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1. INTRODUCTION 

The increasing worldwide demand for electrical energy and the 

environmental impact of fossil fuel consumption have created a 

strong need for sustainable and renewable energy technologies. 

Conventional energy sources such as coal, petroleum and 

natural gas contribute significantly to greenhouse gas 

emissions, climate change and environmental degradation. 

Renewable energy systems, particularly solar photovoltaic 

technologies, are considered one of the most promising 

alternatives because of their abundance, cleanliness and 

sustainability. [1], [4], [5] 

Photovoltaic (PV) systems directly convert sunlight into 

electrical energy using semiconductor materials. Semiconductor 

materials possess unique electrical and optical properties such 

as band gap energy, photoconductivity, carrier mobility and 

optical absorption, which make them suitable for renewable 

energy applications. Silicon has dominated the commercial 

solar cell industry for decades because of its stability and high 

efficiency. However, silicon-based technologies require 

expensive manufacturing processes, high-temperature 

fabrication and large material consumption. These limitations 

have encouraged researchers to explore alternative 

semiconductor materials for future renewable energy 

technologies. [6], [7], [8] 

Thin-film semiconductor technologies have emerged as 

attractive alternatives to crystalline silicon solar cells because 

they require very small amounts of active material and can be 

fabricated on flexible substrates. Thin-film devices are 

lightweight, cost-effective and suitable for large-scale 

production. Materials such as cadmium telluride (CdTe), copper 

indium gallium selenide (CIGS), selenium (Se), amorphous 

silicon and perovskites have attracted significant attention due 

to their high optical absorption coefficients and tunable 

electrical properties. [9], [10], [11] 

Nanotechnology has further transformed renewable energy 

systems through the development of nanostructured 

semiconductor materials including nanoparticles, nanowires, 

quantum dots and hybrid heterojunction systems. 

Nanostructuring improves surface area, charge transport, light 

absorption and carrier collection efficiency. Modern 

semiconductor engineering techniques such as doping, interface 

engineering, surface passivation and heterojunction formation 

have significantly improved photovoltaic device performance. 

[12], [13], [14] 

Selenium-based semiconductor materials have regained 

importance because of their favourable band gap, 

photoconductive behavior and compatibility with thin-film 

photovoltaic structures. Selenium exhibits excellent optical 

absorption and can exist in both amorphous and crystalline 

forms, providing flexibility for optoelectronic applications. 

Recent advancements in nanotechnology and deposition 

techniques have revived interest in selenium for next-generation 

renewable energy devices. [15], [16], [17] 

This review paper presents a detailed overview of advanced 

semiconductor materials used in renewable energy 

technologies. The paper discusses material properties, 

classifications, fabrication techniques, photovoltaic structures, 

applications, performance enhancement strategies, challenges 

and future research opportunities. [18], [19] 

 

 

 
Fig. 1. Overview of advanced semiconductor materials for renewable energy technologies
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2. Fundamental Properties of Semiconductor Materials 

 

A. Band Gap Energy 

Band gap energy is one of the most important parameters 

determining the suitability of semiconductor materials for 

photovoltaic and renewable energy applications. The band gap 

represents the energy difference between the valence band and 

the conduction band. Semiconductor materials with appropriate 

band gap values can efficiently absorb solar radiation and 

generate electron-hole pairs for electrical power generation. 

[20], [21] 

The ideal band gap for photovoltaic devices lies between 1.1 

and 1.8 eV according to the Shockley–Queisser efficiency limit. 

Semiconductor materials with direct band gaps exhibit higher 

optical absorption coefficients compared to indirect band gap 

materials. Band gap engineering through alloying, doping and 

nanostructuring is widely used to optimize photovoltaic 

performance. [22], [23] 

 

 
Fig. 2. Energy band diagram of semiconductor material 

B. Electrical Properties 

Electrical conductivity, carrier concentration, carrier mobility 

and resistivity are important parameters influencing 

semiconductor device performance. Intrinsic semiconductors 

possess equal electron and hole concentrations, while extrinsic 

semiconductors contain impurity atoms that increase 

conductivity through doping. [24], [25] 

Carrier mobility determines the movement of photogenerated 

carriers inside semiconductor materials. High mobility 

materials exhibit lower recombination losses and improved 

photovoltaic efficiency. Crystalline semiconductor structures 

generally provide better carrier transport compared to 

amorphous structures. [26], [27] 

 

C. Optical Properties 

Optical absorption coefficient, photoconductivity, reflectivity 

and transparency are important optical characteristics of 

semiconductor materials. Thin-film semiconductor materials 

exhibit very high optical absorption coefficients, enabling 

efficient solar energy absorption with very thin active layers. 

[28], [29] 

Photoconductivity is another important property where 

conductivity increases under light illumination. Selenium-based 

materials exhibit strong photoconductive behavior, making 

them suitable for photovoltaic and optoelectronic applications. 

