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Abstract: Heterostructures composed of compound semiconductors hold significant promise for 
advancing near-infrared applications due to their unique electronic and optical properties. In this 
study, we present the design and simulation of a novel heterostructure tailored specifically for NIR 
functionality. The nanoscale heterostructure is designed using the compound semiconductors 
AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 and simulated for the applications of optical sources in near-
infrared region. Through k.p method, we thoroughly investigate the electronic band structure, carrier 
transport properties, and optical response of the heterostructure. We also investigate how size of the 
quantum well layer affect the heterostructure performance, offering insightful information for future 
customization and optimization. The entire structure has been modeled at room temperature 300 K. 
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1. Introduction 
Semiconductor heterostructures made from compound 

semiconductors have garnered significant attention in the 
field of optoelectronics due to their unique properties and 
versatile applications. The integration of multiple 
compound semiconductor materials in heterostructures 
enables the realization of advanced functionalities like 
bandgap engineering, tunable optical properties, enhanced 
carrier transport, lattice matching, strain engineering and 
quantum confinement effects, etc1). In particular 
applications, material selection is important in 
heterostructure since the material affects the emission 
wavelength. For example, photodynamic therapy (PDT) 
uses red lasers with a wavelength of 635 nm to treat 
superficial skin problems2). Optical sources operating in 
the near-infrared (NIR) range are used in optical fibre 
communication3,4) and spectroscopy5). Terahertz 
spectroscopy relies on far-infrared lasers6). 

A comprehensive literature review on heterostructures 
and quantum well structures made of semiconductors for 
LED, laser, and photodiode applications reveals a plethora 
of research highlighting their significance in 
optoelectronic devices7,8). Kim et al. investigated the 
impact of interface engineering on the performance of 
GaN-based heterostructures for LEDs9). Through 
systematic characterization and optimization, they 
demonstrated significant enhancements in device 

efficiency, paving the way for more energy-efficient and 
brighter LED technologies. Li et al. focused on the design 
and optimization of quantum well structures in 
semiconductor lasers10). By carefully tailoring the 
bandgap of the active region, they achieved precise 
control over emission wavelengths, leading to improved 
spectral purity and device reliability in laser applications. 
N. Kumari et al. presented MATLAB-Based Simulation 
Analysis of the Partial Shading on PV Array 
Configuration11). Zhang et al. explored the utilization of 
III-nitride heterostructures in photodiodes, showcasing 
their potential for high-speed and high-sensitivity 
photodetection12). Their research highlighted the 
importance of material quality and interface properties in 
achieving optimal device performance for various 
photonic applications. Wu et al. introduced perovskite-
based heterostructures as promising candidates for 
optoelectronic applications13). Synthesis of ZnO Thin 
Film by Electroplating presented and Effect of Zinc 
Concentration on the Structural and Optical Properties 
demonstrated14,15). By integrating perovskite materials 
into semiconductor heterostructures, they demonstrated 
improved device performance and versatility, opening up 
new avenues for next-generation optoelectronic devices. 
Choi et al. investigated the integration of two-dimensional 
materials into semiconductor heterostructures for 
advanced optoelectronic functionalities16). Their research 
demonstrated enhanced light-matter interactions and 
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tunable optical properties, offering opportunities for 
developing novel devices with tailored functionalities. 
Zhao et al. explored the use of quantum dot 
heterostructures for efficient light emission in LEDs and 
lasers17). Through precise control over quantum dot 
properties and device architecture, they achieved 
enhanced optical performance and stability, promising 
advancements in semiconductor optoelectronics. Chen et 
al. investigated strain engineering techniques in 
semiconductor heterostructures for controlling emission 
wavelengths in optoelectronic devices18). Their research 
demonstrated the feasibility of tuning optical properties 
through strain manipulation, offering a versatile approach 
for device optimization. Researchers also presented the 
explores the synergistic potential of natural dyes for 
enhancing opto-electronic device efficiency, offering 
promising insights into sustainable energy solutions19, 20, 

