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ABSTRACT 

Thin-film Silicon (Si) Solar Cells (SCs) have emerged as a promising candidate for next-generation 

photovoltaic devices due to their potential for cost-effectiveness and versatility. However, achieving high 

efficiency and long-term stability remains a significant challenge in their development. The primary 

challenges with thin-film Si SCs have been the poor infrared light absorption of Hydrogenated 

Microcrystalline Silicon (c-Si: H) and the light-induced metastability of Hydrogenated Amorphous Silicon 

(a-Si: H). This study reviewed the influence of the p-type layer, a key component in thin-film Si SCs, on 

both performance and stability. Third generation SCs are optimized for high Power Conversion Efficiency 

(PCE) at low manufacturing costs.  According to the review of the comparison analysis, Patel K. et al., 

(2021) obtained the highest PCE of 30.17% with the a-Si/MoTe2 material (Photocurrent Density Jsc = 

32.41mA/cm2, An Open-Circuit Voltage Voc = 1.093V, and Fill Factor (FF) = 85.12%) of the state-of-the-

art previous works. The findings presented here contribute valuable insights toward the development of 

efficient and durable SC technology, crucial for advancing the adoption of renewable energy sources in our 

ever-growing energy demand.  
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1. Introduction 

Energy consumption has increased because of both rapid population expansion and increased 

industrialization. Renewable energy sources are the most effective response to these rising energy demands. 

As a result of their contribution to ozone depletion, greenhouse gas emissions, and climate change, fossil 

fuels are, unfortunately, the primary source of energy for 80.2% of the world's population [1]. The 

significant global climate change in 2015 prompted almost every nation on Earth to create the Paris 

Agreement, with the goal of keeping the global temperature under the 1.5oC obstacle [2]. Sustainable 
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economic growth that aims to reach the 2050 net zero emission objective is facilitated by the shift from non-

renewable to renewable energy [3]. Figure 1 displays the percentage of total US energy demand met by 

renewables in 2021[4]. There is growing support across all economic sectors for the objective of 

transitioning to 100% renewable energy in the United States by the year 2050 [5]. 

 

 

Figure 1: U.S. primary energy consumption 

The increasing need for energy and the attendant environmental and societal problems with the extensive 

use of fossil fuels have led experts to conclude that solar energy is an increasingly considerable and reliable 

renewable energy source. Solar energy also has the highest availability, reliability, and lowest cost of any 

renewable energy source [6]. SCs could be broken down into three categories, depending on the technology 

or production method employed: organic solar cells, PV cells, and hybrid SCs. The PV cell has been the 

most widely used solar energy technology for some time now. PV cells are gadgets that convert sunlight into 

electricity. It is estimated that first-generation SCs account for over 89% of the worldwide SC market [7,8]. 

The p-n junction is the simplest semiconductor junction and is employed to distinguish between 

photogenerated charge carriers in SCs by providing an interface between the p-type and n-type regions of a 

single semiconductor. A material must be able to exhibit the basic semiconductor attribute, namely, the 

capacity to modify its conductivity by doping before it can be considered for use in SCs. For a-Si: H, this 

was the situation. In 1965, it was stated that the first a-Si: H layers were films of "Si from silane" produced 

in a radio frequency glow discharge. Although a-Si: H has long been known to have semiconducting 

characteristics, it wasn't generally acknowledged until scientists Spear and Lacombe from Dundee 

University demonstrated that it could be doped type and p-type by adding phosphine or diborane to the light 

discharge gas combination. This discovery is especially important given the previously held idea that 

amorphous Si could not be doped. Hydrogen's significance in the newly created a-Si: H-doped films was not 

readily understood at the time. a-Si: H, a silicon-hydrogen alloy, is very suitable for doping in electrical 

applications. The electrical grade of a-Si is known as a-Si: H [9]. 

