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In this work, a nanoscale-heterostructure with composition layers AIAsSb/InGaAs/GaAsSb is designed on a GaAs
substrate. The associated wavefunctions, dispersion profile, behavior of dipole transition matrix elements and optical gain
have been evaluated. The heterostructure is modeled using 6 band k - p method by solving the 6 x 6 Luttinger-Kohn
Hamiltonian. At room temperature, the optical gain of around 6500 cm™is obtained at the 1460 nm wavelength for injected
carrier concentration of 5 x 10'%/cm? The effects of the externally applied strain and temperature are also investigated for
the possible tuning of optical gain and wavelength in the NIR range.
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1. Introduction

In today’s technological landscape, optoelectronic
devices such as LASERs, LEDs, optical waveguides and
directional couplers are playing a major role in the field of
optical communication [1, 2]. Semiconductor lasers
are based on semiconductor gain media, where stimulated
emission is used to achieve optical gain under the effect of
large carrier density. In semiconductor lasers, the foremost
concern is a very large effective mass of valence band due
to the high asymmetry between the lower and upper
conduction band mass of Ill-V semiconductors which
essentially must be as small as possible [3].
Semiconductor lasers can be designed by using
heterostructures which involve quantum confinement,
varying alloy compositions and mismatching of strain so
that one can achieve diverse optical and electronic
properties. The laser using the heterojunction i.e. junction
of two different materials was first suggested by a
German-born physicist Herbert Kroemer [4]. He suggested
that using heterostructure the population inversion can be
enhanced for stimulated emission. In semiconductor
physics, the effective mass approximation is widely used
for parameterization of bulk crystals using well known
time-independent Schrodinger’s equation. Band structure
calculations can be done on alloy compositions and
strained layers to improve the performance of the device
for their application in optical communication. So far,
theoretically and experimentally numerous research works
have been done in order to develop highly efficient lasing
heterostructures based on the type —I (straddling gap) and
type-Il (staggered gap) energy band alignments. The

energy efficiency of heterostructure lasers can be
optimized under the effect of external electric field,
temperature and pressure [5-11]. The band alignment and
the  optical gain  calculation  for  nanoscale
Ing 3Gag 7/As/GaAsy 4Shq ¢ heterostructure has been
examined and it has been shown that the optical
characteristics of the heterostructure can be altered under
the effect of external uniaxial strain due to changes in the
effective mass of the valance band [12]. H.K. Nirmal et al.
[13] also reported the tunability of the optical gain and
emission wavelength with the uniaxial pressure of 2, 5 and
8 GPa respectively. The emitted light polarization TE/TM
modes are also sensitive to the external tensile strain due
to change in the symmetry of wavefunctions and the
possible photonic momentums in the quantum wells [14].
Baile Chen et al. [15] reported that at room temperature
addition of Bi composition into InGaAs/GaAsSbBi can
extend the lasing wavelength without affecting the peak
gain value. Consequently, different approaches for the
extension of detection wavelength have been presented
which includes strain or pressure effect, by changing the
compositions of quantum well layers and by changing the
guantum well thickness for MWIR (3-8 um), SWIR (1.5-
3 um), and NIR (0.75-1.5 pm) applications. A guantum
well structure operating in the NIR region finds
application in the field of optical fiber communication
[16], spectroscopy [17], routine analysis of agricultural
and food products for quality control [18], medical science
for diagnosing diseases [19] etc.

In this paper, a novel type-11 nanoscale heterostructure
of AlAsSb/IngseGag 41AS/GaASy53Sho4; COMposition  is
proposed on GaAs substrate for near-infrared emission.
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The optical gain spectrum is calculated using the 6 band
k - p method. In the next section, design parameters and
the computational details of the work have been presented.

