This gradient leads to a
suppression of the In atom segregation from the islands
during MBE growth, which preserve the shape of the QDs.
Therefore, aspect ratio increases from 0.167 to 0.194 in pre-
sence of InGaAs SRL. However, in case of quaternary capped
structure, Aluminum (Al) in alloy enhances phase separation
in the system which further increases the aspect ratio to
0.243 [12, 40].

3.2. Photoluminescence result

Figure 3 represents the photoluminescence spectra of sample
A, B and C at 80 K and 300 K. The excitation intensity
dependent PL has also been shown in the inset of each
figures. After Gaussian curve fitting of the power dependent
photoluminescence spectra, it has been observed that the dot
size distribution is mono-modal and the origin of the two
peaks in the PL is due to two different transitions. The main
peak at lower energy resembles the ground state transition
(E0-HH) and the shoulder peak at higher energy denotes the
1st excited state transition (E1-LH) [41]. Here E0 and E1

denote the ‘ground state’(GS) and ‘1st excited state’ of con-
duction band respectively and HH and LH represent the
‘heavy hole’ and ‘light hole’ component of the valance band
in the InAs QD. The ground state PL peak energies of sample
A, B and C are at 1.08 eV, 1.04 eV and 1.02 eV respectively

Scheme 1. Effect of thermal excitation on the photo-generated carriers in Sample A, B and C.



at the temperature 80 K. It can be clearly observed that the PL
peak energies of sample-B and C with In0.15Ga0.85As and
In0.21Al0.21Ga0.58As capping are red shifted compared to the
conventional GaAs capped sample A by 40 meV and 60 meV
respectively. This shift of the PL peak can be explained from
the detail analysis of strain. However, the strain in between
the dot and 1st capping layer is directly proportional to the
square of lattice mismatch. The larger lattice mismatch
between InAs and GaAs (∼6.61%) in a conventional GaAs
capped QD engenders In/Ga interdiffusion near QD/capping
layer interface to minimize the surface strain. This causes out-
diffusion of In from the apex of dots and forms smaller sized
QDs. However, in case of ternary and quaternary capped
QDs, the surface strain in between QDs and capping layer
decreases due to a smaller lattice mismatch percentage (InAs/
In0.15Ga0.85As∼5.61%, InAs/
In0.21Al0.21Ga0.58As∼5.12%). Hence, the In/Ga interdiffu-
sion is reduced, which preserves the QD size (Figure S1 is
available online at stacks.iop.org/SST/34/095017/mmedia).
Among the three samples, sample-C has a room temperature

PL peak near to the communication wavelength (∼1.3 μm/
0.946 eV). The full width at half maximum is also minimum
in case of sample C (Sample A-38 meV, sample B-35 meV,
sample C-32 meV at 80 K). The lower FWHM for the sample
confirms minimum dot size dispersion, which will give rise to
enhanced absorption efficiency and gain in infrared photo-
detectors [42–44]. The presence of Al content in the InAl-
GaAs capping layer prevents the In/Ga interdiffusion in
between the dot and its capping layer at the QD growth

Figure 4. (a) Variation of PL integrated intensity with respect to
temperature (80 K–300 K) for all the heterostructures. (b) PL
Arrhenius plot of the three samples.

Figure 5. The picosecond resolved photoluminescence decays at
different emission energies for (a) Sample A, (b) Sample B and (c)
Sample C at 80 K. The inset of each shows their respective steady
state PL at 80 K.

http://stacks.iop.org/SST/34/095017/mmedia


temperature. It acts as Indium out diffusion blocking layer and
results in longer ground state emission peak in sample C
compared to sample A and B.