The p-type layer plays a pivotal role in enhancing the electrical performance of these SCs. Thin-film Si SCs 

often utilize materials like amorphous or microcrystalline silicon, which can be prone to charge carrier 

trapping and recombination due to defects or impurities. The p-type layer acts as a critical intermediary, 
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facilitating the efficient extraction of photogenerated electrons from the absorbing layer. By minimizing 

recombination losses and improving charge carrier transport, the p-type layer contributes to higher overall 

efficiency and improved energy conversion rates. The presence of the p-type layer greatly influences the 

stability of thin-film Si SCs. Third-generation SC technologies aim to address issues related to long-term 

reliability and durability. One prominent concern in thin-film Si devices is the Staebler-Wronski effect, 

characterized by light-induced degradation. 

1.1 Third-generation solar cells 

Third-generation PVs reduced prices significantly from the second-generation, reaching as low as $.50/W. 

This financial gain was accompanied by the ecological and productivity benefits of thin-film deposition 

methods [10]. Smaller solar panels are needed to get the same output; hence, the increased efficiency of 

>30% significantly contributed to reduced prices. The many types of third-generation photovoltaics have 

been separated into three distinct categories [11]. 

• Dye-Sensitized Solar Cells (DSSCs) 

DSSCs are a specific form of semiconductor SC that uses dye to convert light into electricity [12]. 

Fabrication of DSSC is straightforward and inexpensive; the cells could be coated on a flexible substrate, 

and they have the potential to attain a high conversion efficiency in the future [13,14]. Conducting glass 

substrates constructed from Transparent Conducting Oxide (TCO) are used in the conventional design of 

DSSC. Fluorine Doped Tin Oxide (FTO) And Indium Doped Tin Oxide (ITO) were the two most common 

materials employed by TCO. Semiconductor materials (such as TiO2, SnO2, or ZnO) are used to create the 

working electrodes. Most often, carbon (C) or platinum (Pt) are used as counter electrodes. Both 

manufactured and natural dyes could be utilized to create a sensitizer and an electrolyte formed from a 

solution of the iodide/triiodide (I- /I-3) redox pair is possible [15]. The great efficiency and cheap cost of 

DSSCs are the result of several researchers' efforts to modify DSSC components. Because of its impact on 

the DSSC's method of operation, the photosensitizer is one of the primary components that has seen 

extensive development by scientists. The sensitizer is responsible for taking in light, transferring that energy 

to the semiconductor, and releasing the energy as heat [16-18]. Figure 2 is a simplified schematic depicting 

the different parts of a DSSC. 

 

Figure 2: Architecture of the DSSC [19] 
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• Organic Solar Cells (OSCs) 

A SC is an electrochemical device that harnesses the sun's rays to generate electricity through the 

photovoltaic effect. Organic materials or Si-based materials could be used in the fabrication of SCs. OSCs 

have low manufacturing costs because they can be made using inexpensive organic ingredients and organic 

polymers that can be solution processed at high throughput. The widespread use of OSCs could be attributed 

to their ease of production, adaptability, minimal thermal processing requirements, and roll-to-roll 

processing [20,21]. Figure 3 depicts the fundamental design of an OSC. 

 

Figure 3: Structure of Organic Solar Cell 

It consists of an anode and a cathode electrode, with an active layer of organic semiconductor in between. 

One electrode is made see-through so that it may collect solar power. Sunlight, which is made up of 

individual particles called photons, is partially reflected, and partially absorbed by the cell surface. The 

photon is absorbed by an electron in the Highest Occupied Molecular-Orbit (HOMO), which causes the 

electron to acquire energy and travel to the Lowest Occupied Molecular-Orbit (LUMO), the orbit with the 

fewest occupied electrons. The difference in energy between the HOMO and LUMO could be anything from 

1eV to 4eV [22,23]. 

• Perovskite Solar Cells (PSCs) 

PSCs are a kind of PV cell that was developed in the third generation; its device architecture is derived from 

that of second-generation DSSCs) [24,25]. DSSCs are inefficient cells because the poor absorption 

coefficient of organic sensitizers limits their light-harvesting capacity. In [26] examining the PV effect in a 

Photoelectrochemical (PEC) DSSC by exchanging the organic molecules of the dye with those of the 

organic-inorganic halide perovskite molecules CH3NH3PbBr3 (MAPbBr3) and CH3NH3PbI3 (MAPbI3), and 

recorded PCEs of 3.1% and 3.8%, respectively. Although perovskites have positive PV features such as 

optical, excitonic, and electrical conductivity, the material's solubility in the liquid electrolyte has been 

implicated in unfavorable low efficiencies [27]. The structure of a PSC is shown in Figure 4. 
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Figure 4: Perovskite Solar Cell
 
[28]. 

