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ABSTRACT

Tuning of the photoluminescence emission over a wider range of optical telecommunication wavelength (1.38 μm–1.68 μm) has been
achieved by employing a GaAs1− xSbx capping layer to the strain coupled bilayer InAs quantum dot (QD) heterostructures. It is shown that
the modulation of strain between the two dot layers through variation in Sb-content and thickness of the capping layer strongly influence
the dot size. The band alignment transformation from type-I to type-II is observed for high Sb-content in the capping layers. In addition,
the carrier lifetime is improved by a factor of three in the QD heterostructures having type-II band alignment. This, we believe, is of impor-
tance for optoelectronic device applications.

I. INTRODUCTION

Self-assembled InAs quantum dot (QD) systems have attracted
the research community for many years owing to their superior
optoelectronic properties, thus facilitating a wide range of applica-
tions. They have been successful in achieving infrared photodetectors
with lower dark current,1,2 high carrier lifetime,3 narrower spectral
response,4 and high responsivity.5,6 Fabrication of QD based lasers
with low threshold current density and different operating wave-
lengths has been possible because of the tight confinement of carriers
and flexibility in varying the shape and size of QDs.7 QDs have also
been exploited in intermediate band solar cell (IBSC) applications
and optical communication.8,9 The emission in S- (1460–1530 nm),
C- (1530–1565 nm), and L-bands (1565–1625 nm), which are the
low-loss windows, are used for long distance transmission and high
speed optical communication. Hence, extensive research on escalat-
ing the emission wavelength of InAs QD based devices is ongoing by
the implementation of various techniques, such as variation of

growth temperature, capping QDs with strain reducing ternary and
quaternary alloys, and so on.10–12 However, there is a constraint in
the emission wavelength due to the reduced size of QDs, which is a
consequence of In/Ga intermixing during the capping process. To
overcome this, scientists have incorporated elements like N, Al, and
Sb in the capping material,13–15 among which GaAs1− xSbx has
received the most attention and has been able to deliver a wide range
of wavelengths depending on the Sb-content.16,17 The Sb-content
beyond a certain limit (∼14%) alters the band alignment to type-II,
which not only helps in extending the emission wavelength but also
increases the carrier lifetime.18 The emission wavelength in the
1220–1492 nm regime has been reported recently with the aid of
GaAs1− xSbx capping, whose major part overlaps with the E-band
(1360–1460 nm), that might cause higher attenuation in the optical
fiber communication.19 Therefore, longer wavelength emission could
be achieved by growing either larger or strain-coupled QD hetero-
structures. Bilayer QD structures might be considered the potential
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candidate to achieve this goal because of their larger dot size and
optimum strain coupling between the two QD layers.19–22 Here, we
have investigated the impact of strain coupling of GaAs1− xSbx
capped bilayer InAs QDs on photoluminescence (PL), band align-
ment, and carrier localization. By varying the GaAs1− xSbx capping
layer thickness and Sb-content, we were able to achieve room tem-
perature emission at 1.39 μm and 1.68 μm from type-I and type-II
bilayer InAs/GaAs1− xSbx heterostructures, respectively.

II. SAMPLE GROWTH AND CHARACTERIZATION
TECHNIQUES

All the samples discussed in this study were grown on semi-
insulating GaAs (001) substrates in a Veeco Gen 930 Molecular
Beam Epitaxy system equipped with a valved cracker source for As2
and Sb2. The oxide desorption at a higher substrate temperature of
630 °C was done prior to the growth of the GaAs buffer layer.
A 200 nm GaAs buffer layer was grown at a temperature of 590 °C
to prevent the propagation of surface defects from the substrate
to the active region. Then, the temperature was brought down to
490 °C before the growth of the dot layers. A pair of InAs QD
layers with different monolayer coverage were grown and sand-
wiched between the GaAs matrix. The monolayer coverage of the
lower QD was 2.5 and that for the upper QD was 3.2. Monolayer
coverage of the top dot layer (which is the active layer) has been
kept large for achieving longer emission wavelengths and thermal
stability.19 The bilayer QD heterostructures were strain-coupled
through a thin (6.5 nm) GaAs1− xSbx/GaAs spacer, and the thick-
ness of GaAs1− xSbx capping was varied as 2, 3, and 4 nm. This
spacer thickness was chosen as it has already been optimized in our
previous study.23 The active region, which is comprised of the two
dot layers and the GaAs1− xSbx capping layer, was grown at a tem-
perature of 490 °C. The temperature was kept constant for the first