The energy difference between the ground state (GS) and
excited state (ES) emission in sample C is also higher
(∼105 meV) compare to other samples (∼86 meV). It results
in higher energy difference between the GS and ES in the
conduction band of QD structure (69.3 meV), considering the
Qe/Qh ratio of 0.66/0.34 [45]. It may reduce the thermionic
emission component as well as the carrier-phonon interaction
in the device structures. Here, Qe and Qh represent the con-
duction band and valence band offset constants. The GS-ES
energy difference is calculated by considering the corresp-
onding energy of the PL emission. The energies of the con-
fined QD states increases due to increase in confinement
potential but decreases by an increased dimensions of the
QDs. As the ground state transition energy in QDs mainly
depends on their height than their diameter, the higher aspect
ratio of the QDs in sample C results in a red shift that out-
weighs the blue shift due to the higher InAlGaAs barrier. On
the other hand, the higher potential barrier of InAlGaAs
capping has a stronger effect on the first excited state trans-
ition energy than the ground state [46–48]. It leads to an
increased energy separation between the ground state and first
excited state in Sample C. According to the earlier reported
literatures, modulation of these electronic states (E0 and E1)
plays an important role in determining the efficiency of
quantum dot based intermediate band solar cell (QD-IBSC)
[49, 50]. In conventional GaAs capped QD-IBSC, there is a
huge escape of carriers from intermediate band (IB) to the
conduction band (CB) due to higher ground state energy (E0)
and smaller difference in between E0 and E1 states. It affects
the quasi-Fermi level split in between the IB and CB, thus
voltage preservation becomes almost impossible [51–54].
However, in presence of a thin quaternary strain reducing
layer, not only the QD ground state decreases, the energy
separation in between the QD ground state and 1st excited
state also increases. As a consequence, thermal escape of
carriers significantly reduces (as shown in scheme 1) which
further helps in stabilizing the voltage. Therefore, InAlGAs
capping can be a promising candidate in increasing the effi-
ciency of QD-based intermediate band solar cell.

The variation of PL integrated intensity (GS transition)
with respect to the temperature has been illustrated in
figure 4(a). It has been observed that the slope in case of
sample A, and B is higher at elevated temperatures, which
indicates that the non-radiative recombination due to thermal
excitation are dominant in case of ternary and GaAs capped
sample compared to the quaternary capped QDs [55]. For a
detail investigation, thermal activation energies of the three
samples have been calculated from the temperature dependent
PL data, using the conventional Arrhenius equation [56].
Figure 4(b) represents PL Arrhenius plot of the three samples.
From the fitting results at elevated temperature, the calculated
thermal activation energies of sample A, B and C are
107±5 meV, 130±5 meV, and 150±5 meV respectively.
The higher activation energy of the material results in lesser
carrier loss due to thermal excitation. As a consequence,
carrier confinement increases at elevated temperatures which
plays a crucial role in minimizing the dark current in QD
based infrared photodetectors [57]. However, instead of
having several optical qualities, sample C has been found to
have the lowest PL intensity. The migration of In atoms from
the quaternary alloy (InAlGaAs) into the elastically relaxed
dot regions may lead to the generation of roughness and alloy
surface distortion in the structure [12, 58–61]. Thus, trapping
of carriers occurs which further reduces the PL intensity. This
decrease in PL intensity due to the quaternary capping may
not be suitable for light emitting devices. However, it is very
much useful for the optoelectronic devices such as infrared
photodetectors and photovoltaic devices where strong carrier
confinement and higher thermal operability are highly
required [12, 26, 49].

3.3. Time resolved photoluminescence result

3.3.1. Detection energy dependent TRPL study. Detection
energy dependent TRPL study has been carried out for
sample A, B and C at some lower and higher temperatures
(figure S3) upon high energy excitation (510 nm). Figure 5
represents the picosecond resolved photoluminescence decays
of the three samples at three different emission energies
(E=GS emission, E<GS, and E>GS) at 80 K. The inset
of each figure represents the corresponding PL at 80 K. From
the fitting results, it has been found that all the decays in the

Table 1. Detection energy dependent excited state lifetimes of sample A, B and C at temperature 80 K.

Sample
Detection

Energy (eV) τr ns [%] t1( ) ns [%] td1 ns [%] td2 ns [%] τavg (ns)

Sample A 1.19 eV 0.08±0.01 (9%) 0.216±0.02 (63%) 0.703±0.03 (28%) 0.344
1.08 eV 0.080±0.01 (−64%) 0.448±0.03 (144%) 0.911±0.04 (20%) 0.777
1.04 eV 0.048±0.005 (−61%) 0.340±0.02 (133%) 0.822±0.04 (28%) 0.654

