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Resumen 

Los semiconductores I2-II-IV-VI4 (I = Cu/Ag; II = Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) 

han despertado un creciente interés como capas absorbentes fotovoltaicas por sus propiedades 

optoelectrónicas favorables. No obstante, la eficiencia se ve limitada por un déficit elevado de 

𝑉𝑂𝐶, atribuible a una desalineación de bandas con la capa tampón tóxica de CdS y a la 

recombinación próxima al contacto posterior. Para abordar estos retos, esta tesis presenta 

cuatro estudios: tres evalúan capas tampón no tóxicas como alternativas a CdS en celdas solares 

basadas en Cu2BaSn(S,Se)4, Ag2BaTiSe4 y Cu2MSnS4 (M = Co, Mn, Fe, Mg); el cuarto 

examina el efecto de las capas transportadoras de huecos (HTL) en dispositivos de Cu2SrSnS4, 

empleando el simulador SCAPS-1D. En total, se diseñaron 4,959 dispositivos variando: la capa 

absorbente, capa tampón, HTL y propiedades de interfaz. Primero, se propone TiS2 como capa 

tampón para Cu2MSnS4 (M = Co, Mn, Fe, Mg). Frente a CdS, las configuraciones con TiS2 

logran eficiencias > 27 %, asociadas a barreras electrónicas reducidas (−0.24/−0.40/−0.04/0.08 

eV en TiS2/Cu2MSnS4) y a potenciales incorporados superiores a 1.2 V. Segundo, se evalúa 

ZrS2 como capa tampón para Cu2BaSn(S,Se)4: ZrS2 se comporta como semiconductor tipo n 

degenerado, mejora la conductividad del dispositivo y muestra tolerancia a defectos hasta 10¹⁸ 

cm⁻³. Tercero, se exploran calcogenuros alcalinotérreos (MgS, BaS, CaS, SrS), además de CdS, 

como capas tampón para Ag2BaTiSe4; alcanzando eficiencias >28 %, atribuible a menor 

acumulación de la capacitación y a mayor desdoblamiento de niveles cuasi-Fermi. Finalmente, 

se diseñan celdas de Cu2SrSnS4 con y sin HTL; La celda sin HTL, el campo incorporado se 

debilita y la curvatura de bandas interfacial se intensifica, dificultando la separación y el 

transporte de huecos y reduciendo la eficiencia global, lo que resalta la importancia de integrar 

HTL para elevar la eficiencia. En conjunto, esta tesis ofrece una base teórica sólida para 

impulsar la mejora del desempeño en celdas I2-II-IV-VI4 y orienta los pasos experimentales 

para lograr dispositivos más estables y eficientes. 

Palabras clave: SCAPS-1D, celda solar I2-II-IV-VI4, Capa Tampón (buffer), Tasa de 

recombinación de portadores.  
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Abstract 

Emerging I2-II-IV-VI4 semiconductors (where 

I=Cu/Ag;II=Ba/Sr/Co/Mn/Fe/Mg;IV=Sn/Ti;VI=S/Se) are gaining attention as potential light 

absorbers due to their remarkable properties. However, their efficiencies are limited by a large 

open-circuit voltage (VOC) deficit, which arises from improper band alignment with the toxic 

CdS buffer and recombination occurring near the back contact. To address these issues, this 

thesis presents four extensive studies: three focus on evaluating non-toxic buffers as 

alternatives to CdS in Cu2BaSn(S,Se)4, Ag2BaTiSe4, and Cu2MSnS4 (M=Co,Mn,Fe,Mg) solar 

cells, and the fourth examines the effect of hole transport layers (HTL) in Cu2SrSnS4 solar cells 

using the solar cell capacitance simulator in one dimension (SCAPS-1D). In total, 4959 devices 

were designed by varying the absorber, buffer, HTL, and interface properties, with detailed 

results discussed across different sections of the thesis. First, TiS2 is proposed as an alternative 

buffer for Cu2MSnS4 (M=Co, Mn, Fe, Mg) solar cells. The performance of these solar cells is 

compared with CdS, revealing efficiencies exceeding 27% when TiS2 buffers are used, which 

surpass those achieved with CdS. This improved performance is attributed to a reduced electron 

barrier of -0.24eV, -0.4eV, -0.04eV, and 0.08eV at TiS2/Cu2MSnS4 (M=Co,Mn,Fe,Mg) 

interfaces, coupled with higher built-in potentials (>1.2V) than CdS. Next, the suitability of 