20 nm of the top GaAs capping layer, and after that the tempera-
ture was raised to 590 °C for the growth of the rest of the 80 nm
GaAs capping layer in order to ensure good crystalline quality.
Two sets of samples were grown with different Sb-contents in the
GaAs1− xSbx capping layer. Samples S1, S2, and S3 were grown
with a lower Sb-content (x = 0.1), and samples S4, S5, and S6 were
grown with a higher Sb-content (x = 0.2). The schematic of the
grown heterostructures is shown in Fig. 1. The details of the
capping layer composition and thickness are provided in Table I.

For PL measurements, the samples were mounted on the cold
finger (10 K) of a cryostat and photoexcited with a 532 nm green
diode pumped solid-state laser. The power density could be varied
from 132W/cm2 to 1100W/cm2. The emission response was
detected by a liquid nitrogen–cooled single-pixel InSb photodetector.

Cross-sectional transmission electron microscopy (XTEM)
was used to study the change in structural properties. To get high
electron transparency, the samples were subjected to a series of
steps, viz., patterning, grinding, polishing, dimpling, and Ar ion
milling. The region of interest is brought down to 20 μm and then
loaded into a precision ion polishing system (PIPS) for further
thinning of the sample. TEM images were obtained using a Tecnai
G2, F30 electron microscope operated at 300 kV.

To investigate the carrier dynamics, time resolved photolumi-
nescence (TRPL) measurements were done at 77 K by a custom-made
time correlated single photon counting (TCSPC) setup. The PL signal
was sensed by a near-infrared microchannel plate photomultiplier
tube (MCP-PMT, R3809U-69, Hamamatsu). The PL decay was
recorded by the SPC-130 module (Becker & Hickl) and examined
by Micromath scientific software.24 The study was carried out by
using a 510-nm Pico-Quant laser at a power density of 1.6W/cm2.
The instrument response function of the entire system was measured
to be 110 ps.

III. SIMULATION DETAILS

Theoretical simulations were carried out using Nextnano
software to visualize the carrier localization throughout the hetero-
structure.25 The software allows three-dimensional (3D) simulation
of a quantum mechanical electronic structure within a heterostruc-
ture. It also consists of a database of the characteristics of group
III-V materials. The simulation starts with the minimization of
total elastic energy considering deformation potentials and piezo-
electric fields. The Poisson and multiband Schrodinger equations
are solved self-consistently to obtain the electronic band profile of

FIG. 1. Grown heterostructures of bilayer InAs QD showing different band align-
ment with the change in the Sb-content. The right side of the figure shows a
schematic representation of the conduction band (CB) and the valence band
(VB) profile with quantized states.

TABLE I. Composition and thickness of the capping layer.

Sb-content (“x”) Sample name
GaAs1− xSbx

Y (nm)
GaAs
Z (nm)

“x” = 0.1 S1 2 4.5
S2 3 3.5
S3 4 2.5

“x” = 0.2 S4 2 4.5
S5 3 3.5
S6 4 2.5
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the given structure. The structure is defined in a rectangular box of
particular dimensions in x-, y-, and z-directions. Then, the box is
divided into volume elements having a spacing of 0.5 nm in the
x- and y-directions and 0.35 nm in the z-direction.

IV. STRUCTURAL ANALYSIS

The impact of GaAs1− xSbx capping and its thickness on the
morphology of QDs have been explored by the bright-field TEM
images as shown in Fig. 2, where the insets demonstrate the high-
resolution images of a single QD pair taken at a resolution of 5 nm.
Proper vertical alignment between the two QD layers could be
clearly seen, along with the spacer and wetting layer. This vertical
coupling is due to the origination of strain from the lower QD,
which propagates through the GaAs1− xSbx/GaAs spacer toward
the upper QD. The size of the upper QD is bigger than the lower
QD because of the strain coupling and larger monolayer coverage
of InAs. The average dimensions of QDs for all the samples have
been presented in Table II. Furthermore, it could be observed that
the size of QDs increases with the increase in the thickness of the
GaAs1− xSbx capping layer in both types of samples, which could

be attributed to strain relaxation within the heterostructure. Also,
the dimensions of QDs in both of the layers are larger in case of
type-II samples as compared to type-I samples, as the presence of
higher Sb prevents the out-diffusion of In from QDs. The enhance-
ment in QD size would help in extending the PL wavelength
toward the short-wavelength infrared (SWIR) region. However, a
few pairs of stacking faults were observed in the samples with lower
GaAs1− xSbx capping thicknesses (S1, S2, S4, and S5). This might
be due to the partial exposure of the apex of InAs QDs to the GaAs
layer, causing In/Ga intermixing.

