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Abstract

Selenium (Se) based semiconductor materials have attracted renewed
interest in photovoltaic (PV) research due to their favourable
optoelectronic properties, cost effectiveness and compatibility with thin
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film technologies. This review presents a comprehensive analysis of
selenium as a functional material for solar energy conversion, focusing
on its structural, electrical and optical characteristics in both amorphous
and crystalline forms. The influence of fabrication techniques such as
License: thermal evaporation, sputtering and chemical deposition on film quality

and device performance is critically examined. Recent advancements in
selenium based photovoltaics, including nanostructured systems, doped
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materials and heterojunction architectures are discussed with emphasis
on efficiency enhancement mechanisms and charge transport behavior.
Furthermore, key challenges such as limited power conversion
efficiency, material stability and scalability issues are analyzed. The
review also outlines emerging research directions, including hybrid
structures and advanced nanomaterials, aimed at improving the
performance and commercial viability of selenium based solar cells.
Overall, this study highlights the potential of selenium as a promising
candidate for next generation photovoltaic applications.
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1. Introduction

The rapid growth in global energy demand and the environmental impact of fossil fuels have significantly
accelerated the development of renewable energy technologies, particularly photovoltaic (PV) systems. Solar
energy is abundant, clean and sustainable, making it one of the most promising alternatives to conventional energy
sources. Over the past few decades, extensive research has been carried out to improve the efficiency, cost
effectiveness and scalability of solar cells. While crystalline silicon dominates the commercial PV market, it suffers
from limitations such as high production cost and complex fabrication processes, which motivate the exploration
of alternative semiconductor materials.[2],[6],[7]

Thin-film photovoltaic technologies have emerged as a viable solution to overcome the limitations of silicon based
solar cells. These technologies utilize materials with high optical absorption coefficients, enabling the use of very
thin layers (on the order of micrometres), thereby reducing material consumption and manufacturing costs.
Materials such as CdTe, CIGS and amorphous silicon have been widely studied; however, issues related to toxicity,
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scarcity and long term stability persist. Consequently, there is a growing interest in identifying new semiconductor
materials that are cost effective, environmentally friendly and suitable for large scale production.[3],[5],[36],[40]
Selenium (Se), a group VI element, has attracted considerable attention due to its unique combination of electrical
and optical properties. It exhibits excellent photoconductivity, high resistivity in the dark and a suitable band gap
in the range of 1.8-2.0 eV, which makes it highly responsive to visible light. Historically, selenium was one of the
first materials used in photovoltaic devices and rectifiers. However, its potential was overshadowed by the rapid
advancement of silicon-based technologies. In recent years, advancements in nanotechnology and thin film
deposition techniques have revived interest in selenium as a promising material for next generation photovoltaic
applications.[11],[17],[24]

One of the key advantages of selenium is its ability to exist in both amorphous and crystalline forms, each offering
distinct advantages for device applications. Amorphous selenium (a-Se) is widely used in photodetectors and X-ray
imaging due to its uniform structure and high photoconductive gain, whereas crystalline selenium exhibits improved
charge carrier mobility and electrical conductivity. The tunability of these properties through doping and structural
modification makes selenium a versatile material for optoelectronic devices.[12],[13],[25]

Recent research has focused on enhancing the performance of selenium-based photovoltaic devices through nano
structuring, doping, and the formation of heterojunctions with other semiconductors. Nanostructured selenium, such
as nanowires and quantum dots, provides a large surface area and improved charge transport properties, which can
significantly enhance light absorption and carrier collection efficiency. Additionally, hybrid structures combining
selenium with materials like ZnO, CdTe, and perovskites have shown promising results in improving device
efficiency and stability.[21],[30],[31]

Despite these advantages, several challenges hinder the widespread adoption of selenium in photovoltaic
applications. These include relatively lower conversion efficiency compared to established materials, stability
issues under prolonged illumination, and difficulties in achieving large scale uniform film deposition. Addressing
these challenges requires a deeper understanding of the material properties, improved fabrication techniques and
innovative device architectures.[28],[33],[41]

This review paper aims to provide a comprehensive overview of selenium-based semiconductor materials for
photovoltaic applications. It focuses on the fundamental properties of selenium, various fabrication techniques,
device structures, recent advancements and existing challenges. The paper also highlights future research directions
that could enable the development of efficient, stable and cost-effective selenium based solar cells for next-
generation energy systems.[7],[29],[45]
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2. Fundamental Properties of Selenium
2.1 Crystal Structure and Allotropic Forms

