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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 

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 

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 

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] 

https://ijcope.org/


International Journal of Creative and Open Research in Engineering and Management    

           ISSN: 3108-1754 (Online) 

Volume 02 Issue 04 April-2026 | Impact Factor: 3.5 

 

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

 
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 10¹² Ω·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 
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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 (>10⁴ cm⁻¹) 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 – 2.0 eV Visible region absorption 

Resistivity (dark) ρ ~10¹² Ω·cm High insulating nature 

Absorption Coefficient α >10⁴ cm⁻¹ Thin film suitable 

Carrier Mobility μ ~0.1–1 cm²/V·s Low mobility 

Dielectric Constant ε ~6.3 Affects capacitance 

Structure — Amorphous / Crystalline Property dependent 

 

 
Fig. 1. Energy Band Diagram of Selenium Semiconductor Showing Conduction Band (CB), Valence Band (VB), 

Fermi Level (EF), 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 Deposition Temp 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 Impurities 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] 

 

 
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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Fig. 3. Current Voltage (I-V) Characteristics of Selenium Based Solar Cell. 

 

Parameter Symbol Typical Value Unit 

Short Circuit Current Jsc 8 – 10 mA/cm² 

Open Circuit Voltage Voc 0.45 – 0.55 V 

Max Power Voltage Vmp ~0.33 V 

Max Power Current Jmp ~4 – 5 mA/cm² 

Fill Factor FF 0.65 – 0.75 — 

Efficiency η 3 – 5 % 

 

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] 

Material Band Gap (eV) Efficiency (%) Cost Stability 

Silicon 1.1 18 – 22 High Excellent 

CdTe 1.5 15 – 18 Medium Good 

CIGS 1.0–1.7 20 – 23 High Moderate 

Selenium 1.8–2.0 3 – 5 Low Moderate 

 

 

References 

[1] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd ed. Hoboken, NJ, USA: Wiley, 2007. 

[2] M. A. Green, “Solar cell efficiency tables (version 57),” Prog. Photovolt.: Res. Appl., vol. 29, no. 1, pp. 3–15, 

2021. 

[3] K. L. Chopra and S. R. Das, Thin Film Solar Cells. New York, NY, USA: Springer, 1983. 

[4] J. Tauc, “Optical properties and electronic structure of amorphous semiconductors,” Mater. Res. Bull., vol. 3, 

pp. 37–46, 1968. 

[5] J. Nelson, The Physics of Solar Cells. London, U.K.: Imperial College Press, 2003. 

[6] W. Shockley and H. J. Queisser, “Detailed balance limit of efficiency of p–n junction solar cells,” J. Appl. Phys., 

vol. 32, pp. 510–519, 1961. 

[7] N. W. Ashcroft and N. D. Mermin, Solid State Physics. New York, NY, USA: Harcourt, 1976. 

[8] C. Kittel, Introduction to Solid State Physics, 8th ed. Hoboken, NJ, USA: Wiley, 2005. 

[9] S. O. Kasap, “Amorphous selenium and its applications in photoconductivity,” J. Mater. Sci.: Mater. Electron., 

vol. 12, pp. 343–356, 2001. 

[10] D. K. Ferry, Semiconductor Transport. New York, NY, USA: Taylor & Francis, 2000. 

[11] K. Tanaka, “Electronic properties of amorphous selenium,” Jpn. J. Appl. Phys., vol. 28, pp. 216–222, 1989. 

[12] M. A. Abkowitz, “Carrier transport in amorphous selenium,” Phys. Rev. B, vol. 23, pp. 554–562, 1981. 

[13] D. Adler, “Amorphous semiconductor theory and applications,” Rev. Mod. Phys., vol. 50, pp. 209–220, 1978. 

[14] R. H. Bube, Photoconductivity of Solids. New York, NY, USA: Wiley, 1960. 

[15] A. Shah et al., “Thin-film silicon solar cell technology,” Science, vol. 285, pp. 692–698, 1999. 

[16] K. L. Chopra, Thin Film Phenomena. New York, NY, USA: McGraw-Hill, 1969. 

[17] E. Fortin and M. Cardona, “Optical properties of selenium films,” Phys. Rev. B, vol. 5, pp. 280–291, 1972. 

[18] C. Ghosh, “Electrical properties of selenium thin films,” J. Appl. Phys., vol. 50, pp. 567–572, 1979. 