[30] 

 

 

 

 

 
Table 1:  Properties of Important Semiconductor Materials 

 

Material Band Gap (eV) Type Application 

Silicon 1.1 Indirect Commercial Solar Cells 

CdTe 1.5 Direct Thin-Film PV 

CIGS 1.0–1.7 Direct Flexible PV 

Selenium 1.8–2.0 Direct Thin-Film Devices 

Perovskite 1.5 Direct 
High-Efficiency Solar 

Cells 

 

3. Fabrication Techniques 

 

A. Thermal Evaporation 

Thermal evaporation is a simple and cost-effective vacuum 

deposition method widely used for semiconductor thin-film 

fabrication. In this technique, the source material is heated 

under vacuum conditions until evaporation occurs and the thin 

film is deposited onto the substrate surface. Selenium thin films 

fabricated using thermal evaporation exhibit good uniformity 

and optical characteristics. [31] 

 

B. Sputtering 

Sputtering is a physical vapor deposition technique where 

energetic ions bombard a target material, causing ejection and 

deposition onto the substrate surface. Sputtering provides better 

thickness control, adhesion and film uniformity compared to 

conventional deposition methods. [32] 
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C. Chemical Bath Deposition 

Chemical bath deposition (CBD) is a low-cost solution-based 

technique suitable for large-area semiconductor thin-film 

deposition. The technique is widely used for CdS, ZnO and 

selenium-based semiconductor coatings. [33] 

 

D. Advanced Techniques 

Advanced deposition methods such as pulsed laser deposition 

(PLD) and atomic layer deposition (ALD) provide nanoscale 

thickness control and high-quality film growth for advanced 

photovoltaic structures. [34], [35] 

 
Fig. 3: Thin-film semiconductor fabrication process 

 

4. Applications in Renewable Energy Technologies 

A. Solar Cells 

Solar cells are the most important application of semiconductor 

materials in renewable energy systems. Semiconductor 

photovoltaic devices convert sunlight directly into electricity 

using the photovoltaic effect. Thin-film solar cells, 

heterojunction structures, tandem cells and hybrid systems have  

 

significantly improved solar energy conversion efficiency. [36], 

[37] 

Selenium-based photovoltaic devices have attracted attention 

because of their low cost and favorable optical properties. 

Hybrid heterojunction structures combining selenium with 

ZnO, CdTe and perovskites improve charge separation and 

carrier transport efficiency. [38], [39] 

 

 
Fig. 4:  Structure of thin-film photovoltaic device 
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5. Performance Enhancement Techniques 

The performance of semiconductor-based renewable energy 

devices can be significantly improved using various material 

engineering and nanotechnology approaches. Researchers have 

focused on enhancing charge transport, optical absorption, 

carrier lifetime and device stability using advanced 

modification techniques. [40], [41] 

 

A. Doping 

Doping is one of the most effective techniques used to improve 

semiconductor properties. It involves introducing impurity 

atoms into semiconductor materials to modify electrical 

conductivity and carrier concentration. Dopants such as arsenic 

(As), boron (B), phosphorus (P), tellurium (Te) and aluminum 

(Al) are widely used in photovoltaic devices. [42], [43] 

Doping enhances charge carrier mobility and reduces 

recombination losses, resulting in improved photovoltaic 

efficiency. Selenium thin films doped with tellurium and 

arsenic exhibit enhanced electrical conductivity and optical 

absorption. [44] 

 

B. Surface Passivation 

Surface defects and dangling bonds act as recombination 

centers in semiconductor devices, reducing carrier lifetime and 

device performance. Surface passivation techniques minimize 

defect density and improve charge transport efficiency. Thin 

dielectric coatings such as SiO₂ and Al₂O₃ are commonly used 

for passivation. [45], [46] 

Surface passivation significantly improves open-circuit voltage, 

fill factor and overall solar cell efficiency. Nanostructured 

semiconductor devices particularly benefit from effective 

surface passivation techniques. [47] 

 

C. Nanostructuring 

Nanostructured semiconductor materials including nanowires, 

nanoparticles, nanotubes and quantum dots provide enhanced 

surface area and improved optical absorption. Nanostruct 

ured materials also improve carrier transport and reduce 

recombination losses because of shorter carrier diffusion 

pathways. [48], [49] 

Quantum dots exhibit tunable band gaps through size variation, 

making them suitable for advanced photovoltaic applications. 

Selenium nanowires and nanocrystalline thin films have 

demonstrated improved photoconductive behavior and 

enhanced light trapping capability. [50], [51] 

 

D. Interface Engineering 

Interface engineering is an important strategy for improving 

charge transfer between semiconductor layers. Heterojunction 

interfaces reduce recombination and facilitate efficient carrier 

separation in photovoltaic devices. Materials such as ZnO, 

TiO₂, CdS and graphene are commonly used for interface 

optimization. [52], [53] 

Proper interface engineering improves open-circuit voltage 

(Voc), short-circuit current density (Jsc) and fill factor (FF) in 

solar cells. Advanced multilayer structures have shown 

remarkable improvement in device stability and efficiency. [54] 

 

E. Light Trapping Techniques 

Light trapping methods increase photon absorption within 

semiconductor devices by reducing optical reflection and 

increasing optical path length. Surface texturing, plasmonic 

nanoparticles, anti-reflection coatings and photonic crystal 

structures are widely used to improve optical absorption. [55], 

[56] 