Selenium is a group VI (chalcogen) element that exhibits several allotropic forms, primarily categorized
into amorphous and crystalline phases. The most stable crystalline form is trigonal selenium (t-Se), which consists
of helical chains of atoms arranged in a hexagonal lattice. This structure provides enhanced electrical conductivity
and anisotropic charge transport properties. In contrast, amorphous selenium (a-Se) lacks long-range order, resulting
in localized states within the band structure and lower carrier mobility. These structural variations significantly
influence the electrical and optical behavior of selenium in photovoltaic applications.[9],[12],[25]
Monoclinic selenium is another less stable crystalline form that exists under specific temperature conditions but
gradually transforms into the trigonal phase upon heating. The transition between different allotropes plays a crucial
role in determining film stability and device performance. Control over phase formation during thin-film deposition
is therefore essential for optimizing material properties for photovoltaic applications.[10],[16]
2.2 Electronic Band Structure
The electronic band structure of selenium is characterized by a band gap in the range of approximately 1.8 to 2.0
eV, making it suitable for absorption in the visible region of the solar spectrum. The band structure varies depending
on whether the material is in amorphous or crystalline form. In amorphous selenium, the presence of localized states
within the band gap leads to tail states that affect charge transport, while crystalline selenium exhibits a more defined
band structure with improved carrier mobility. This band gap range allows selenium to efficiently absorb photons
and generate electron hole pairs, which is essential for photovoltaic operation.[5],[11],[17]
Additionally, selenium demonstrates both direct and indirect optical transitions depending on its structural phase.
The presence of defect states and structural disorder in amorphous selenium influences recombination mechanisms
and carrier lifetimes. Understanding and controlling these electronic properties are critical for improving the
efficiency of selenium-based solar cells.[1],[23]
2.3 Electrical Properties
Selenium is known for its high resistivity in dark conditions, typically on the order of 10'? Q-cm, which significantly
decreases under illumination due to its strong photoconductive nature. This property makes selenium highly suitable
for applications in photodetectors and photovoltaic devices. The increase in conductivity under light exposure is

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/ 3


https://ijcope.org/

International Journal of Creative and Open Research in Engineering and Management
ISSN: 3108-1754 (Online) 1
Volume 02 Issue 04 April-2026 | Impact Factor: 3.5 “Xlugme¥

attributed to the generation of free charge carriers when photons with energy greater than the band gap are
absorbed.[11],[24],[42]

Charge transport in amorphous selenium primarily occurs through a hopping mechanism between localized states,
while in crystalline selenium, band conduction dominates. The mobility of charge carriers in selenium is relatively
low compared to conventional semiconductors like silicon; however, it can be enhanced through doping and
structural modification. Elements such as arsenic (As) and tellurium (Te) are commonly used as dopants to improve
electrical stability and carrier transport properties.[13],[32],[34]

2.4 Optical Properties

Selenium exhibits a high absorption coefficient (>10* cm™) in the visible region, enabling efficient absorption of
incident solar radiation even in thin-film form. This property is particularly advantageous for photovoltaic
applications, as it allows for reduced material thickness without compromising light absorption efficiency. The
optical properties of selenium are strongly influenced by its structural phase, film thickness, and deposition
technique.[17],[33],[40]

Furthermore, selenium demonstrates good spectral sensitivity across a wide range of wavelengths, making it
suitable not only for solar cells but also for photodetectors and imaging applications. The refractive index and
extinction coefficient of selenium films can be tuned through processing conditions, enabling optimization of
optical performance in device structures. These characteristics make selenium a versatile material in optoelectronic
applications.[18],[21]

Property Symbol Typical Value Remarks
Band Gap Eg 1.8-2.0eV Visible region absorption
Resistivity (dark) p ~10"2 Q-cm High insulating nature
bsorption Coefficien| « >10*cm™ Thin film suitable
Carrier Mobility u ~0.1-1 cm?/V:s Low mobility
Dielectric Constant € ~6.3 Affects capacitance
Structure — Amorphous / Crystalline Property dependent
.
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Fig. 1. Energy Band Diagram of Selenium Semiconductor Showing Conduction Band (CB), Valence Band (VB),
Fermi Level (Ep), Photon Excitation and Recombination Process.
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III. Fabrication Techniques