ZrS2 as an alternative buffer for Cu2BaSn(S,Se)4 solar cells is assessed. ZrS2 acts as a 

degenerate semiconductor, enhancing the conductivity of solar cells and demonstrating high 

defect tolerance up to 1018 cm-3. In the third study, a new class of alkaline earth metal 

chalcogenides, including MgS, BaS, CaS, and SrS, along with CdS, are used as buffers for 

novel Ag2BaTiSe4 solar cells, achieving a maximum efficiency of over 28% due to reduced 

accumulation capacitance and high quasi-Fermi level splitting. Finally, Cu2SrSnS4 solar cells 

with and without HTLs are designed; those without HTLs show comparatively lower 

performance due to significant energy band bending at the interfaces and a low built-in electric 

field, highlighting the importance of incorporating HTLs to improve efficiency. Overall, this 

thesis provides a theoretical foundation for experimental researchers seeking to enhance the 

performance of emerging I2-II-IV-VI4 solar cells.  

Keywords: SCAPS-1D, I2-II-IV-VI4 solar cells, Buffer, Recombination rate 

 

 

 



 

10 

 

Student Statement of Responsibility 

I declare that the data obtained in this research were generated during the development of my 

thesis work in an ethical manner, and I report the necessary details so that the results of this 

thesis can be reproduced in future research. 

Finally, this thesis is an original work in which any collaboration or direct citation presented 

in the document has been properly declared and acknowledged. 

 

 

 

 

 

KAVIYA TRACY AROCKIADOSS 

 

 

 

 

 

 

 

 

 

 

 

 



 

11 

 

Dedication 

This PhD thesis is dedicated to 

Almighty Lord Jesus Christ for being “the Way, the Truth and the Life” throughout my journey. 

His grace and mercy guided me to work with determination, and strength to complete this 

research work. 

My late grandmother “Marigiruthal” who immensely loved me and taught me ethical values. 

I lost her during my doctorate journey. But her constant prayers, blessings and guidance from 

heaven have evolved and equipped my life.  

My father “Arockiadoss” and mother “Philomina Arockiadoss” for being my constant 

cheerleaders and to whom I owe the person I am today. Your life lessons, silent sacrifices, love, 

and understanding have been my great source of strength and integrity. Thank you for 

inculcating strong faith in Lord Jesus which stands out as the primary reason to overcome the 

obstacles and hurdles on my way. I’m extremely grateful for teaching me to be resilient, 

independent and patient that have assisted me to complete my doctorate with humility and 

determination. 

My sisters “Oviya Pricilla”, “Ilakkiya Vince” and brother “Anto Aidan” who have stood by 

me in all my endeavours. My heartfelt gratitude to you for your steadfast support, prayers, 

love, and encouragement at every turn.  

My extended family and friends for supporting me during this period of research. I would not 

have achieved the goals without their sincere cooperation and love. 

 

 

 

 

 

 



 

12 

 

Acknowledgement  

I am profoundly grateful and truly humbled to express my heartfelt appreciation to my thesis 

supervisor, Dr. Latha Marasamy. Her insightful guidance and unwavering support have 

illuminated my research journey, serving as a guiding light through every challenge. She 

offered me an incredible opportunity that I had only dreamed of, despite my inexperience and 

shortcomings. From the very beginning of my PhD, she has been a steady pillar of strength and 

inspiration. As a newcomer to research, Dr. Marasamy’s mentorship has meant the world to 

me, and I am forever thankful for her kindness and unwavering belief in my potential. More 

than just a professor, she has welcomed me into her family, standing by me through every high 

and low with genuine love and compassion. Even though I am miles away from home in a 

foreign land, I never once felt alone or abandoned, thanks to her ongoing support. Dr. 

Marasamy was always available, regardless of her personal commitments, demonstrating 

extraordinary dedication. Even during her own challenging times abroad, facing health issues, 

her care for me never wavered, and she continually guided my project. I will never forget how 

Dr. Marasamy sat with me day and night during my article revisions, patiently guiding me 

through the intricacies of research and writing. When I faced difficulties in covering my 

expenses and booking flight tickets without a scholarship, Dr. Marasamy provided financial 

support and graciously accommodated me at her home. Only a few professors can compare to 

her dedication and kindness; she is truly a gem, consistently lighting the way for her students. 