V. RESULTS AND DISCUSSIONS

The type-I and type-II configurations of the samples have
been confirmed from the power dependent PL measurements, as
shown in Fig. 3. Figures 3(a) and 3(b) demonstrate the power
dependent PL spectra for sample S3 among type-I and sample S6
among type-II, respectively. The sample with type-I band align-
ment shows a negligible shift (∼2 nm) with increasing power,
whereas the sample with type-II band alignment shows a significant
blue shift (∼26 nm). In addition, the shoulder peak at the lower

FIG. 2. Cross-sectional TEM images of samples: (a) S1 with 2 nm, (b) S2 with 3 nm, and (c) S3 with 4 nm of the GaAs0.9Sb0.1 capping layer; (d) S4 with 2 nm, (e) S5
with 3 nm, and (f ) S6 with 4 nm of the GaAs0.8Sb0.2 capping layer. The highlighted part (yellow colored dashed line) is shown in the high magnification image. The arrows
show the growth direction.
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wavelength side (with respect to the highest intensity peak) is the
excited state peak in both of the samples, as there is a gradual decrease
in PL intensity with a decrease in the excitation power density.4 In the
case of sample S3, the longer wavelength peak is from another QD
family with a larger dot size.4 However, the density of this QD family
is less, which is indicated by the weak PL intensity.

To visualize the wavelength variation, the PL peak shifts (Δλ)
were plotted (Fig. 4) for all the samples with increasing excitation
power. The shift is calculated with respect to the wavelength
obtained at the highest power density. It can be clearly observed
that there is a negligible shift of the PL peak for samples S1, S2,
and S3, while a significant blue shift can be seen for samples S4,
S5, and S6 with increasing excitation power. This phenomenon is a
clear signature of type-I and type-II configurations.26,27 The reason
for PL blue shift in type-II samples could be explained as follows.
The occurrence of band bending due to the spatially separated elec-
trons and holes creates a self-consistent electric field, which thereby
establishes a triangular potential well. For a triangular potential
well, the ground state electron energy increases as the cube root of
excitation power.28 As the confinement of carriers at the interfaces
increases with increased excitation power, it increases the energy
difference between the lowest available electron state of the conduc-
tion band and the highest available hole state of the valence band,
as shown in the right side of Fig. 4. This results in a blue shift of
the PL peak. However, there is only increment in the number of
carriers in the samples with type-I band alignment with high

power density. Therefore, samples S1, S2, and S3 show negligible
shift in PL wavelength with increasing excitation power.

Figure 5 shows the low temperature PL of all the samples.
There is a red shift in the peak position with increase in the
GaAs1− xSbx capping layer thickness. Sample S3 among type-I and
sample S6 among type-II structures having a capping thickness of
4 nm provide the longest emission wavelength of 1297 nm and
1513 nm, respectively. The difference between ground and excited
state peak for samples S1, S2, and S3 are 55, 62, and 69 nm, respec-
tively, while the same for samples S4, S5, and S6 are 74, 86, and
94 nm, respectively. The larger difference between the ground and
excited state peaks would lead to a reduced electron-phonon scatter-
ing. Furthermore, the larger red shift in the wavelength of samples
having type-II configuration is because of two reasons: (1) formation
of larger size QDs due to reduced strain in heterostructure, which
inhibits the In/Ga intermixing, and (2) localization of electrons in
the conduction band of InAs QD and holes in the valence band
of GaAs1− xSbx capping layer, causing a decrease in the optical
bandgap.29,30 However, there is a broadening of the peaks in type-II
samples as compared to those of type-I samples, which could be
attributed to the high concentration of Sb in the capping layer.15