A. Thermal Evaporation

Thermal evaporation is one of the most widely used techniques for the deposition of selenium thin films due to its
simplicity, cost-effectiveness, and ability to produce uniform coatings. In this process, selenium material is heated
in a high-vacuum chamber until it vaporizes and subsequently condenses onto a substrate, forming a thin film. The
deposition rate, substrate temperature and vacuum level play crucial roles in determining the structural and optical
properties of the deposited films. This method is particularly suitable for preparing amorphous selenium layers with
controlled thickness, which are essential for photovoltaic and photoconductive applications. The uniformity and
reproducibility of films make thermal evaporation a preferred technique for laboratory scale device fabrication.[16]
B. Sputtering

Sputtering is an advanced physical vapor deposition (PVD) technique that enables precise control over film
thickness, composition and morphology. In this method, high-energy ions bombard a selenium target, causing atoms
to be ejected and deposited onto a substrate. Both DC and RF sputtering techniques are commonly employed
depending on the material properties. Sputtering offers better adhesion, higher density films and improved
uniformity compared to thermal evaporation. Additionally, it allows for the deposition of doped and compound
semiconductor films which are essential for enhancing photovoltaic performance. This technique is widely used in
industrial-scale thin-film solar cell fabrication.[22]

C. Chemical Deposition

Chemical deposition techniques, including chemical bath deposition (CBD) and electrodeposition, provide low cost
and scalable approaches for synthesizing selenium thin films. These methods involve chemical reactions in solution
that result in the formation of a thin film on the substrate surface. CBD is particularly advantageous for large-area
deposition and does not require sophisticated vacuum systems. Electrodeposition, on the other hand, allows for
precise control of film thickness through applied voltage and current density. However, achieving uniformity and
phase purity remains a challenge in chemical methods, requiring optimization of process parameters such as pH,
temperature, and precursor concentration.[21]

D. Advanced Techniques

Advanced deposition techniques such as pulsed laser deposition (PLD) and atomic layer deposition (ALD) offer
superior control over film growth at the atomic level. PLD uses high-energy laser pulses to ablate a selenium target,
producing highly crystalline and stoichiometric films. ALD, based on self-limiting surface reactions, enables the
deposition of ultra-thin and conformal films with precise thickness control. These techniques are particularly useful
for fabricating nanostructured and multilayer photovoltaic devices. Although they offer excellent film quality, their
high cost and complexity limit their widespread industrial application.[36]

Technique eposition Tem]  Advantages Limitations
Thermal Evaporation |[Low—Medium | Simple, low cost Less control
Sputtering Medium—High [Uniform, dense films [Expensive setup
Chemical Bath Low Large area coating mpurities possible
Electrodeposition Low Thickness control |Adhesion issues
ALD/PLD High Precise control High cost

IV. Selenium-Based Photovoltaic Devices

A. Early Solar Cells

Selenium was one of the first materials used in photovoltaic devices, with early solar cells developed in the late
19th and early 20th centuries. These devices operated based on the photoconductive properties of selenium but
exhibited very low efficiency, typically less than 1%. Despite their limitations, these early devices played a crucial
role in the development of modern photovoltaic technology by demonstrating the feasibility of direct light-to-
electricity conversion. [24]
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B. Thin-Film Solar Cells

In modern applications, selenium is primarily used in thin-film solar cells, where it acts as an absorber layer. Due
to its high absorption coefficient, only a thin layer of selenium is required to effectively capture solar radiation.
Thin-film devices offer advantages such as flexibility, lightweight structure, and reduced material consumption.
These properties make them suitable for applications in portable electronics and building-integrated photovoltaics

(BIPV). However, optimization of film quality and interface properties is essential to achieve higher efficiencies.
[28]

Incident light

©

Glass substrate
(~1=3 mm)

TCO layer (ZnO:Al /1TO)
(~100~300 nm)

Selenium (Se) absorber layer

Active (~0.5-2 pm)
device Buffer layer (optional)
region (~20-50 nm)
Back contact (Metal)
(e.g.. Mo /Al / Ag)
(~0.5=1 um)
®
TCO! Transparent Conducting Oxide
ITO: Indium Tin Oxide ""Z"‘“ load

seo: Selenium \/W

(Light enters from the top and charge Is collected at the front and back electrodes)

Fig. 2. Typical Structure of Selenium based thin film solar cell.

