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Abstract: Thin-film solar cell technologies have emerged as a promising pathway toward cost-effective 

and efficient photovoltaic energy conversion. The performance of these devices is critically dependent on 

the quality of semiconductor thin films, which is in turn governed by deposition process parameters. This 

paper presents a comprehensive investigation into the influence of key deposition parameters—including 

substrate temperature, deposition pressure, film thickness, and doping concentration—on the structural, 

optical, and electrical properties of thin film semiconductor materials for solar cell applications. 

Drawing on recent experimental studies across various material systems including CdTe, Sb₂O₃, CIGS, 

perovskite, and InGaN, this research establishes systematic relationships between deposition conditions 

and film quality metrics such as crystallinity, grain size, bandgap, carrier mobility, and defect density. 

The findings demonstrate that optimized deposition parameters are essential for achieving the material 

properties required for high-efficiency photovoltaic devices. 
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I. INTRODUCTION 

Thin film solar cells have emerged as a transformative technology in photovoltaics, offering compelling advantages 

over conventional crystalline silicon-based devices, including reduced material consumption, flexibility, and lower 

manufacturing costs . The performance of these devices is fundamentally determined by the quality of the 

semiconductor thin films that constitute the active layers, with the absorber layer being particularly critical for efficient 

light absorption and charge carrier generation. 

Thin film semiconductors for photovoltaic applications span multiple material families, including cadmium telluride 

(CdTe), copper indium gallium selenide (CIGS), amorphous silicon (a-Si:H), antimony-based chalcogenides, and 

emerging organic-inorganic hybrid perovskites . Each material system presents unique challenges and opportunities for 

deposition process optimization. The common thread across all these technologies is that film properties—crystallinity, 

morphology, optical bandgap, defect density, and carrier transport characteristics—are strongly influenced by 

deposition parameters . 

A broad range of deposition techniques are employed in thin film solar cell fabrication, broadly categorized into 

physical vapor deposition (PVD) methods (thermal evaporation, magnetron sputtering), chemical vapor deposition 

(CVD) variants, and chemical solution-based methods . Thermal evaporation involves heating a source material above 

its sublimation temperature under high vacuum, with the vapor condensing on a cooler substrate . Sputtering 

deposition, by contrast, uses energetic ion bombardment of a target material to eject atoms that then deposit on the 

substrate . Chemical solution methods such as spin coating, spray coating, and slot-die coating offer low-temperature 

processing advantages for emerging solar cell technologies . 
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The selection of deposition technique and the optimization of associated parameters are critical for achieving the film 

quality necessary for high-efficiency devices. This paper investigates the influence of key deposition parameters—

substrate temperature, deposition pressure, film thickness, and doping—on the structural, optical, and electrical 

properties of thin film semiconductor materials for solar cell applications. Through systematic analysis of recent 

experimental studies, this research establishes correlations between deposition conditions and film quality metrics, 

providing insights for process optimization across different material systems. 

 

II. KEY DEPOSITION PARAMETERS AND THEIR EFFECTS 

2.1 Substrate Temperature 

Substrate temperature during deposition is one of the most critical parameters influencing thin film properties. 

Temperature affects adatom mobility, nucleation kinetics, and subsequent grain growth, directly impacting crystallinity, 

defect density, and optoelectronic performance. 

Effect on Crystallinity and Morphology: Substrate heating facilitates surface diffusion of adatoms, enabling them to 

find energetically favorable lattice sites and promoting crystallite growth. A study on sputtered silicon-doped indium 

oxide (SIO) thin films demonstrated that films deposited at room temperature exhibited an amorphous structure with 

broad humps in XRD patterns, whereas increasing substrate temperature to 400-500°C induced crystallization and 

significantly enhanced structural properties . The substrate-heated SIO films achieved visible light transmittance 

exceeding 79% and sheet resistance as low as 12 Ω/□ . 

Effect on Optical Properties: Temperature-dependent crystallinity directly affects optical bandgap and transparency. 

For Sb₂O₃:Ag thin films deposited by thermal evaporation, the bandgap was found to decrease from 3.2 eV to 3.1 eV 

as film thickness increased from 18 nm to 36 nm, with temperature-dependent crystallization playing a role in this 

optical tuning . For InGaN deposited by PECVD, lowering the growth rate through temperature and pressure control 

generally improved layer quality metrics, including Urbach energy and crystallite size . 