Her approachability and willingness to discuss doubts, whether simple or complex, were 

unwavering, regardless of the hour. When I struggled with my first article, unsure of how to 

analyze the results or craft my writing, she was there, hour after hour, teaching, encouraging, 

and inspiring me. Dr. Marasamy's encouragement and suggestions, even during moments of 

rejection, pushed me to persevere. Thanks to her unwavering belief in me, I am proud to have 

published five first-author articles. All credit goes to her mentorship and steadfast support. 

Completing this research and transforming it into a final thesis would have been impossible 

without her expert guidance and compassionate encouragement. Her unshakeable faith in me 

gave me the strength and confidence to persevere and succeed. Beyond academics, Dr. 

Marasamy nurtured my personal growth, building my confidence and resilience as I move 

forward in life. Her dedication and genuine concern for her students’ well-being will forever 

remain etched in my heart.  

 



 

13 

 

I am extremely thankful to my committee members, Dr. Francisco Javier de Moure Flores, 

Dr. José Santos Cruz, Dr. Aruna Devi Rasu Chettiar, Dr. Jaime Santoyo Salazar and my 

mentor Dr. Claudia Elena Pérez García for their substantial assistance, support throughout 

my doctoral studies, and for providing the best environment to perform the research.   

I extend my heartfelt gratitude to C. Nathaly González Miranda, Lic. Arlette Torres López, 

Erika Vargas Mosqueira and the Faculty of Chemistry, UAQ for their continual support and 

guidance during this journey. I'm grateful for your constant kindness and helpfulness. 

I delightfully acknowledge the financial support received from National Council of 

Humanities, Science and Technology (CONAHCyT) to effectively carry out my research 

work. I’m also thankful to Prof. Marc Burgelman and his team from ELSI, University of 

Gent, Belgium, for providing SCAPS-1D simulation software. 

Finally, I express my love and gratitude to my colleagues and friends for always being the 

pillars of support during my tough times. Your love, care, guidance, and kindness have been 

incredible throughout my doctoral work. 

 

 

 

 

 

 

 

 

 

 

 

 



 

14 

 

Publications 

i) Kaviya Tracy Arockiadoss, Karthick Sekar, and Latha Marasamy. "Theoretical 

Insights of Degenerate ZrS2 as a New Buffer for Highly Efficient Emerging Thin‐Film 

Solar Cells." Energy Technology 11, no. 9 (2023): 2300333. 

https://doi.org/10.1002/ente.202300333    

ii) Kaviya Tracy Arockiadoss, M. Khalid Hossain, and Latha Marasamy. "Highly 

efficient emerging Ag2BaTiSe4 solar cells using a new class of alkaline earth metal-

based chalcogenide buffers alternative to CdS." Scientific Reports 14, no. 1 (2024): 

1473. https://doi.org/10.1038/s41598-024-51711-6   

iii) Kaviya Tracy Arockiadoss, Aruna‐Devi Rasu Chettiar, Evangeline Linda, and Latha 

Marasamy. "A CdS‐Free Alternative TiS2 Buffer: Toward High‐Performing Cu2MSnS4 

(M= Co, Mn, Fe, Mg) Solar Cells." Advanced Theory and Simulations 8, no. 3 (2025): 

2400769. https://doi.org/10.1002/adts.202400769  

iv) Kaviya Tracy Arockiadoss, Aruna-Devi Rasu Chettiar, Evangeline Linda, and Latha 

Marasamy. "Boost efficiency with buffer and bottom stack optimization in 

Cu2BaSn(S,Se)4 solar cells by simulation." Journal of Alloys and Compounds 1010 

(2025): 177707. https://doi.org/10.1016/j.jallcom.2024.177707  

v) Kaviya Tracy Arockiadoss, Aruna-Devi Rasu Chettiar, Md Ferdous Rahman, M. 