Simulations were carried out to obtain the energy band profile
and electron-hole probability density function. The strain coupling
plays a vital role in bandgap shifting and in the localization of car-
riers owing to the presence of Sb in the capping layer. Figure 6 pre-
sents the electron and hole probability density functions along with
the computed band diagram illustrating the carrier localization.
The ground state transition (E0-H0) and the excited state transition
(E1-H1) are also shown in the figure. The electrons are localized in
the upper QD for all the samples as there was no change in the
conduction band profile for type-I and type-II structures. The holes
(for samples having type-I alignment) are localized inside the
upper QD [Fig. 6(a)] since the carriers would occupy the highest
energy state in the valence band (i.e., in the upper QD with a larger
size). In samples S1, S2, and S3, there was maximum overlap
between electron and hole probability density functions [Fig. 6(c)].
Thus, a stronger Coulomb interaction would result in higher oscil-
lator strength, which was also reflected in the higher PL intensities.
However, the combined effect of strain and higher Sb-content in
the capping layer assisted a different scenario of the carrier

TABLE II. Average height and width values of lower and upper QD.

Samples

Lower QD dimensions Upper QD dimensions

Height (nm)
±0.2

Width
(nm) ±1

Height (nm)
±0.2

Width
(nm) ±1

S1 2.7 15 4.2 19
S2 3.5 16 4.7 22
S3 4.5 21 5.6 26
S4 3.5 18 5.6 20
S5 4 22 5.5 26
S6 4.5 27 7.2 34

FIG. 3. Power dependent PL spectra
for (a) sample S3 with type-I band
alignment and (b) sample S6 with
type-II band alignment. The dashed
lines indicate the shift in PL peak with
increasing excitation power density.
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localization in case of type-II heterostructures. The GaAs1− xSbx
capping layer with the higher percentage of Sb has a greater impact
on holes rather than electrons. The valence sub-band [heavy-hole
(HH) and light-hole (LH)] splitting is different as compared to the
type-I heterostructures, as shown in Fig. 6(b). It can be clearly
observed that the LH in type-II structure has moved upward in
energy compared to HH in the capping region of bottom QD.
Thus, the hole state in the GaAs1− xSbx layer of lower QD would

have a lower magnitude of energy as compared to upper QD,
thereby confining the hole localization in the GaAs1− xSbx layer of
the lower QD region, as seen in Fig. 6(d). Besides, the probability
density of hole shifts toward the GaAs1− xSbx capping layer of
lower QD with an increase in the capping layer thickness. This
shift increases from sample S4 to S5 and from S5 to S6. In addition,
a major portion of the hole probability density is covered under the
lower QD region (shoulder of the hole probability density curve) in

FIG. 4. Variation of the PL peak shift with laser excitation power. PL peak positions (in nanometers) with various excitation power densities have been tabulated in the
inset. The right side of the figure shows the schematic of the energy band profile indicating the effect of increasing excitation power density in type-I and type-II band align-
ments along with state filling for each case. Only ground state is shown for clarity. With higher population of electron/hole, the excited states will be occupied. The dashed
lines indicate the band bending with increasing excitation power density in type-II structures.28

FIG. 5. Low temperature photolumi-
nescence results of (a) samples S1,
S2, and S3 having a GaAs0.9Sb0.1
capping thickness of 2, 3, and 4 nm,
respectively, and (b) samples S4, S5,
and S6 having a GaAs0.8Sb0.2 capping
thickness of 2, 3, and 4 nm capping,
respectively.
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sample S4. This means that the probability of the radiative recom-
bination of holes (in lower QD regime) with electrons in the lower
QD region is more likely as compared to samples S5 and S6.
However, this is not the case with samples S5 and S6. The electrons
in the upper QD region have a greater probability of recombination
with the holes of the lower QD region because of the shifting of hole
probability density toward the GaAs1− xSbx capping layer of the
lower QD region. This phenomenon is more prominent in sample
S6 as compared to sample S5 because of the higher GaAs1− xSbx

capping layer thickness.27 Therefore, the carrier lifetime in the case
of sample S6 would be higher as compared to its counterparts, which
was also observed from TRPL measurements (discussed later).

To have more insight into these coupled bilayer structures,
the thermal activation energies were evaluated from temperature
dependent PL measurements by using the Arrhenius equation.
The emission spectra at a temperature range of 19–300 K were
plotted as integrated PL intensity as a function of inverse tempera-
ture. Activation energies for samples S1, S2, S3, S4, S5, and S6 were

FIG. 6. Energy band profile of (a)
type-I and (b) type-II structures,
showing conduction band (CB), light-
hole (LH), and heavy-hole (HH) bands.
E0-H0 and E1-H1 corresponds to
ground and excited electron-hole
eigenstates, respectively. Comparison
of simulated electron and hole probabil-
ity density function for (c) samples S1,
S2, and S3 (type-I configuration) and
(d) samples S4, S5 and S6 (type-II
configuration). The vertical dashed
lines indicate compositional boundaries
of the layers of the heterostructure.