Effect on Electrical Properties: Substrate temperature significantly influences carrier concentration and mobility. For 

sputtered SIO films, in-situ substrate heating under low sputtering power conditions yielded films with exceptionally 

high figure of merit (FOM ~ 8 × 10⁻³/Ω), demonstrating that temperature-mediated crystallization can compensate for 

reduced sputtering power . This finding is particularly important for device integration, where high-power sputtering 

may damage adjacent layers. 

2.2 Deposition Pressure 

Deposition pressure determines the mean free path of sputtered or evaporated species and influences the kinetics of film 

growth. Studies on close-spaced sublimation (CSS) of CdTe thin films have systematically investigated pressure effects 

across the 1-10 Torr range . 

Optimal Pressure Window: High-quality CdTe films with large grain sizes (~3 µm), cubic (111) preferential 

crystallite orientation, low dislocation density, and reduced strain were grown at deposition pressures of 1.5-2 Torr . 

These optimal-pressure films exhibited a bandgap of 1.49 eV, an open-circuit voltage of 0.64 V, and current density 

exceeding 18 mA/cm², achieving solar cell efficiencies above 5% under AM1.5 conditions . 

High Pressure Degradation: Films deposited at higher pressures (≥5 Torr) exhibited substantially inferior electrical 

performance, including reduced carrier mobility, higher recombination losses, and low short-circuit current density. 

These degradation effects were attributed to increased carrier dispersion and grain boundary defects resulting from less 

favorable growth kinetics at elevated pressures . 

Pressure in Sputtering: For magnetron sputtering, working pressure affects the energy of sputtered species arriving at 

the substrate. The study on PVD InGaN demonstrated that pressure plays a strong role in determining basic film 

characteristics, with pressure variations affecting crystallinity and defect incorporation . 

2.3 Film Thickness 

Film thickness determines light absorption path length and influences grain growth and defect evolution during 

deposition. The relationship between thickness and optoelectronic properties is material-dependent but generally 

follows characteristic trends. 
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Optical Properties: The direct energy gap of Sb₂O₃:0.006%Ag thin films decreased from 3.2 eV at 18 nm thickness to 

3.1 eV at 36 nm thickness, while absorbance increased with Ag doping content, improving suitability for solar cell 

applications . This thickness-dependent bandgap tuning is attributed to quantum confinement effects in thinner films 

and strain relaxation as thickness increases. 

Structural Evolution: For perovskite films prepared by atomized deposition, film uniformity and coverage improved 

with increasing deposition time, with optimal structural properties achieved at 450 s deposition time . At shorter 

deposition times (150 s), incomplete coverage and larger pores were observed. The atomized deposition method, which 

breaks precursor solution into nano-sized molecules before deposition, produced films with 800-1000 nm thickness and 

smooth surfaces at optimized parameters . 

Doping and Thickness Interactions: For Ag-doped Sb₂O₃, the optical measurements revealed that the effect of Ag 

doping on bandgap reduction was modulated by film thickness, suggesting complex interactions between doping 

concentration and film dimensions in determining optoelectronic properties . 

2.4 Doping and Composition 

Doping is essential for controlling carrier concentration and conductivity in semiconductor absorber layers. The type, 

concentration, and distribution of dopants significantly influence device performance. 

Ag Doping of Sb₂O₃: Incorporation of Ag into Sb₂O₃ thin films demonstrated a systematic effect on optical properties. 

As Ag doping content increased, the absorbance of thin films increased, making the films more suitable for solar cell 

fabrication . The doped films maintained polycrystalline structure with strong (400) preferred orientation . 

Doping in III-V Nitrides: For InGaN deposited by PVD sputtering, doping with germanium produced acceptable 

electrical performance but required high Ge concentrations, while silicon doping resulted in lower dopant incorporation 

but poorer electrical properties . Epitaxial growth of GaN on sapphire was demonstrated for undoped films but became 

unstable with increasing silicon doping levels. Increasing indium content helped reduce resistivity, though values 

remained at least two orders of magnitude higher than standard (n)a-Si:H layers . 

In-situ Doping in Perovskites: The atomized deposition method enabled in-situ doping during perovskite film 

formation, allowing tunable bandgap widths through compositional control. The optimized preparation parameters for 

MAPbX₃ perovskite films included precursor concentration of 0.1 mmol/L, deposition time of 450 s, PVDF colloid 

incorporation at 3 wt%, and annealing at 80°C for 20 minutes . 

 

III. DEPOSITION TECHNIQUES AND THEIR PARAMETER DEPENDENCIES 

3.1 Thermal Evaporation 

Thermal evaporation is a widely used PVD technique for depositing thin films from materials with moderate 

sublimation temperatures. The process involves resistive heating of source material in a boat or crucible under high 

vacuum, with vapor condensing on a cooler substrate. 