2. Review of Literature  

This section defines the previous studies of several authors built on the impact of the p-type layer on the 

performance and stability of thin film Si SCs in relation to a third generation. 

Rani A. et al., (2022) [29] illustrated the GPVDM software's ability to simulate the electrical behavior of 

hybrid PV systems with varying active thickness layers. SiGe and PTAA thicknesses range from 100 nm to 

500 nm and 1000 rpm to 5000 rpm, respectively. The findings demonstrate that the thickness of both 

semiconductors influences their electrical characteristics. The Jsc current density rises with increasing SiGe 

thickness. The open-circuit voltage, Voc, changed due to the presence of PTAA as an active layer. When 

comparing SiGe combinations, the one with the lowest rpm had the highest Voc value. This paper also 

presents the solar panel's FF and efficiency rate. The consequence of varying the thickness of each 

semiconductor layer on the device's electrical properties is the primary emphasis of this study. 

Liang J. et al., (2022) [30] found different kinds of OSCs and inverted PSCs used chlorine-doped CuSCN 

(Cl2-CuSCN) as a Hole Transport Layer (HTL). It has been discovered that doping CuSCN thin films with 

chlorine may boost the device performance of various OSCs to levels competitive with PEDOT: PSS-based 

OSCs. Notably, the functionality of the inverted PSCs based on Cl2-CuSCN was superior to that of the 

inverted PSCs based on either pure CuSCN or PEDOT: PSS. OSCs and PSCs based on Cl2-CuSCN are also 

substantially more stable than those based on pure CuSCN or PEDOT: PSS. The findings of the study 

demonstrate that Cl2-CuSCN thin films could be used as a generally related HTL for developing SC 

technologies, enhancing the functionality and reliability of the devices. 

Patel K. et al., (2021) [31] suggested research also shows that a-Si is preferable to MoTe2 for CIGS SCs, 

which is useful for HTL applications. This study presents an optimization of the cell characteristics, 

including the thickness, defect density, and acceptor concentration of the CIGS absorber layer. PCE for a 

CIGS SC with a Si HTL was optimized to a maximum value of 30.17% (Voc =1.093V, Jsc=32.41 mA/cm2, 

and FF=85.12%) using several methods of improvement. Extensive simulation analysis was performed at a 

range of operating temperatures and series resistances to get insight into the solar device. Combined, the 

models we developed show promise for realizing a thin, efficient energy harvesting application in the ultra-

nanoscale range. 

Barrientos A. et al., (2021) [32] initiated studies on the properties of PECVD-deposited a-Si:H thin films 

by analyzing their composition, synthesizing new ones, and characterizing the old ones. Atomic Force 
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Microscopy (AFM) was utilized to evaluate the surface morphology of the films, Scanning Electron 

Microscopy (SEM) was used to analyze the films, and UV-visible ellipsometry was utilized to determine the 

optical band gap and film thickness. The present study found that the minimum required for materials made 

of a-Si:H Si for high-quality SCs was met when the flow of dopant gases (phosphine or diborane) was 

increased, indicating that the best conditions can be acquired when the flow of dopant gases is maximized. 

Belfar A. et al., (2021) [33] evaluated the impact on n-i-p a-Si:H built SC performance by employing two 

distinct double p-type layers, one based on Hydrogenated Nanocrystalline Silicon (nc-Si:H) and the other 

based on Hydrogenated Nanocrystalline Silicon Oxide (nc-SiOx:H). The i/p-window interface 

recombination is suppressed, and the VOC is enhanced by the presence of a p-nc-SiOx:H buffer layer. SCs 

with double p-nc-SiOx:H type window layers achieved the best performances (Jsc = 13.80 mA/cm2, Voc = 

934 mV, FF = 79.1%, and Eff = 10.21%). 