Khalid Hossain, and Latha Marasamy. "Architecture guidelines for Cu2SrSnS4 solar 

cells using chalcogenide and oxide hole transport layers by SCAPS-1D 

simulation." Journal of Physics and Chemistry of Solids 203 (2025): 112732. 

https://doi.org/10.1016/j.jpcs.2025.112732  

vi) Dhineshkumar Srinivasan, Aruna-Devi Rasu Chettiar, Kaviya Tracy Arockiadoss, and 

Latha Marasamy. "A new class of SrHfSe3 chalcogenide perovskite solar cells with 

diverse HTMs: Theoretical modelling towards efficiency enhancement." Solar Energy 

Materials and Solar Cells 290 (2025): 113727. 

https://doi.org/10.1016/j.solmat.2025.113727 

 

 

 

 



 

15 

 

1. Introduction/Definition of problem  

1.1.  Energy crisis and climate change 

Global energy demand is rising rapidly due to population growth and advancements in 

technology and industry. Remarkably, the world population increases by around 2 billion every 

generation, and industrial expansion is occurring at an unprecedented scale [1]. This surge has 

led to a significant depletion of available energy resources, making the energy crisis one of the 

most pressing challenges of the 21st century. Currently, global energy production relies heavily 

on the combustion of fossil fuels, including coal, oil, and natural gas. However, these resources 

are finite and non-renewable, meaning they cannot sustainably meet long-term energy 

demands. Additionally, burning fossil fuels releases toxic gases that harm the environment, 

with greenhouse gas emissions being a primary driver of climate change [2]. The rate at which 

these gases are released far exceeds the Earth's natural capacity to absorb them, resulting in 

elevated concentrations in the atmosphere. The consequences of these emissions are 

substantial. While the Earth releases excess heat primarily through infrared (IR) radiation, 

greenhouse gases strongly absorb these IR emissions, disrupting the planet’s thermal balance 

and destabilizing the climate [3]. Given these challenges, it is crucial to develop 

environmentally friendly and renewable energy sources to meet future energy needs while 

ensuring the well-being of humanity. 

1.2. Solar energy 

The world is increasingly turning to renewable energy sources due to their environmental 

friendliness, renewability, and near-inexhaustibility. Renewable energy can be captured 

through various methods, using sources such as solar, wind, biomass, hydroelectric, 

geothermal, and tidal energy [2]. Among these, solar energy stands out as a promising option 

because of its abundance. The sun releases energy at an astonishing rate of approximately 

3.8×1023 kilowatts, with roughly 1.8×1014 kilowatts reaching the Earth [1]. Solar energy 

reaches the Earth’s surface as heat and light; however, some of it is lost during its journey 

through scattering, absorption, and reflection caused by clouds. Despite these losses, solar 

energy remains abundant, free, and capable of meeting global energy needs. 

In addition to its abundance, the inexhaustible nature of solar energy makes it a more 

sustainable option compared to other sources. Its collection and use have minimal 

environmental impact, helping to maintain the natural balance for all living beings. These 

benefits have encouraged researchers and policymakers to focus on improving solar technology 

to meet future energy needs. As of 2023, the total global photovoltaic capacity reached 1.6 

terawatts, marking a significant step toward a complete transition to renewable energy. China 
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and the United States lead in solar energy production, with installed capacities of 760 gigawatts 

and 265 gigawatts, respectively [2]. Many countries in Latin America, Africa, and Asia are 

also making notable contributions, demonstrating how solar energy can reduce energy poverty 

and support economic stability. For example, Mexico, due to its favorable location with high 

solar radiation, achieved an installed photovoltaic capacity of 11.99 gigawatts by the end of 

2024. Although this amount is less than that of the leading countries, Mexico is actively 

promoting solar energy growth through supportive government policies, increased private 

investment, and technological advancements, reflecting a strong commitment to the adoption 

of renewable energy [2].  

1.3. Problem Statement 

Photovoltaic devices, commonly known as solar cells, convert solar energy directly into 

electricity without any intermediate conversion. Si solar cells occupy nearly 95% of the 

photovoltaic market due to their earth abundance, high PCE, stability, and longer lifetime. 