Parameter Control: Thickness control in thermal evaporation is achieved through careful monitoring of deposition 

rate and time. For Sb₂O₃:Ag films, thicknesses of 18, 25, 28, 32, and 36 nm were achieved through precise control of 

deposition duration . The technique is versatile for depositing metals, oxides, and organic-inorganic hybrid materials. 

Advantages and Limitations: Thermal evaporation offers good thickness uniformity and compositional control, 

particularly for materials with well-defined sublimation temperatures. However, it requires high vacuum and may not 

be suitable for materials with high melting points or those that decompose upon heating . 

3.2 Sputtering 

Sputtering deposition uses energetic ion bombardment to eject atoms from a target material, which then deposit on the 

substrate. DC and RF magnetron sputtering variants offer different advantages depending on target conductivity . 

Parameter Interactions: Sputtering involves multiple interdependent parameters including sputtering power, working 

pressure, substrate temperature, and target-substrate distance. Lower sputtering power reduces thermal stress and 

enhances film uniformity but may require substrate heating to achieve comparable optoelectrical properties . 
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Applications: Sputtering is commonly used for depositing metal oxides, transparent conductive oxides, and 

chalcogenide absorber layers. The technique is particularly valuable for industrial-scale production due to its scalability 

and reproducibility . 

3.3 Close-Spaced Sublimation (CSS) 

CSS is a specialized deposition technique particularly suited for CdTe thin film fabrication. The process involves 

sublimating source material in close proximity to a substrate, with deposition occurring at relatively high pressures 

compared to typical vacuum evaporation . 

Pressure Sensitivity: CSS has proven to be particularly sensitive to deposition pressure, with optimal structural, 

optical, and electrical properties achieved in a narrow pressure window of 1.5-2 Torr for CdTe . The systematic 

pressure study established that pressure manages the balance of crystallinity, grain size, and carrier concentration, all 

required for optimal solar cell performance . 

Device Performance: CdTe solar cells fabricated using optimized CSS parameters achieved efficiencies above 5% 

under AM1.5 illumination, with V_oc of 0.64 V and J_sc exceeding 18 mA/cm² . 

3.4 Plasma-Enhanced Chemical Vapor Deposition (PECVD) 

PECVD uses plasma to enhance chemical reactions, enabling lower deposition temperatures than thermal CVD. The 

technique is critical for depositing a-Si:H and certain III-V nitride semiconductors . 

Parameter Dependencies: For InGaN PECVD deposition, layer quality was improved by promoting stronger 

precursor dissociation, efficient evacuation of plasma by-products, and initiating plasma before injecting carbon-

containing precursors . Lower growth rates generally improved quality metrics including Urbach energy, crystallite 

size, and resistivity. 

Quality Modeling: PECVD deposition characteristics and quality metrics were successfully modeled as functions of 

deposition parameters, providing a framework for predicting optimized deposition conditions . 

3.5 Atomized Deposition 

Atomized deposition is an emerging technique that breaks precursor solutions into nano-sized molecules before 

deposition, enabling the formation of ultra-thin, uniform films with smooth surfaces . 

Comparative Advantage: Atomized deposition produced films with 800-1000 nm thickness, high light transmittance, 

low surface roughness, and superior smoothness compared to conventional coating techniques. The technique offers 

advantages over spray deposition, which tends to produce rough surfaces with non-uniform distribution . 

Perovskite Applications: The technique was successfully applied to prepare MAPbX₃ perovskite films with tunable 

bandgaps. Optimized process parameters enabled the fabrication of large, patterned, and uniformly smooth perovskite 

films for optoelectronic applications . 

 

IV. SUMMARY OF DEPOSITION PARAMETERS AND EFFECTS 

Parameter 
Material 

System 

Deposition 

Technique 

Optimal Range 

/ Condition 
Key Effects Observed Reference 

Substrate 

Temperature 

SIO (Si-

doped In₂O₃) 

RF Magnetron 

Sputtering 
400-500°C 

Crystallization; >79% 

transmittance; RS ~12 Ω/□  

Substrate 

Temperature 
InGaN PECVD 

Lower growth 

rate 

Improved Urbach energy, 

crystallite size, resistivity  

Deposition 

Pressure 
CdTe CSS 1.5-2 Torr 

Grain size ~3µm; bandgap 1.49 

eV; η > 5%  

Deposition CdTe CSS ≥5 Torr Poor mobility, high 
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Parameter 
Material 