21). Wang et al. proposed nanowire-based heterostructures 
as building blocks for integrated photonic circuits22). By 
leveraging the unique properties of nanowires, such as 
high surface-to-volume ratio and compatibility with 
scalable fabrication techniques, some researchers 
demonstrated compact and efficient photonic devices for 
diverse applications23,24,25). Li et al. investigated hybrid 
organic-inorganic heterostructures for enhanced 
optoelectronic device performance26). By combining 
organic and inorganic materials, they achieved synergistic 
effects that resulted in improved device efficiency, 
stability, and flexibility, offering promising prospects for 
future optoelectronics. Wong et al. studied ultrafast carrier 
dynamics in semiconductor heterostructures for 
understanding and optimizing device performance27). 
Their research provided insights into charge transport 
mechanisms and recombination dynamics, facilitating the 
design of ultrafast optoelectronic devices with superior 
performance. Wang et al. presented a comprehensive 
study on the epitaxial growth and characterization of 
GaAs/AlGaAs/InGaAs heterostructures for efficient light-
emitting diodes (LEDs)28). Their work demonstrates the 
synergistic effects of different semiconductor materials in 
enhancing device performance and provides valuable 
insights into the optimization of multilayer 
heterostructures for optoelectronics. Furthermore, 
advancements in fabrication techniques, such as 
molecular beam epitaxy (MBE) and metalorganic 
chemical vapor deposition (MOCVD), have played a 
pivotal role in achieving precise control over 
heterostructure properties29,30,31). Liang et al. investigated 
the growth kinetics of InGaAs/InAlAs heterostructures 
using MBE, elucidating the influence of growth 
parameters on interface quality and material properties32). 
Their findings contribute to the optimization of growth 
processes for high-quality heterostructure fabrication. 
These studies collectively underscore the continuous 
efforts in tailoring semiconductor heterostructures and 
quantum well architectures for next-generation 
optoelectronic devices paving the way for advancements 

in LED, laser, and photodiode technologies33,34). The 
wavelength that heterostructure emits determines the type 
of application that they can be used for. This in turn 
depends on the material that was used to manufacture the 
heterostructure. As such, the choice of material is crucial 
to the design of heterostructures.  

The objective of this work is to design a heterostructure 
for near-infrared (NIR) applications. The specific 
application depends on the emission wavelength, which is 
determined by the material's bandgap. Thus, selecting the 
appropriate material is crucial, as it dictates the emission 
wavelength. Ternary materials and heterostructure layer 
sizes were optimized to achieve the desired bandgap 
energy for NIR radiation emission. The selection process 
likely prioritized compound semiconductors with suitable 
bandgap energies, high carrier mobilities, lattice matching, 
optical transparency, heterostructure band offsets, and 
material stability to ensure optimal performance in NIR 
optoelectronic applications. 

 
2. Design Specification and Simulation 

Outcome 
To investigate energy wavefunctions, dispersion 

profiles, and optical gain, this research models a nanoscale 
heterostructure (QW structure) composed of 
AlAs/In₀.₄₃Ga₀.₅₇As/GaAs₀.₅₅Sb₀.₄₅ layers on a GaAs 
substrate at room temperature. Figure 1 illustrates the 
structure's energy band diagram. The In₀.₄₃Ga₀.₅₇As 
quantum well layer has a width of 2 nm, the GaAs₀.₅₅Sb₀.₄₅ 
barrier layer is 4 nm thick, and the AlAs cladding layer is 
10 nm thick. These dimensions were determined through 
multiple calculations to maximize charge carrier 
confinement and efficient recombination, enhancing 
optical gain at targeted NIR wavelengths. The size of the 
quantum well and other layers were optimized to fine-tune 
the bandgap energy, ensuring emission at the desired 
wavelength for optical fiber communication applications. 
This optimization process allows precise control over the 
bandgap energy and emission wavelength, with material 
properties and device performance considered to ensure 
optimal functionality and efficiency. 

The heterostructure's layers of composite materials are 
only a few nanometer diameters, so charge carrier 
excitons are impacted and electrons can only occupy 
distinct levels of energy. For understanding the lasing 
behaviour of the proposed heterostructure necessitates a 
comprehension of bulk materials, which serve as the 
foundation for structural design. Employing the 8-band 
Hamiltonian model with effective mass approximation, 
the band structures of ternary compounds In0.43Ga0.57As 
and GaAs0.55Sb0.45 on GaAs substrate have been 
determined35). Figures 2 and 3 illustrate the band structure 
diagrams of bulk materials grown at room temperature 
(300 K) on the GaAs substrate, revealing three sub-bands 
in the valence band: the heavy hole subband (HH), light 
hole sub-band (LH), and split-off sub-band (SOB), 
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classified based on hole effective masses. Notably, at zero 
momentum (Kz = 0), the heavy hole band is positioned 
above the light hole band in both bulk materials; however, 
this characteristic is altered due to internal strain within 
the materials grown on the GaAs substrate. Additionally, 
the split-off band exhibits lower energy and remains 
distant from the top of the valence band, thereby posing 
minimal concerns regarding the effective recombination 
of electrons from the conduction band and holes from the 
valence band. The performance and efficacy of the 
heterostructure presented in this work are influenced by 
several critical design parameters like Layer Composition 
and Thickness, Band Alignment and Band Offsets, 
Quantum Well Dimensions: Doping Profile: Temperature 
Stability, etc.  