2. Heterostructure design specifications

The proposed AIASSb/lno'nga()AlAS/GaA50.53Sb0_47
nanoscale heterostructure consists of two quantum wells of
p-type IngseGagsAs material with a barrier of n-type
GaAsys3Shy4; followed by the claddings of AlAsSb
materials on both side. The whole structure is modeled on
the GaAs substrate at room temperature. The materials are
chosen owing to their suitability for light generation in
NIR wavelength as a requirement. Due to the use of
cladding layer, electrons are more confined in the quantum
well region. The width of quantum well layer is 2 nm, the
width of barrier layer is 4 nm and the cladding width is 10
nm in the designed heterostructure. The width of the layers
are selected after several calculations in order to optimize
the carrier confinement and effective recombination of
charge carriers, which contributes to the improvement in
optical gain at the desired NIR wavelengths. The material
selections and width of the layers are the critical
parameters  that affect the design of the
heterostructure. The GaAs substrate is chosen as its cost is
lower and it has higher thermal strength as compared to
InP substrates as used in several recent works. The energy
band diagram of the AlAsSh/IngseGag 41 AS/GaASy53Shg 47
nanoscale heterostructure with conduction band, valance
band and the band offsets is shown in the Fig. 1.
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Fig. 1. Energy band diagram of
AlAsSb/Ing ssGag 41As/GaAsy 53Shg 47 Nanoscale
Heterostructure (color online)

The designed heterostructure has the type —Il energy
band alignment, for the reason that conduction band and
valance band of IngseGagsAs quantum well material is
below the conduction band and valance band of
GaAsgs3Shg 47 barrier material respectively. In  type-I
quantum well structure the conduction band of quantum

well material is below conduction band of the barrier
material but the valance band of quantum well material is
above valance band of the barrier material. In a
semiconductors, effective electronic transition always
takes place from the lower part of the conduction band to
upper part of valance band. In the designed type-II
heterostructure, the transitions will be from the conduction
band of IngseGaga As material to the valance band of
GaAsys3Shy4; material. Due to this reason, type-ll
heterostructures have smaller bandgap energy and longer
emission wavelength. So, the type-1l heterostructures are
mostly used in design and fabrication of the opto-
electronic devices like Lasers, LEDs, couplers and the
detectors working at the longer wavelengths. In Fig. 1, the
spin orbit split off-band is also shown, but it is far away
from the top of the valance band, so it essentially does not
participate in effective photonic transitions between
conduction and valance bands. The motivation of several
recent researchers has been to design heterostructures for
obtaining high optical gain at room temperature. Recently,
Khan AM et al. [20] have designed a novel type
InAlAs/InGaAs/GaAsSh quantum well structure that emits
at 1550 nm in the NIR range with the optical gain of
6000/cm. A comparative study with the other
heterostructures is also reported in his work, which states
that the heterostructure designed in ref. 20 is more
favorable to be used for high gain. Optical gain in
InGaAsP/GaAsSb QW heterostructure under variable 2D
carrier density injection and temperature with a significant
improvement in interband optical gain under the effect of
external uniaxial strain along [110] has been reported [21].

In order to find the charge carrier confinement in the
barrier and well regions, 6 x 6 Luttinger-Kohn
Hamiltonian model with the effective-mass approximation
has been considered as given in equation (1).

Lk Hyg 0
H6><6 (k) = 0 HLI(D (1)
3x3

where, vV and H:P can be extended as (2) with M = U
or D signifying upper and lower blocks [22].
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parameters, €., €y, €,, represent strain, a,and b being
the Pikus-Bir deformation potentials [23].

Band gap energy, effective mass, valence band and
conduction band offsets, elastic stiffness constants,
Luttinger parameters and other physical parameters for
computation are available [24, 25]. Table 1 shows some of
the key parameters of compound semiconductors used in
the present study.

Table 1. Compound semiconductor key material parameters

Material Lattice Band | Effect. A Y2 Y3
Constant Gap mass
(A) (eV)
GaAs 5.653 151 0.067 6.98 2.06 2.93
InAs 6.058 0.41 0.026 20 8.5 9.2
AlAs 5.661 3.09 0.15 3.76 0.82 1.42
AlSh 6.135 2.38 0.14 5.18 1.19 1.97
GaSh 6.095 0.81 0.039 134 | 47 6

All the computations in this work have been
performed using the Heterostructure Design Studio-v4.0.
From the knowledge of the carrier confinement and their
positions, the dipole momentum, the optical gain has been
determined using the Fermi’s golden rule. The six band
Hamiltonian for semiconductor includes the spin up and
down energy levels of split-off, light and heavy hole
bands.