Peksu E. et al., (2021) [34] examined the use of one-step thermal evaporation to create phase pure CZTS 

thin films on glass substrates from a single crystalline ingot formed using the Bridgman method. TiO2 NRs 

were developed using the hydrothermal method, which provides a straightforward and inexpensive strategy 

for the commercially viable manufacture of uniformly sized nanorods. The SC achieved the best efficiency 

to date for a 1-D TiO2 nanostructures-based superstrate CZTS SC, with a Voc of 0.35 V, Vsc of 7.28 

mA/cm2, an FF of 23.9%, and a PCE of 0.61%. 

Khatun M. et al., (2021)
 
[35] determined how efficient thin-film heterojunction SCs based on WS2 were in 

converting light into electricity. This work uses simulations to evaluate the efficiency of an SC with the 

suggested configuration of Al/FTO/CdS/WS2/CuI/Ni vs. the reference WS2-based SC structure without 

HTL, which consists of Al/FTO/CdS/WS2/Ni. For reference, WS2 SC without HTL, the conversion 

efficiency was determined to be 22.09%. However, when the device structure is adjusted, the efficiency of 

the suggested SC containing CuI HTL is found to be 29.87%. This study could provide a new perspective on 

how to make a heterojunction thin-film SC that is commercially practical, low-cost, and highly efficient. 

Duan C. et al., (2018) [36] examined and optimized the work function of the TCO layers, the Back Surface 

Field (BSF), the thickness of the CdS thin film, and the Si substrate in a CdS/p-Si heterojunction SC. 

Simulation findings suggested that the work function of TCO should be less than 4.4 eV, and that of BSF 

should be more than 4.8 eV. The electrical performance of a CdS/p-Si SC is significantly impacted by the 

thickness of the CdS thin films; specifically, the Voc and Jsc decrease with increasing CdS thin film 

thickness. 

Mehmood H. et al., (2017) [37] suggested a SC based on p-nc-Si:H/i-a. Through analyzing the thickness of 

the window and intrinsic absorber layers and the amount of doping, SILVACO TCAD has simulated the 

Si:H (buffer)/i-a-Si:H/n-a-Si:H configuration. The recombination rate has been lowered by designing the p/i 

interface and carefully evaluating the characteristics of the absorber flaws. Simulation findings for a single-

junction device optimization showed a promising Vsc of 0.865 V, Jsc of 21.7 mA/cm2, FF of 0.69, and PCE 

of 12.93% in comparison to the previously reported SC. 
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Table 1 below summarizes the summary of the Review of Literature and the authors' process used in their 

studies. 

Table 1. Summary of Review of Literature 

Authors Technique Used Outcomes 

Rani A. et al., (2022) [29] High power 

computational 

The modeling of ITO/SiGe-PTAA/Al solar indicated 

that a combination of SiGe/PTAA thickness of 1:1 is 

optimal. 

Liang J. et al., (2022) [30] Pristine CuSCN In the experiments, they discovered that exposing 

PBDB-T-2F:Y6 OSCs using pristine CuSCN or 

PEDOT: PSS as HTLs to chlorine increased their 

overall performance. 

Patel K. et al., (2021) [31] SEM Finally, by adjusting the CIGS layer's thickness, 

doping concentration, and defect density, they were 

able to achieve an overall PCE of 30.17% 

(Voc=1.0935V, Jsc=32.41 mA/cm2, and FF 

=85.12%). 

Barrientos A. et al., (2021) [32] SEM Based on the transmittance curve, they determined 

that Processes A3 and B3 produced the most optically 

optimal a-Si:H thin films for the deposition technique 

and circumstances. 

Belfar A. et al., (2021) [33] High power 

computational 

The Jsc rises from 13.52 mA/cm2 to 13.80 mA/cm2, 

the Voc rises from 898 mV to 934 mV, the FF rises 

from 73.8 % to 79.1%, and the PCE rises from 8.5 % 

to 10.21%. 

Peksu E. et al., (2021) [34] Bridgeman 

Technique 

The SC achieved the best efficiency ever measured 

for a 1-D TiO2 nanostructures-based superstrate 

CZTS SC with a Voc of 0.35 V, aVsc of 7.28 

mA/cm2, a FF of 23.9 percent, and a PCE of 0.61%. 