 
Fig. 1: Energy band diagram of designed 

AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure 

 
Fig. 2: The structural arrangements of ternary compound 

In0.43Ga0.57As 

Once the band structure and energy band diagram of 
heterostructure has been acquired, it becomes feasible to 
customize its electronic and optical traits. The k.p. method, 
widely employed in the scientific community, facilitates 
the calculation of these properties by leveraging 
knowledge of wave functions and confinement states36). 
Perturbation theory, integral to the k.p technique, 
delineates energy levels in the E-k space near the k = 0 
point. In this study, the targeted structures have been 

meticulously examined through the application of the 6-
band k.p model. The computed energy wavefunctions for 
the designed heterostructure are shown in Fig. 4. It 
illustrates a notable confinement phenomenon: electrons 
exhibit high confinement within the quantum well of the 
In0.43Ga0.57As as material, whereas holes experience 
pronounced confinement within the barrier material 
GaAs0.55Sb0.45. Consequently, the quantum well regions 
boast elevated total electron density, while the barrier 
region demonstrates heightened total hole density. In the 
envisaged type-II heterostructure, optical transitions are 
anticipated to occur from the electrons within the well 
regions to the holes within the barrier region. 

 
Fig. 3: The structural arrangements of ternary compound 

GaAs0.55Sb0.45 

 
Fig. 4: Net wavefunctions of designed 

AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure 

Following the determination of carrier density in the 
designed nanoscale heterostructure, a dispersion curve is 
generated to depict the behavior of carriers within both 
conduction and valence bands. Figure 5 illustrates the 
dispersion profile of the 
AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure, 
showcasing two energy levels for conduction band 
electrons (E1 and E2) and three energy levels for valence 
band holes (HH11, HH2, and HH3). Analysis of the 
dispersion curve reveals a nearly parabolic profile for the 
conduction band, indicating numerous allowed energy 
states, while the valence band exhibits a non-parabolic 
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shape, with heavy holes playing a significant role in 
electronic transitions. At k=0, direct band gap alignment 
is evident, suggesting a higher recombination rate, 
meeting the criteria for achieving high optical gain and 
amplification. 

 

Fig. 5. Dispersion curve for designed 
AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure 

 

Fig. 6: Energy wavefunctions for 
AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure for 

thicknesses of QW=3 nm 

For all the above analyses, the size of the quantum well 
layer was 2 nm and the size of the barrier layer was 4 nm. 
The molar fractions and the materials are chosen based on 
their suitability for NIR emissions after multiple 
calculation. Moreover, the effects of the quantum well 
thickness is also studied in further work. Since the 
thickness of the well and the barrier affect the energy 
levels and modify the bandgap of the materials. Figures 6, 
7 & 8 show the computed wavefunctions related to the 
holes of the valance band and electrons of the conduction 
band for the designed heterostructure with the quantum 
well thickness 3 nm, 4 nm and 5 nm respectively. In all 
these calculations, the thickness of the barrier layer is 4 
nm and the thickness of the cladding layer is 10 nm. From 
this analysis, it is observed that as we increase the size of 
the quantum well layer the bandgap of the material shifts 
toward the higher side and the transition strength of the 
charge carrier decrease. The optical transition will occur 

between electrons of the quantum well and holes of the 
barrier, where the respective charge carrier density is 
larger. The electronic and optical properties of a quantum 
well in a heterostructure undergo substantial alterations as 
its size is modified. As the well size gets smaller, quantum 
confinement effects become more noticeable and separate 
electron and hole energy levels result. As a result of the 
higher bandgap energy, the emission wavelength changes. 
Furthermore, the density of states constricts, influencing 
the dynamics of recombination and carrier mobility. 
Additionally, variations in the size of the quantum well 
affect the electronic band structure, which modifies 
characteristics like effective mass and band alignment at 
interfaces and affects the functionality of the device in 
optoelectronic applications. 