3. Results and discussion

In this work, the foremost objective is to study the
optical gain characteristics of type-11
AlAsSb/Ing 50Gag 11AS/GaAsy53Shg 4z nanoscale hetero-
structure on GaAs substrate at room temperature (300 K).
Subsequently, the designed heterostructures have been
analyzed to study the dependence of emission wavelength
and optical gain on externally applied strain and
temperature.
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Fig. 2. Net wavefunctions in AIAsSh/Ing seGag 41AS/GaASy 53Shg 47
nanoscale heterostructure (color online)

To investigate optical characteristics of the
heterostructure, primary requirement is to find the energy
wavefunctions related with the electrons and holes for
which Fermi golden rule is applied [26, 27]. The energy
levels related with the holes of valance band and electrons
of conduction band can be determined with the help of
wavefunctions. The electron and holes wavefunctions for
type-11 AlAsSh/ IngsGag a1 As/ GaAsys3Shgs; nanoscale
heterostructure are shown in Fig. 2 and Fig. 3.

From Fig. 2, it is observed that electrons are highly
confined in the quantum well of IngsGag 41 As material
while the holes are highly confined in the barrier material
GaAs0.535h0.47. So, the total electron density and total
hole density are high in the quantum well regions and the
barrier region respectively.

Since in the designed type-Il heterostructure optical
transition will take place from the electrons of the well
regions and holes of the barrier region. So, due to large
charge carrier density, high optical gain is observed in the
heterostructure.
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Fig. 3. el (up) and h1 (up) wavefunctions in
AlAsSb/Ing 50Gag 41AS/GaAs, 53Shg 47 nanoscale
heterostructure (color online)
After the calculation of carrier density in
AlAsSb/Ing 59Gag 41AS/GaAsy53Shg4;  nanoscale  hetero-

structure, the dispersion curve is plotted for the carriers in
both conduction and valance bands. In Fig. 4, the
dispersion profile of Inys9Gay 41As quantum well with the
two energy levels of conduction band electrons (el and
e2) and three energy levels of the valance band holes (hh1,
hh2 and hh3) of GaAs,53Sbg 4, barrier region are shown.

From the dispersion curve it is observed that
conduction band has nearly parabolic profile and has many
allowed energy states. It is also observed that the valance
band is not parabolic and the heavy holes will have major
contribution in the electronic transitions.
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Fig. 4. Dispersion of carrier’s energies of
AlAsSb/Ing 56Gag 41AS/GaAsy 5350 47 Nanoscale
heterostructure (color online)

After the calculation of the dispersion profile, the
dipole transition elements are computed. In Fig. 5, the
behavior  of dipole transition  elements  for

AlAsSb/Ing 50Gag 41AS/GaAsys3Shg 4,  nanoscale  hetero-
structure is shown.
il
- %ﬁ%\
]
oy
5= N, N
My
4= !\‘%
2 g
o
= 3= Dipole transitions S
= 1 | == X dipole-el-hhl ~
2 - == X dipole- el-hh2
i == ¥ dipole- el-hh1
1 ==Y dipole- el-hh2

O-WIIIIIIIIIIIIII
0 1 2 3 4 5§ o6 7 8 9 10

k10%cm™

Fig. 5. Dipole transition elements in
AlAsSb/Ing 50Gag 41AS/GaAs, 53Shg 47 Nanoscale
heterostructure transitions (e1-hh1/e1-hh2) (color online)

The behavior of dipole elements and also the optical
gain depends on the polarization mode. In this calculation,
the transverse electric (TE) polarization mode is used for
the transitions. In TE mode, the optical electric vectors are
in the plane of the quantum well layer and the light travels
perpendicular to the quantum well. The knowledge of
transition dipole elements is required to indicate the
transition strength of electrons and holes. It determines the
phase vectors related with the electrons and holes for
which transitions can occur. The transition strength of
carriers does not depend on the direction of interband

transitions, so the strength is identical for the absorption as
well emission process. The transition strength depends on
the angle between the optical field wave vector and
electron wave vector.

In Fig. 5, it is found that for the X-dipole and Y-
dipole the strength of the transition el-hhl is higher than
the transition of el-hh2. Also, for the greater values of the
wave vector, el-hhl transition value decreases for both X-
dipole and Y-dipole transitions. The higher value of dipole
transition of el-hhl justifies that most of the optical
transitions are for el-hhl. The knowledge of transition
elements is required to calculate the optical gain.

In Fig. 6, a plot between the computed optical gain
(/cm) and photonic energy (eV) is shown for
AlAsSSb/Ing 59Gag 21AS/GaAsy53Sbg 4z nanoscale  hetero-
structure at room temperature. The maximum optical gain
is found of the order of 6500/cm at the photonic energy of
0.85 eV approximately. The relative plot of optical gain
and the lasing or emission wavelength for the designed
heterostructure is also shown in Fig. 6, which provides the
lasing wavelength of 1460 nm of the NIR region.
Therefore, the designed novel heterostructure can be used
for NIR applications.