Sample B 1.15 eV 0.076±0.01 (8%) 0.144±0.01 (81%) 0.5±0.03 (9%) 0.174
1.04 eV 0.081±0.01 (−75%) 0.391±0.03 (161%) 0.858±0.04 (14%) 0.695
1 eV 0.05±0.005 (−72%) 0.245±0.02 (133%) 0.522±0.03 (39%) 0.493

Sample C 1.15 eV 0.075±0.01 (11%) 0.235±0.03 (69%) 1.00±0.04 (20%) 0.370
1.02 eV 0.062±0.01 (−52%) 0.230±0.02 (112%) 0.434±0.03 (40%) 0.399
0.98 eV 0.04± 0.005 (−23%) 0.175±0.01 (114%) 0.535±0.03 (9%) 0.237



lower energy side (E<E1) are associated with a rise
component (τr ) of sub hundred picosecond followed by
two decay components, comprised of a faster td1( ) and a
slower one t .d2( ) The rise component signifies the carrier
capture time scale from the GaAs matrix (figure S2). The
faster component of the lifetime might be originated from
various non-radiative processes which include thermal
relaxation from the excited state and other carrier loss
mechanisms like carrier trapping in the defect states,
thermally activated carrier escape from the QDs to barrier
and the inter-dot carrier migration. Whereas, the slower

component of the lifetime decay can be attributed to the
radiative recombination timescale in the QDs [62, 63].

However, it has been observed that the rise component
significantly vanishes in the higher energy side (E�E1) and
instead of that; an extra faster decay component (around
80 ps) is obtained. In the higher energy side, there is a
possibility of carrier escape from the exited states (or from
smaller QDs) to the barrier or comparatively bigger QDs
having lower energy levels, which is the most probable reason
of getting an extra faster decay component t1( ) instead of the

Figure 6. (a)–(c) show the variation of average lifetime at different
detection energy of the sample A, B and C respectively.

Figure 7. The picosecond resolved photoluminescence decays of (a)
Sample A, (b) Sample B and (c) Sample C at different temperatures.



rise component. It also implies that the carrier escape
processes from the higher energy states (or from the
comparatively smaller QDs) to the barrier or comparatively
bigger QDs are so dominant that it overpower the contribution
of carrier capture from the barrier. This behavior is similar for
the three samples. However, in case of sample C, the radiative
lifetime td2( ) in the high energy side (1.15 eV) is found to be
longer (1.00 ns) compared to the lower energy side (0.98 eV).
It has been observed from the previous results that the dot size
dispersion is lesser in presence of InAlGaAs SRL. In addition
to that, it offers higher barrier potential to the QD structure.
Primarily, due to both of these factors inter-dot carrier
migration and carrier escape possibilities are inhibited
significantly in sample C. Consequently, confinement of
carriers increases in the higher energy side which resembles
increase in the radiative lifetime. All the corresponding
timescales and their relative percentages have been summar-
ized in table 1. Thus, capping layers offering various strains
have a great impact on the confinement of carriers inside the
QDs. Lesser the strain, higher is the carrier confinement.

The overall variation of average carrier lifetimes of
sample A, B and C with respect to different detection energies
has been represented in figures 6(a)–(c) respectively. The
average lifetime is faster in the lower energy side and it
increases with increasing the detection energy. Moreover, it
falls after certain detection energy (around the GS). The faster
lifetime in the comparatively higher energy side is expected
due to the carrier escape from smaller QDs (higher energy
states) to the larger ones (lower energy states). However, in
this study the average lifetime has also been found to decrease
in the lower energy side (E<GS), contrary to the observed
variation of carrier lifetime [64, 65]. Previously, several
groups have reported similar kind of phenomena in their
studies [18, 20, 41, 66]. We interpret that the observed
variation of average lifetime is due to difference in
confinement of the electron wave function in the growth
direction, which results in a different electron and hole wave
function overlapping for different-sized QDs. However, it has

been also observed that the average lifetime is less for sample
C (quaternary capped QD). It is may be due to the non-
radiative loss of carriers in the defect states. However, there is
another possibility which can be considered for reduced
carrier lifetime in presence of InAlGaAs capping. The
conduction band offset of sample C is higher than that of
the others, which results in less penetration of electron wave
function into the barrier. Therefore, it increases the electron-
hole coupling effect due to their localization inside the QDs.
Consequently, radiative recombination rate increases leading
to the decrease in carrier lifetime [19, 67, 68].

