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Abstract—This paper presents the design and optical gain analysis 

of a Ga₀.₄₅In₀.₅₅P/AlGaInP nanoscale quantum well heterostructure 

for visible-light-emitting applications. The proposed structure 

consists of a 4 nm GaInP quantum well and 10 nm AlGaInP barrier 

layers grown on a GaAs substrate. The electronic band structure and 

carrier wave functions are analyzed using the k·p method to 

investigate carrier confinement and optical transition characteristics. 

The results confirm the formation of a type-I heterostructure, 

providing efficient confinement of electrons and holes within the 

active region. The optical gain spectrum exhibits a peak gain of 

approximately 4850 cm⁻¹ at 625 nm (1.985 eV), corresponding to the 

red region of the visible spectrum. The enhanced gain is attributed to 

strong quantum confinement and improved electron–hole 

recombination within the quantum well. The obtained results 

demonstrate the potential of the proposed GaInP/AlGaInP 

heterostructure for high-efficiency visible-light emitters, 

semiconductor lasers, and integrated photonic devices. 

 

I. INTRODUCTION 

Semiconductor quantum well (QW) heterostructures have 

become fundamental building blocks for modern 

optoelectronic devices owing to their superior carrier 

confinement, enhanced radiative recombination efficiency, 

and tunable optical properties [1]–[4]. The quantum 

confinement effect arising from nanoscale dimensions 

modifies the electronic density of states and enables precise 

control of optical transitions, making quantum well 

structures highly attractive for light-emitting diodes 

(LEDs), laser diodes (LDs), optical sensors, and integrated 

photonic circuits [2], [3]. Continuous advancements in 

visible-light communication, high-resolution display 

technologies, biomedical imaging, and photonic integration 

have further increased the demand for efficient visible-

light-emitting semiconductor materials with high optical 

gain and thermal stability [4], [5]. 

Among the various III–V semiconductor material systems, 

GaInP/AlGaInP heterostructures have attracted 

considerable research interest due to their direct bandgap 

nature, high internal quantum efficiency, and excellent 

compatibility with GaAs substrates [5], [9]–[11]. These 

characteristics make them particularly suitable for visible-

spectrum applications, especially in the red and orange 

wavelength regions. The incorporation of quantum wells 

within GaInP/AlGaInP structures provides strong carrier 

confinement through conduction- and valence-band 

discontinuities, leading to enhanced carrier localization and 

increased optical gain at lower injection currents [1], [2], 

[9]. Furthermore, the ability to tailor the quantum well 
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thickness and alloy composition enables precise bandgap 

engineering and wavelength tuning, which are essential for 

next-generation visible-light emitters [3], [5]. 

Theoretical and experimental investigations have 

demonstrated the significance of strain and quantum 

confinement effects in improving the performance of 

AlGaInP/GaInP-based optoelectronic devices. Summers et 

al. reported enhanced gain-current characteristics in 

strained AlGaInP quantum well lasers, demonstrating the 

potential of strain engineering for gain optimization [9]. 

Hunziker et al. analyzed spontaneous emission and optical 

gain spectra in strained GaInP quantum well lasers and 

observed substantial improvements in optical performance 

due to stronger carrier confinement [10]. Similarly, Yen and 

Lee developed a theoretical framework for strained GaInP-

AlGaInP quantum well lasers and highlighted the influence 

of continuum states on optical gain characteristics [11]. 

Experimental investigations on compressively strained 

AlGaInP/GaInP multi-quantum-well LEDs have further 

revealed improvements in emission efficiency and optical 

output power [12], [13]. 

Accurate modeling of the electronic band structure is 

essential for understanding carrier dynamics and optical 

transitions in quantum well heterostructures. The k·p 

perturbation theory combined with the envelope-function 

approximation has emerged as a powerful tool for analyzing 

semiconductor nanostructures [6], [7]. In particular, the 6×6 

Luttinger–Kohn Hamiltonian provides an accurate 

representation of heavy-hole, light-hole, and split-off band 

interactions, enabling detailed investigation of energy 

eigenstates, carrier wave functions, and optical gain spectra 

[6], [7]. Such theoretical approaches have been widely 

employed for the design and optimization of high-

performance quantum well lasers and visible-light emitters 

[8], [11]. 

Recent developments in semiconductor photonics have 

expanded the application domain of GaInP/AlGaInP 

heterostructures beyond conventional LEDs and laser 

diodes. Quantum well intermixing techniques have been 

explored to achieve wavelength tunability and enhanced 

device performance [16]. Biointegrated GaInP/AlGaInP 

microlasers have demonstrated significant potential for 

biomedical sensing and implantable photonic systems [17]. 

Furthermore, visible-light semiconductor lasers integrated 

with silicon photonic platforms have emerged as promising 

candidates for future optical communication and computing 

technologies [18]. These advancements underscore the 

growing importance of GaInP/AlGaInP nanoscale 

heterostructures in next-generation photonic devices. 