 
Fig. 7: Energy wavefunctions for 

AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure for 
thicknesses of QW=4 nm 

 
Fig. 8:  Energy wavefunctions for 

AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure for 
thicknesses of QW=5 nm 

After the computation of the wavefunctions, the optical 
gain characteristics are computed for the quantum well 
thickness of 2 nm, 3 nm, 4 nm and 5 nm respectively. 
Figure 9 illustrates a comprehensive plot correlating the 
calculated optical gain per unit length (expressed in 
inverse centimeters) with both photonic energies, 
specifically observed at room temperature. From this, it is 
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observed that as we increase the size of the QW layer the 
optical gain decreases due to a decrement in the density of 
the carrier.  Table 1 presents the computed optical gain 
and emitted wavelengths for different thicknesses of the 
quantum well layer. An analysis of the optical gain 
characteristics reveals the heterostructure's remarkably 
narrow spectral width, highlighting its potential suitability 
for laser applications within the near-infrared (NIR) 
region. 

 

 
Fig. 9: Optical Gain characteristics of 

AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure with 
variation in thickness of QW size 

We believe that these theoretical insights and 
simulations presented in this paper lay a strong foundation 
for future experimental validation and fabrication efforts.  
However, MBE and MOVPE are precise deposition 
techniques can be used to grow crystalline layers of 
semiconductor materials with atomic-level control. MBE 
involves evaporating elemental sources in ultra-high 
vacuum conditions to create thin layers of materials on a 
substrate. MBE offers excellent control over layer 
thickness, composition, and interface quality, making it 
well-suited for fabricating heterostructures with precise 
layer arrangements. For reference, the table 2 illustrates 
various fabrication techniques utilized for structures of 
this type, indicating the feasibility of fabricating the 
designed heterostructure. 

Table 1: Computation of optical gain and emission wavelength 
for AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45 heterostructure with 

different thickness of QW layer 
QW 

Thickness 
Optical 

gain 
(cm−1) 

Emission 
energy (eV) 

Emission 
wavelength 

(nm) 
2 nm 8232 0.8858 1400 

3 nm 7516 0.8575 1446 

4 nm 6470 0.8494 1460 

5 nm 5453 0.8454 1466 

 

Table 2: Fabrication techniques utilized for related QW 
heterostructure 

QW Structure Fabrication 
technique 

Emission 
wavelength 

(nm) 

Ref 

GaSb/AlGaSb MBE 1650 37 

GaInAs/GaAsSb MOVPE 1200 to 1470 38 

GaAsSb/lnGaAs MBE 1380, 1430 39 

GaAsSb/lnGaAs 
This work  

MOVPE 
6 band k p 
formalism 

(simulation) 

1022, 1075 
1400 

40 
41 

 

 
Future research could involve mathematical modeling, 

experimental validation of the heterostructure, and its 
integration into NIR optoelectronic devices like LEDs and 
photodetectors. Exploring alternative materials for 
bandgap tuning and studying temperature effects could 
further enhance applications in telecommunications, 
biomedical imaging, and environmental sensing, driving 
advancements in NIR technology. 

3. Conclusion 

Compound semiconductor heterostructures, including 
GaAs, AlGaAs, InGaAs, and InAlAs, hold immense 
potential for various optoelectronic applications. For the 
quantum well structure AlAs/In0.43Ga0.57As/GaAs0.55Sb0.45, 
the maximum optical gain is found of the order of 
8232/cm at the photonic energy of 0.885 eV or 1400 nm 
quantum well thickness of 2 nm. Through adjustment of 
the quantum well's size in this heterostructure, we noted 
significant changes in optical gain and emission 
wavelength. The optical amplification capabilities of the 
heterostructure are directly affected by these 
modifications. Furthermore, our results highlight how 
crucial precise control over quantum well size is for 
creating optoelectronic devices with customized 
performance attributes. In addition to providing possible 
paths for enhancing the design and manufacture of next-
generation photonic devices for a range of technological 
applications, this work makes a significant contribution to 
the field of semiconductor nanostructures. 
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