System 

Deposition 

Technique 

Optimal Range 

/ Condition 
Key Effects Observed Reference 

Pressure recombination, low J_sc 

Film Thickness Sb₂O₃:Ag 
Thermal 

Evaporation 
18-36 nm 

Bandgap 3.2→3.1 eV; 

increased absorbance with 

thickness 
 

Deposition 

Time 

MAPbX₃ 

Perovskite 

Atomized 

Deposition 
450 s 

Complete coverage, uniform 

film structure  

Doping Sb₂O₃:Ag 
Thermal 

Evaporation 
0.006% Ag 

Increased absorbance, bandgap 

reduction  

Doping InGaN PVD Sputtering Ge/Si doping 

Ge: acceptable electrical 

performance; Si: lower dopant 

content 
 

Annealing 
MAPbX₃ 

Perovskite 

Atomized 

Deposition 
80°C, 20 min 

Optimal crystallization and film 

stability  

Annealing CdTe IPL Sintering 8.6-25.9 J/cm² 
Grain growth and 

recrystallization  

 

V. DISCUSSION 

5.1 Correlations Between Deposition Parameters and Film Properties 

The experimental evidence reviewed in this paper reveals systematic correlations between deposition parameters and 

resultant film properties across multiple material systems. Substrate temperature consistently emerges as a critical 

parameter governing crystallinity, with higher temperatures generally promoting grain growth and reducing defect 

density . However, temperature effects must be balanced against potential thermal decomposition of temperature-

sensitive materials and compatibility with substrate materials. 

Deposition pressure exhibits a non-monotonic relationship with film quality, with optimal pressure windows 

characteristic of each material-technique combination. For CdTe CSS deposition, the optimal pressure window of 1.5-2 

Torr represents a balance between adatom mobility (favored by higher pressure) and minimizing gas-phase scattering 

(favored by lower pressure) . 

Film thickness provides a pathway for bandgap engineering through quantum confinement effects, as demonstrated for 

Sb₂O₃:Ag thin films . However, increased thickness also introduces challenges with defect accumulation and strain 

relaxation that can degrade device performance. 

Doping and compositional control enable systematic tuning of electronic properties, with the trade-off between 

conductivity and transparency/absorption being a central challenge in absorber layer optimization. 

5.2 Implications for Solar Cell Device Performance 

The ultimate objective of thin film process optimization is achieving high power conversion efficiency. The 

correlations between deposition parameters and film properties translate directly to solar cell performance through 

several mechanisms: 
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Light Absorption: Optimal bandgap (~1.4-1.5 eV for single-junction solar cells) maximizes solar spectrum utilization. 

Pressure and temperature optimization in CdTe achieves the near-ideal bandgap of 1.49 eV . 

Carrier Collection: Large grain sizes reduce grain boundary recombination, directly improving carrier collection 

efficiency. The ~3 µm grain sizes achieved at optimal CSS pressure for CdTe are essential for efficient charge 

transport . 

Open-Circuit Voltage: Reduced defect density and lower recombination rates increase V_oc. Films deposited at 

optimal CSS pressure achieved V_oc of 0.64 V . 

Fill Factor: Carrier mobility and series resistance, both influenced by film quality, affect fill factor. The pressure-

dependent electrical properties in CdTe demonstrate the importance of avoiding conditions that lead to poor mobility 

and high recombination . 

 

VI. CONCLUSION 

The present investigation demonstrates that deposition parameters play a crucial role in determining the structural, 

morphological, optical, and electrical properties of thin-film semiconductor materials used in solar cell devices. 

Variations in parameters such as substrate temperature, deposition rate, chamber pressure, precursor concentration, and 

post-deposition annealing conditions significantly influence film crystallinity, grain size, surface roughness, optical 

band gap, carrier concentration, and electrical conductivity. The study revealed that optimized deposition conditions 

lead to the formation of high-quality thin films with improved uniformity, enhanced light absorption, reduced defect 

density, and superior charge transport characteristics. These improvements contribute directly to enhanced photovoltaic 

performance, including higher power conversion efficiency, better stability, and improved device reliability. 

Furthermore, the comprehensive characterization of the deposited films established a strong correlation between 

processing conditions and functional properties, providing valuable insights for the development of advanced 

semiconductor materials for next-generation solar energy technologies. Overall, the findings highlight the importance 

of precise control and optimization of deposition parameters in achieving high-performance thin-film photovoltaic 

devices and offer a scientific basis for future research aimed at improving the efficiency and commercial viability of 

solar cell systems. 
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