FIG. 7. Carrier decay transients for (a)
samples S1, S2, and S3 having
GaAs0.9Sb0.1 capping thickness of 2, 3,
and 4 nm, respectively, and (b)
samples S4, S5, and S6 having
GaAs0.8Sb0.2 capping thickness of 2, 3,
and 4 nm capping, respectively. The
inset shows PL measurements at 77 K.
The y-axes are in log scale.
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evaluated as 114, 120, 182, 190, 207, and 245 meV respectively,
with an average error of ±20 meV. However, the PL emissions were
recorded up to 250 K and 175 K for samples S4 and S5, respec-
tively, after which the signal to noise ratio was poor. This might be
due to the presence of a higher number of defects in the hetero-
structure, as seen from the TEM images earlier. Samples with
higher activation energy would possess a high barrier potential,
better carrier confinement, and, thus, the carriers would require
higher energy to participate in the device current flow. Sample S3
among type-I and sample S6 among type-II possess the highest
activation energies. Therefore, optoelectronic devices such as infra-
red photodetectors utilizing these would have lower dark current
and will be able to operate at elevated temperatures.

The impact of the GaAs1− xSbx capping layer thickness and
Sb-content on the carrier dynamics has been studied with the help
of TRPL measurements. Figure 7 illustrates TRPL decay for both
types of samples, which were recorded at 77 K. The measurements
were carried out corresponding to the ground state PL wavelength
(77 K), as shown in the insets. The average carrier lifetimes for
samples S1, S2, and S3 having type-I band alignment were 2.19,
2.71, and 3.48 ns, respectively, whereas the lifetimes for samples S4,
S5, and S6 having type-II band alignment were 5.13, 8.5, and
11.15 ns, respectively. It can be observed that the samples with
higher Sb-content show improvement in carrier lifetime by a factor
of three. This improvement in decay time in type-II samples could
be attributed to the reduced overlap of electron and hole wavefunc-
tions, as electrons are confined in InAs QDs and holes are confined
in the GaAs1− xSbx capping layer. Also, the decay time is sensitive
to the capping layer thickness in both type-I and type-II samples.
The probable reasons for enhancement in lifetime with an
increased capping layer thickness could be as follows: reduction of
In/Ga intermixing at the apex of QDs, confinement of carriers due
to larger dot size, and strain relaxation within the heterostructure.27

Thus, the above-mentioned results evince that the presence of the
GaAs1− xSbx capping layer has a positive impact on the QD hetero-
structures, such as optimum strain relaxation, enhanced carrier life-
time, and longer emission wavelength.

The PL measurements at 300 K of samples S1, S2, and S3 have
been shown in Fig. 8(a). The signal to noise ratio was very poor for
the samples having a higher Sb-content at 300 K. Only sample S6

among type-II samples exhibited PL at 300 K, whereas samples S4
and S5 gave signal up to 250 and 175 K, respectively [shown in
Fig. 8(b)]. The reason might be the fluctuation in growth parame-
ters and creation of defects and dislocations within the heterostruc-
ture, which could be confirmed from the structural analysis from
TEM images. Nonetheless, the tuning of wavelength could be
achieved over a wide range from 1.38 μm to 1.68 μm through strain
coupled bilayer QDs by varying capping the layer thickness and
Sb-content.

VI. CONCLUSION

In summary, we have shown that the presence of a
GaAs1− xSbx capping layer with varying capping thickness and
Sb-content significantly affects the strain distribution across the
heterostructure, causing a shift in the PL spectra and change in
carrier lifetime. The strain coupled bilayer InAs/GaAs1− xSbx QDs
could be potential candidates for long wavelength light emitters and
detectors. Moreover, they are beneficial for the modulation of emis-
sion wavelength over the entire telecommunication window (O-L
band). The optoelectronic devices utilizing these configurations
would render low dark current and would operate at high tempera-
tures. The optical properties could be further enhanced by optimiz-
ing the spacer layer thickness between the two dot layers and
controlling the growth parameters.
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