Metal nanoparticles such as silver and gold exhibit plasmonic 

effects that enhance electromagnetic field intensity near the 

semiconductor surface, leading to improved photovoltaic 

conversion efficiency. [57] 

 

 
Fig. 5. Performance enhancement mechanisms in semiconductor devices 
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Table 2: Performance Improvement Techniques 

 

Technique Purpose Improvement 

Doping Increase conductivity Better carrier transport 

Passivation Reduce defects Lower recombination 

Nanostructuring Increase surface area Enhanced absorption 

Interface Engineering 
Improve charge 

separation 
Higher efficiency 

Light Trapping 
Increase photon 

absorption 
Better photocurrent 

 

6. Challenges and Limitations 

Despite significant advancements in semiconductor-based 

renewable energy technologies, several limitations continue to 

affect commercial applications. One of the major challenges is 

the relatively lower efficiency of some thin-film semiconductor 

materials compared to crystalline silicon solar cells. [58] 

Many high-performance semiconductor materials contain toxic 

or rare elements such as cadmium, lead and indium, raising 

environmental and economic concerns. Toxicity issues create 

challenges related to disposal, recycling and environmental 

sustainability. [59], [60] 

Long-term stability is another major concern in advanced 

photovoltaic devices. Exposure to moisture, oxygen, heat and 

ultraviolet radiation can degrade semiconductor materials and 

reduce device performance over time. Perovskite-based solar 

cells particularly suffer from moisture instability and thermal 

degradation. [61], [62] 

Large-scale fabrication of high-quality thin films remains 

technically challenging. Uniform deposition over large 

substrate areas and reproducibility of nanostructured materials 

require sophisticated fabrication systems and process 

optimization. [63] 

Selenium-based semiconductor devices also face challenges 

such as lower conversion efficiency, charge recombination 

losses and stability issues under prolonged illumination. 

Optimization of film thickness, crystallinity and heterojunction 

structures is necessary to improve device performance. [64], 

[65] 
Table 3: Challenges in Semiconductor Renewable Energy Devices 

 
Challenge Effect 

Low efficiency Reduced power output 

Toxic materials Environmental concerns 

Stability degradation Reduced device lifetime 

Large-scale fabrication difficulty High production cost 

Recombination losses Lower photovoltaic efficiency 

 

7. Future Scope 

Future research in semiconductor renewable energy 

technologies is expected to focus on high-efficiency, low-cost, 

environmentally friendly and flexible energy devices. Artificial 

intelligence (AI) and machine learning techniques are 

increasingly being used for semiconductor material discovery 

and device optimization. AI-based computational models can 

accelerate material screening and predict photovoltaic 

performance with high accuracy. [66], [67] 

Flexible and wearable photovoltaic devices represent another 

important research direction. Lightweight and bendable 

semiconductor materials can enable integration into portable 

electronics, smart textiles and building-integrated photovoltaic 

systems. [68] 

Hybrid semiconductor structures combining organic, inorganic 

and nanostructured materials are expected to improve charge 

transport and device stability. Tandem solar cells integrating 

multiple semiconductor layers with complementary band gaps 

can achieve significantly higher conversion efficiencies than 

single-junction devices. [69], [70] 

Quantum semiconductor devices, plasmonic nanostructures and 

advanced heterojunction architectures are also expected to play 

a major role in next-generation renewable energy systems. 

Research on recyclable and eco-friendly semiconductor 

materials will become increasingly important for sustainable 

development. [71] 

 

8. CONCLUSION 

Advanced semiconductor materials have become fundamental 

components in modern renewable energy technologies. 

Significant advancements have been achieved in photovoltaic 

systems, photocatalysis, thermoelectric devices, hydrogen 

production and energy storage applications through the 

development of thin-film semiconductors, nanostructured 

materials and hybrid heterojunction systems. Semiconductor 

materials such as silicon, CdTe, CIGS, selenium and 

perovskites exhibit unique electrical and optical properties 

suitable for efficient renewable energy conversion. [72], [73] 

Recent developments in nanotechnology, fabrication techniques 

and material engineering have significantly improved device 

efficiency, charge transport and operational stability. Selenium-

based semiconductor materials have shown promising potential 

because of their favourable band gap, strong photoconductivity 

and compatibility with thin-film photovoltaic structures. 

Advanced techniques such as doping, surface passivation, 

interface engineering and nanostructuring have further 

enhanced photovoltaic performance. [74] 

Despite these advancements, several challenges remain, 

including long-term stability, toxicity concerns, large-scale 

fabrication difficulties and recombination losses. Continued 

research on environmentally friendly materials, flexible 

devices, tandem structures and AI-assisted semiconductor 

optimization is expected to overcome these limitations. [75] 

Future renewable energy systems will increasingly rely on 

advanced semiconductor technologies integrated with 

sustainable manufacturing methods, intelligent material design 

and next-generation nanostructures. These developments are 

expected to contribute significantly toward global energy 

sustainability and clean energy production. 
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