C. Heterojunction Devices

Heterojunction solar cells incorporating selenium with other semiconductors such as ZnO, CdTe, and Cu-based
materials have shown significant improvement in performance. These structures enhance charge separation and
reduce recombination losses by creating built-in electric fields at the junction interface. Proper band alignment
between materials is critical for efficient carrier transport. Research in this area focuses on interface engineering
and defect minimization to improve overall device efficiency. [31], [35]

D. Nanostructured Devices

Nanostructured selenium materials, including nanowires, nanoparticles and quantum dots have opened new avenues
for photovoltaic applications. These nanostructures provide a high surface-to-volume ratio, leading to enhanced
light absorption and improved charge transport properties. Quantum confinement effects in nanoscale materials also
allow tuning of the band gap, thereby optimizing the spectral response. Nanostructured devices demonstrate
improved efficiency compared to bulk materials, though challenges related to stability and large-scale fabrication
remain.[21],[30]

V. Performance Enhancement Techniques

Improving the efficiency of selenium-based photovoltaic devices requires advanced material engineering and
device optimization strategies. Doping selenium with elements such as arsenic (As) and tellurium (Te) enhances
electrical conductivity and stabilizes the amorphous phase. Interface engineering, including the introduction of
buffer layers and heterojunction design, improves charge separation and minimizes recombination losses. Surface
passivation techniques reduce defect states, thereby increasing carrier lifetime. Additionally, light trapping
mechanisms such as textured surfaces and anti-reflective coatings enhance photon absorption. These combined
approaches significantly improve the overall performance of selenium-based solar cells.[32],[41]
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VI. Challenges and Limitations

Despite its promising properties, selenium faces several challenges that limit its widespread application in
photovoltaic systems. One of the primary limitations is its relatively low power conversion efficiency compared to
established materials like silicon and perovskites. This is mainly due to recombination losses and limited carrier
mobility. Additionally, selenium-based devices suffer from stability issues under prolonged exposure to light and
environmental conditions, leading to performance degradation over time. [28], [33]

Another significant challenge is the difficulty in achieving large-area uniform thin films with consistent quality.
Variations in film thickness, defects and impurities can adversely affect device performance. Furthermore, scaling
up laboratory fabrication techniques to industrial production remains a major hurdle. Addressing these challenges
requires advancements in deposition techniques, material optimization and device engineering. [36],[41]

VII. Future Scope

The future of selenium-based photovoltaic technology lies in the development of advanced materials and innovative
device architectures. Theoretically, combining selenium with emerging materials such as perovskites and organic
semiconductors can lead to hybrid solar cells with enhanced efficiency. Band gap engineering through
nanostructuring and quantum confinement offers the possibility of optimizing absorption across the solar spectrum.
[29], [45]

From a theoretical standpoint, modeling and simulation techniques such as density functional theory (DFT) can
provide deeper insights into the electronic structure and charge transport mechanisms of selenium-based materials.
These studies can guide the design of high-efficiency devices by predicting optimal material compositions and
structures. Additionally, the integration of artificial intelligence and machine learning in material discovery and
process optimization can accelerate the development of next-generation photovoltaic systems.[36], [45]
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VIII. Conclusion (Expanded)

Selenium-based semiconductor materials present a compelling opportunity for the development of next-generation
photovoltaic devices due to their favourable optical and electrical properties. This review has highlighted the
fundamental characteristics of selenium, including its structural versatility, suitable band gap, and strong
photoconductive behavior, which make it an attractive material for solar energy conversion. Various fabrication
techniques such as thermal evaporation, sputtering, and advanced deposition methods enable the synthesis of high-
quality thin films suitable for device applications.

The study also emphasizes the importance of nanostructuring, doping, and heterojunction formation in enhancing
the performance of selenium-based solar cells. While significant progress has been made, challenges such as low
efficiency, stability issues, and scalability must be addressed to enable commercial adoption. Future research
focusing on hybrid materials, advanced nanostructures, and theoretical modeling is expected to overcome these
limitations.

In conclusion, with continued advancements in material science and device engineering, selenium has the potential
to emerge as a viable alternative in the field of photovoltaic technology, contributing to sustainable and renewable
energy solutions in the near future. [7], [29], [45]
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