However, their high manufacturing costs present a significant drawback [4]. Thin film solar 

cells such as CdTe and CIGSe have gained attention because of their low production costs and 

excellent PCE. Nevertheless, the toxicity of some components and the limited availability of 

constituent elements hamper their widespread industrial use [5,6]. In this regard, 

Cu2ZnSn(S,Se)4 (CZTS), a compound from the I2-II-IV-VI4 group, has arisen as a potential 

alternative for thin film solar cells. This is mainly due to its earth-abundant elements, large 

absorption coefficient, and suitable bandgap of 1- 1.5 eV [7]. However, CZTS solar cells 

experience considerable VOC loss due to antisite defects, which originate from the interchange 

of Cu and Zn ions in the lattice owing to their similar ionic sizes [8]. The electrostatic potential 

of the CuZn and ZnCu defects exhibits substantial fluctuations, negatively affecting the 

performance of CZTS solar cells [9]. Furthermore, a high density of SnCu and SnZn antisite 

defects has been identified, increasing charge carrier recombination and impairing overall 

performance [10]. Thus, scientists have developed various approaches, such as modifying 

synthesis methods, doping or alloying elements, and implementing heat treatments, to reduce 

defect formation and minimize VOC loss [11–15]. Despite these efforts, the maximum PCE 

accomplished is only around 14%, which is inadequate for commercialization, and the defect 

issues remain unresolved [16]. Recently, interest in CZTS solar cells has decreased due to the 

complexity of their defects, which are difficult to eliminate. As a solution, scientists have 

proposed exploring new materials by substituting metal cations with elements that have a large 

atomic size mismatch. Potential alternatives include Cu2CoSnS4, Cu2MnSnS4, Cu2FeSnS4, 
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Cu2MgSnS4, Cu2SrSnS4, Cu2BaSn(S,Se)4, and Ag2BaTiSe4. These substitutions may help 

reduce antisite defects and improve VOC [17–20]. Additionally, these absorbers consist of non-

toxic, earth-abundant elements, possess a high absorption coefficient (>104 cm-1), and exhibit 

remarkable optoelectronic properties [17–19]. Despite these advantages, Ag2BaTiSe4 has yet 

to be studied as an absorber, and the efficiencies of the other materials remain below 6%. The 

limited exploration of their properties contributes to their low PCE, presenting an opportunity 

for further investigation into their characteristics.  

Another critical problem is the large VOC deficit, which arises from the improper band 

alignment between the absorber and buffer. Similar to conventional solar cells, CdS has been 

utilized as a prominent buffer in all these emerging solar cells due to its wider bandgap and 

exceptional buffer properties. However, a large band bending occurs at the absorber/CdS 

interface because of CdS’s high work function compared to the absorber, which enhances the 

interface recombination, ultimately limiting their PCE [21–24]. Additionally, the toxicity of 

Cd in CdS raises serious environmental concerns, highlighting the need to find alternative, non-

toxic buffer materials. One more serious issue affecting the efficiency of Cu2SrSnS4 solar cells 

is back contact recombination [25].  

In summary, the main challenges hindering the PCE of emerging I2-II-IV-VI4 (I = Cu/Ag; II = 

Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells include unsuitable buffers, back 

contact recombination, and a lack of research on these materials. To address these issues, this 

thesis proposes various non-toxic buffer layers and conducts a thorough investigation into the 

device structure and properties of these solar cells through theoretical simulations. This 

research aims to provide guidelines for experimental scientists in developing highly efficient 

solar cells. 

1.4. Justification 

The emerging I2-II-IV-VI4 semiconductors, including Cu2CoSnS4, Cu2MnSnS4, Cu2FeSnS4, 

Cu2MgSnS4, Cu2SrSnS4, Cu2BaSn(S,Se)4, and Ag2BaTiSe4, exhibit extraordinary photovoltaic 

properties, positioning them as potential alternatives to traditional materials. These 

semiconductors are made from non-toxic, earth-abundant elements, have a high absorption 

coefficient (>104 cm-1), maintain stable charge states, and feature tunable band gaps. Advanced 

computational studies have identified VCu as the primary point defect in these absorbers, acting 

as a shallow acceptor. In contrast, other donor, acceptor defects, as well as antisite defects, 

have high formation energies due to large ionic size mismatches and different coordination 
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among the constituent elements [26,27]. Thus, the antisite disorder and the related band tail 

states present in CZTSSe are largely suppressed in these emerging I2-II-IV-VI4 

semiconductors, making them a potential absorber in thin-film solar cells. Given that these 

materials require further investigation to achieve high PCE, this thesis provides an extensive 

study of their material properties, including electron affinity, thickness, carrier concentration, 

defect density, charge carrier diffusion length, and lifetime.  