Khatun M. et al., (2021) [35] SEM Voc = 0.98 V, Jsc = 35.19 mA/cm2, and FF = 

87.08% are all measurements of the efficiency of the 

suggested WS2-based SC using the CuI HTL. 

Duan C. et al., (2018) [36] TCO According to the simulation findings, the work 

function of TCO should be less than 4.4 eV, and the 

work function of BSF should be more than 4.8 eV. 

Mehmood H. et al., (2017) [37] Wide-Band Gap Although the suggested unoptimized device had a 

low FF value (9.55%), its PCE was rather high. 

Numerical optimization of the device led to an 

increase in PCE to 12.93 percent, a decrease in Voc 

to 0.86 volts, an increase in Jsc to 21.7 mA/cm2, and a 

rise in FF to 0.69. 
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3. Comparison Analysis 

In this study, the authors have reviewed some a-Si:H and come out with the findings of these materials. The 

authors used different factors which is Jsc is a measure of the maximum current output in a SC when 

exposed to light, indicating the cell's ability to generate electrical current under illumination. Voc is the 

highest voltage a SC can produce when no current is flowing through it, representing its potential for 

generating voltage under optimal conditions, and FF assesses how efficiently a SC converts sunlight into 

electricity by comparing its actual performance to the theoretical maximum, accounting for losses due to 

resistance and non-ideal behavior. Table 2 compares the output properties of many different a-Si cells that 

were produced using different materials. Based on the data presented in the table and conducted a 

comparison of various factors revealed that the a-Si/MoTe2 material proposed by Patel K. et al., (2021) [31] 

combination achieved the highest PCE at 30.17%, with corresponding values of Jsc = 32.41, Voc = 1.093, 

and FF = 85.12%. Figure 5 to 8 shows the graph of the performance of the numerous a-Si:H depending on 

SCs. 

Table 2. PV performance evaluation of several a-Si:H based SCs. 

Ref Material Jsc mA/cm
2
 Voc (V) FF Eff 

Rani A. et al., 

(2022) 

SiGe/PTAA 4.63 0.58 77.16% 1.49% 

Patel K. et 

al., (2021) 

a-Si/MoTe2 32.41 1.093 85.12% 30.17% 

Belfar A. et 

al., (2021) 

p-nc-SiOx:H 13.80 0.34 79.1% 10.21% 

Peksu E. et 

al., (2021) 

Cu2ZnSnS4 7.28 0.35 23.9% 0.61% 

Mehmood H. 

et al., (2017) 

p-nc-Si:H/i-

aSi:H/i-a-

Si:H/n-a-Si:H 

21.7 0.865 69% 12.93% 

 

 

Figure 5: Comparison of PV performance based on Jsc 
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Figure 6: Comparison of PV performance based on Voc 

 

Figure 7: Comparison of PV performance based on FF 

 

Figure 8: Comparison of PV performance based on efficiency. 
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4. Conclusion and Future Scope 

Thin-film SC modules to the market are giving these potentially more cost-effective methods a chance to 

prove themselves. Several novel thin-film technologies, including those based on a-Si: H, polycrystalline Si, 

mixed-phase Si, and chalcogenides, are either now commercially accessible or are in the last stages of 

development. This paper reviewed the impact of the p-type layer on the performance and stability of thin-

film Si SCs in relation to third-generation solar technologies is significant. By incorporating advanced p-

type materials and engineering techniques, researchers and industry professionals have made substantial 

progress in enhancing the efficiency, durability, and overall viability of thin-film Si SCs. These 

developments are crucial in the context of third-generation SCs, where improved performance and stability 

are essential for widespread adoption and integration into various applications. Based on the review, Patel K. 

et al., (2021) have achieved the highest PCE of 30.17% using the a-Si/MoTe2 material, accompanied by a 

Jsc of 32.41mA/cm2, a Voc of 1.093V, and an FF of 85.12%, surpassing previous state-of-the-art efforts in 

this field. The future scope for thin-film Si SCs lies in further enhancing their efficiency and scalability to 

meet growing global energy demands while also exploring advanced materials and manufacturing processes 

for improved sustainability and cost-effectiveness. 
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