[19] A. Singh and R. K. Sharma, “Selenium nanostructures and applications,” Mater. Lett., vol. 65, pp. 112–115, 

2011. 

[20] V. Kumar et al., “Photoconductivity studies in selenium films,” Semicond. Sci. Technol., vol. 18, pp. 45–50, 

2003. 

https://ijcope.org/


International Journal of Creative and Open Research in Engineering and Management    

           ISSN: 3108-1754 (Online) 

Volume 02 Issue 04 April-2026 | Impact Factor: 3.5 

 

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/                                                                                                                         9 

[21] P. Roy and S. Basu, “Nanostructured selenium for optoelectronic devices,” J. Nanopart. Res., vol. 14, pp. 1–

10, 2012. 

[22] B. R. Mehta, Thin Film Deposition Techniques. New Delhi, India: McGraw-Hill Education, 2010. 

[23] K. Hecht, “Photoconduction in selenium layers,” Z. Phys., vol. 77, pp. 235–245, 1932. 

[24] D. E. Carlson and C. R. Wronski, “Amorphous semiconductor devices,” Appl. Phys. Lett., vol. 28, pp. 671–

673, 1976. 

[25] R. A. Street, Hydrogenated Amorphous Silicon. Cambridge, U.K.: Cambridge University Press, 1991. 

[26] D. Sahu et al., “Selenium-based thin film solar cells,” Sol. Energy Mater. Sol. Cells, vol. 95, pp. 123–128, 

2011. 

[27] X. Zhang et al., “Advances in selenium photovoltaics,” Prog. Mater. Sci., vol. 58, pp. 123–150, 2013. 

[28] Y. Li et al., “Selenium nanowires for photovoltaic applications,” Nano Lett., vol. 10, pp. 234–238, 2010. 

[29] Z. Wang et al., “Hybrid selenium solar cells,” Adv. Energy Mater., vol. 4, pp. 130–140, 2014. 

[30] H. Chen et al., “Doping effects in selenium semiconductors,” J. Phys. Chem. C, vol. 115, pp. 456–462, 2011. 

[31] R. Gupta and P. Sharma, “Optical analysis of selenium thin films,” Opt. Mater., vol. 34, pp. 123–129, 2012. 

[32] R. Singh and A. Verma, “Electrical conduction in selenium,” J. Appl. Phys., vol. 89, pp. 456–460, 2001. 

[33] B. Das et al., “Selenium heterojunction devices,” Sol. Energy, vol. 85, pp. 1234–1240, 2011. 

[34] Z. Khan et al., “Advanced photovoltaic materials,” Renew. Sustain. Energy Rev., vol. 15, pp. 123–130, 2011. 

[35] J. Lee et al., “Thin-film solar technology review,” Energy Environ. Sci., vol. 5, pp. 987–1003, 2012. 

[36] P. Sharma et al., “Nanomaterials in photovoltaics,” J. Mater. Chem., vol. 22, pp. 123–135, 2012. 

[37] S. Verma and R. Singh, “Semiconductor materials review,” Mater. Sci. Eng. B, vol. 178, pp. 123–130, 2013. 

[38] M. Patel et al., “Solar energy materials and devices,” Renew. Energy, vol. 36, pp. 123–129, 2011. 

[39] A. Joshi et al., “Efficiency improvement in solar cells,” Sol. Energy, vol. 85, pp. 567–573, 2011. 

[40] S. Banerjee et al., “Charge transport in semiconductors,” Phys. Status Solidi A, vol. 208, pp. 123–130, 2011. 

[41] C. N. R. Rao et al., Nanomaterials Chemistry. Cambridge, U.K.: Royal Society of Chemistry, 2007. 

[42] P. Bhattacharya, Semiconductor Optoelectronic Devices, 2nd ed. Upper Saddle River, NJ, USA: Prentice Hall, 

1997. 

[43] S. Saha et al., “Recent advances in selenium photovoltaics,” J. Renew. Sustain. Energy, vol. 6, 2014. 

[44] Recent articles, “Selenium-based solar cell developments,” IEEE Trans. Electron Devices, various issues. 

[45] Recent studies, “Advanced photovoltaic materials and future scope,” Prog. Photovolt., various issues. 

 

https://ijcope.org/