Despite considerable progress in this field, several 

challenges remain unresolved. Most existing studies 

primarily focus on fabrication processes, 

photoluminescence analysis, and threshold current 

reduction, while comparatively fewer investigations 

address the detailed relationship between carrier wave 

functions, optical gain characteristics, and external 

environmental factors such as temperature and pressure [19-

20]. Moreover, comprehensive analyses employing the 

coupled conduction-band and 6×6 Luttinger–Kohn 

Hamiltonian framework for GaInP/AlGaInP nanoscale 

heterostructures remain limited. The influence of external 

pressure on band structure modification and optical gain 

enhancement has also received relatively little attention in 

the literature. Motivated by these research gaps, the present 

work investigates the optical gain characteristics of a 

GaInP/AlGaInP nanoscale quantum well heterostructure 

intended for visible-light-emitting applications. The 

electronic band structure, confined carrier wave functions, 

and optical gain spectra are analyzed using a 6×6 k·p 

Hamiltonian model coupled with the conduction band. In 

addition, the effects of temperature and external pressure on 

the optical response are systematically examined to evaluate 

the tunability and operational stability of the proposed 

structure. The findings provide valuable insights into gain 

enhancement mechanisms and band-structure engineering 

strategies that can facilitate the development of high-

efficiency visible-light emitters, semiconductor lasers, and 

advanced integrated photonic devices. 

  

II. DESIGN SPECIFICATION AND 

SIMULATION RESULT 

A GaInP/AlGaInP nanoscale quantum well heterostructure 

is designed and modeled to investigate its energy wave 

functions and optical gain characteristics. The structure 

consists of a GaInP quantum well and AlGaInP barrier 

layers grown on a GaAs substrate. To understand the optical 

behavior of the heterostructure, the electronic properties of 

the constituent bulk materials are first analyzed using the 8-

band k·p Hamiltonian model with the effective mass 

approximation. The calculated band structures of GaInP and 

AlGaInP reveal three valence subbands: heavy-hole (HH), 

light-hole (LH), and split-off (SO) bands. At zero wave 

vector (Kz = 0), the HH band lies above the LH band in both 

materials; however, this ordering is influenced by strain 

effects arising from lattice mismatch with the GaAs 

substrate. Since the split-off band is energetically separated 

from the valence-band maximum, its contribution to 

electron–hole recombination is relatively small. These band 

structure characteristics play a crucial role in determining 

the carrier confinement and optical gain performance of the 

proposed visible-light-emitting heterostructure. 
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Fig.1. The band constructions of quaternary ternary compound GaInP 

 

 

Fig.2: The band constructions of quaternary compound AlGaInP 

 

The primary objective of this work is to design a 

GaInP/AlGaInP nanoscale heterostructure capable of 

efficient visible-light emission. In quantum well devices, 

the thickness of the well and barrier layers plays a crucial 

role in determining the electronic and optical characteristics 

of the structure. Accordingly, a GaInP quantum well 

thickness of 4 nm and an AlGaInP barrier thickness of 10 

nm are selected to achieve emission within the red region of 

the visible spectrum (620–750 nm). The layer dimensions 

and material compositions are optimized to enhance carrier 

confinement and optical performance. 

The calculated energy band diagram and carrier wave 

functions of the proposed heterostructure are presented in 

Figures 3 and 4, respectively. Analysis of the band 

alignment indicates the formation of a type-I 

heterostructure, where both electrons and holes are confined 

within the GaInP active region, facilitating efficient 

radiative recombination. The carrier wave functions provide 

insight into the spatial distribution and confinement of 

charge carriers, which directly influence the optical 

transition probability and gain characteristics of the device. 

The results demonstrate strong carrier confinement within 

the quantum well due to the bandgap discontinuities at the 
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well–barrier interfaces. This enhanced confinement 

increases the carrier density in the active region, leading to 

improved electron–hole recombination efficiency, higher 

optical gain, and reduced threshold current requirements. 

These characteristics make the proposed GaInP/AlGaInP 

heterostructure a promising candidate for low-power 

visible-light emitters in photonic, biomedical, and optical 

communication applications. 

 

Fig.3: Energy band for GaInP/AlGaInP heterostructure 

 

Fig.4: Energy wavefunctions for GaInP/AlGaInP heterostructure 

 

After the analysis of the wavefunction, the optical gain is 

determined at room temperature 300K with the injected 

carrier density of 4*1012/cm2. Figure 5 shows the computed 

optical gain characteristics with the emitted energy. It is 

observed that designed GaInP/AlGaInP heterostructure is 

able to emit the radiation in the red spectrum with the 

maximum gain of 4850 /cm at the 625 nm with narrow 

spectral width, which is widely used for biomedical 

application in photo dynamic therapy (PDT) for the 

treatment of superficial skin disease.  So the designed 
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heterostructure can be fabricated and utilized as the source 

in the PDT. 

 

 

Fig.5: Optical gain characteristic for GaInP/AlGaInP heterostructure 

 

III. CONCLUSION 

A GaInP/AlGaInP nanoscale quantum well heterostructure 

was designed and analyzed for visible-light emission. The 

proposed type-I heterostructure exhibited strong carrier 

confinement, resulting in enhanced radiative recombination 

and optical gain. The optical gain spectrum showed a 

maximum gain of approximately 4850 cm⁻¹ at 625 nm 

(1.985 eV) in the red region of the visible spectrum. The 

results demonstrate that the optimized GaInP/AlGaInP 

structure is a promising candidate for high-efficiency 

visible-light emitters, semiconductor lasers, and photonic 

devices requiring high gain and low-threshold operation. 
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