A comparative study with the other recently designed
heterostructures has been mentioned in table 2, which
shows that the designed type-II
AlAsSb/Ing 50Gag 41AS/GaAsy53Shg 4,  hanoscale  hetero-
structure has a higher optical gain and it may act as an
alternate choice to be used for NIR applications.
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Fig. 6. Optical gain characteristics of
AlAsSb/Ing 50Gag 41AS/GaAs, 53Shg 47 Nanoscale
heterostructure with radiation wavelength and energy
(color online)

To study the tunable optical properties, the designed
heterostructure is also modeled under the effect of external
strain and temperature. In the last decade, the
heterostructure based on strained layers have been studied
experimentally and theoretically for optimization of the
optical property with renewed interest [34-36]. Further, the
research is also on going to achieve the gain and
wavelength tunability under the effect of the electric field
and temperature [37].
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Table 2. Comparison of designed
AlAsSb/Ing 50Gag 41AS/GaAs, 53Shg 47 Nanoscale
heterostructure with recently designed other
nanoscale heterostructures

S. | Nanoscale heterostructure A (nm) Optical

No. gain (/cm)
1 InAlAs/InGaAs/GaAsSh [20] 1550 6000
2 | AlGaAs/GaAsP/AlGaAs [10] 1330 650
3 | InAlAs/InGaAs/GaAsSh [28] 1980 1600
4 | InGaAsN/GaAs [29] 1300 2100
5 | InAs(N)/GaSb [30] 2550 1400
6 | InAsN/GaSb [31] 3300 1000
7 | InGaAs/GaAsShBi/GaAs [32] 1610 ~2100
8 | GaShBi/GaSb [33] 2700 ~3000
9 | AlAsSb/InGaAs/GaAsSh 1460 6500

[Current work]

It is found that material properties like the lattice
constant and bandgap can be altered through the distortion
of material electronic structure by providing external
pressure, temperature and electric field. To study the
tunability of the optical gain for the designed
heterostructure the effect of external strain and
temperature are investigated. In Fig. 7, a plot between the
optical gain and the photonic energy is shown for the
designed heterostructure with the strain of 1 GPa, 3 GPa
and 5 GPa. On increasing the value of strain, a slight
increase in the optical gain due to effective mass
mechanism of valance subband (heavy hole) is observed.
Also, the lasing wavelength shifts towards the higher
values due to a decrease in the effective bandgap of the
structure.

Fig. 7 shows the possible tuning range in lasing
wavelengths (NIR) and optical gain on applying the
external strain (1 GPa, 3 GPa, and 5 GPa) at the room
temperature (300 K).
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Fig. 7. Optical gain characteristics of
AlAsSb/Ing 50Gag 41AS/GaAsy 5350 47 Nanoscale
heterostructure with different values of external strain
(color online)
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Fig. 8. Optical gain characteristics of
AlAsSb/Ing 50Gag 41AS/GaAs, 53Shg 47 Nanoscale
heterostructure at different temperature values

(color online)

In Fig. 8, a plot between the optical gain and the
photonic energy is shown for the designed heterostructure
computed at the different temperatures (0 K, 150 K, 300 K
and 450 K). It is observed that due to a decrease in
temperature optical gain increases and lasing wavelength
shifts toward the lower values of the NIR range. So the
designed novel type-II AlAsSb/Ing 50Gag 4 As/
GaAsg53Shg 47 nanoscale hetero-structure shows wideband
optical gain and wavelength tunability by changing the
external strain and temperature. Hence, due to its
tunability and high optical gain, the designed
heterostructure is suitable to be used for different NIR
applications without changing the material itself.

4, Conclusion

In this paper, GaAs based novel type II-
AlAsSh/In0.59Ga0.41As/GaAs0.53Sh0.47 quantum well
structure is theoretically investigated for the calculation of
carrier wavefunctions, dispersion profile, dipole transition
elements and optical gain. The calculations are based on
the 6 band k - p method by solving the 6 x 6 Luttinger-
Kohn Hamiltonian. The optical gain of the order 6500 /cm
is obtained at lasing wavelength of 1460 nm for the
designed heterostructure at the room temperature. In this
work, the tunability of optical gain is also reported in the
NIR wavelength range under the effect of external strain
and temperature. Consequently, the same quantum well
structure can be used for different NIR applications
without changing the material itself.
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