3.3.2. Temperature dependent TRPL study. In order to
investigate the effect of thermal excitation on the
confinement of carriers, temperature dependent carrier
lifetime for the ground state transition has been measured
within the range of 80 K to 300 K. Figure 7 represents the
time resolved photoluminescence decays of the three samples
at three different temperatures (80 K, 240 K, and 300 K). The
detection energy has been set to the corresponding GS
transition energy of the three samples. All the decays have
been fitted with a rise component (τr) and two decay
components comprising a faster td1( ) and a slower one t .d2( )
The effect of thermal excitation on the confinement of carriers
and its dependence on the capping materials are clearly
observed from the figure 7. At low temperature, the thermal
escape of charge carriers from one dot to the other or into the
barrier does not occur at a sufficiently faster rate compared to
the radiative lifetime of carriers in the quantum dot. As the
temperature increases, the carriers are lost in two ways, (1) the
carriers in well-confined quantum dots (i.e. in smaller QDs)
escape from the dots and recombine through bigger QDs,
having low lying energy levels and (2) the carriers are trapped
or lost through non-radiative recombination centers in the
barrier layer [69, 70]. These processes dominate at elevated
temperature, which further affect the radiative recombination
in the heterostructure.

The overall variation of average lifetime with temper-
ature (80–300 K) has been illustrated in figure 8. It can be
observed that sample A (GaAs capped QD) has the least
thermal stability, and carrier lifetime has been found to
change rapidly with respect to temperature. Whereas, sample
B (InGaAs/GaAs capped QD) exhibits better stability
compare to sample A. However, the change of carrier lifetime
with respect to temperature has been found to be minimum in
case of sample C (InAlGaAs/GaAs capped QD), which is
consistent with our previous PL results (figure 4(a)). InGaAs
and InAlGaAs capping help in increasing the aspect ratio of
the capped QDs due to lesser lattice mismatch and reduced
In/Ga interdiffusion, which resemble a strong red shift in the
GS in of PL spectra. This reduction of ground state energy of
the QD relative to the GaAs band edge further reduces the
thermal escape of carriers. The higher energy difference in
between GS and ES of sample C does not facilitate the
thermally excited carriers to go to the higher energy states
also the inter dot carrier migration reduces significantly due to
lesser QD size dispersion. Hence, the carrier confinement

Figure 8. Average Lifetime of the three samples at different
temperatures.



increases in presence of InAlGaAs barrier and thermal escape
of carriers from the QDs to the barrier is hindered to a large
extent, resulting in reduced variation of average lifetime. The
phenomena have been well explained in scheme 1. Thus, it
can be concluded that the confinement of carriers can be
improved by incorporating a InAlGaAs strain reducing layer
in InAs/GaAs quantum dot heterostructure, which would be a
step forward towards increasing the efficacy of modern age
optoelectronic devices.

4. Conclusion

In summary, detailed analysis of optical properties and carrier
dynamics in the InAs QD heterostructure and its correlation
with the relaxation in strain have been carried out in this
article. It has been observed that quaternary capping acts as a
strain driven phase separation alloy which effectively sup-
presses Indium adatoms outflow from the InAs QDs, thereby
giving higher aspect ratio of 0.24. Furthermore, the thermal
activation energy and energy difference between the con-
duction band ground state and excited state have been
obtained maximum in the quaternary capped QDs, which
resembles a stable behavior at elevated temperatures. The
emission energy dependent TRPL measurements further
prove better carrier confinement in the quaternary capped
QDs. The temperature dependent TRPL study illustrates the
effect of thermal excitation on carrier lifetime and the sample
C with quaternary capping has been found better in terms of
thermal stability of the carriers inside the QDs. Hence, we
conclude that the quaternary strain reducing layer can be an
efficient candidate in increasing the confinement and thermal
stability of charge carriers in the QD based optoelectronic
devices. Moreover, our study provides key information on the
carrier capture and relaxation mechanisms in InAs QDs and
its dependence on different capping layers, offering various
strains. To our understanding, our study would find relevance
in the improvement of fabricating optoelectronic devices with
higher gain, efficiency and operating temperature.
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