As previously discussed, improper band alignment between the absorber and buffer 

significantly affects the VOC of I2-II-IV-VI4 solar cells. CdS is a typical buffer used in many 

solar cells; however, it contains the toxic element Cd, which poses challenges for industrial 

use. Additionally, the work function of CdS is relatively high, leading to substantial band 

bending at the absorber/CdS junction and resulting in interface recombination [25]. This 

situation has created a pressing need for alternative buffers. Consequently, n-type transition 

metal dichalcogenides (TMDCs) such as TiS2 and ZrS2 are gaining considerable interest in 

photovoltaics due to their exceptional optoelectronic properties, superior mobility, and high 

conductivity [28–30]. These materials exhibit weak Van der Waals forces, which facilitate 

proper band alignment with the absorber [31]. Recently, TiS2 and ZrS2 have been utilized as 

an electron transport layer (ETL) in perovskite solar cells, where they demonstrated optimal 

band alignment with the absorber and improved the device stability [28,30]. Despite their 

promising buffer characteristics, there are currently no literature reports examining the 

applicability of TiS2 and ZrS2 as potential buffers in I2-II-IV-VI4 solar cells, as alternatives to 

CdS. This gap presents a substantial opportunity to investigate their properties and 

compatibility with emerging I2-II-IV-VI4 solar cells. For the first time, we have 

comprehensively explored the use of TiS2 as a novel alternative buffer for the diverse emerging 

Cu2MSnS4 (M=Co, Mn, Fe, Mg) solar cells and ZrS2 as a buffer for Cu2BaSn(S,Se)4 solar cells 

using SCAPS-1D to validate their suitability. Furthermore, in recent decades, several alkaline 

earth metal-based chalcogenide semiconductors, including MgS, CaS, SrS, and BaS, have 

gained growing interest for optoelectronic applications such as LEDs, laser diodes, and gas 

sensors, due to their exceptional properties [32]. These materials are wide bandgap 

semiconductors that consist of earth-abundant, non-toxic, and biocompatible elements. They 

also exhibit low reflectance, low absorbance, and high transmittance in the visible range [33–

37]. Additionally, they can be easily synthesized easily using techniques such as spray 

pyrolysis, electrodeposition, successive ionic layer adsorption and reaction, and chemical bath 

deposition [33–37]. Moreover, they have also been proposed to be potential buffers for thin-

film solar cells due to their competing optoelectronic properties with CdS [33–37]. Despite 
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their promising buffer properties, neither experimental nor theoretical reports are available in 

the literature regarding their suitability as buffers for thin-film solar cells. This opens new 

avenues for the photovoltaic community to explore the properties of MgS, CaS, SrS, and BaS 

as alternative buffers in solar cells. Therefore, in our work, for the first time, we have 

theoretically explored the properties and functioning of novel Ag2BaTiSe4 based solar cells 

using new alkaline earth metal chalcogenide buffers such as MgS, CaS, SrS, and BaS via 

SCAPS-1D. We have also designed Ag2BaTiSe4 based solar cells with a conventional CdS 

buffer to verify the compatibility of these new alkaline earth metal-based chalcogenides as 

alternative buffers for thin-film solar cells.  

In the case of Cu2SrSnS4 solar cells, one of the main challenges is identifying a suitable buffer 

or ETL with a low electron affinity. This is important because the conduction band of 

Cu2SrSnS4 has a higher energy, resulting in a low affinity of 3.66 eV. Zn1-xMgxO is a 

prominently used n-type semiconductor in thin film solar cells due to its tunable bandgap, 

which ranges from 3.2 to 3.9 eV depending on the Mg content. It has been effectively used as 

an ETL or window layer in conventional solar cells, including CdTe, CIGS, and CZTS [38–

41]. Recently, Takahashi et al. investigated how the electron affinity of Zn1-xMgxO varies with 

x values ranging from 0.007 to 0.028. They discovered that the lowest electron affinity of 3.5 

eV was achieved for x = 0.007 [42]. Thus, Zn0.993Mg0.007O (ZnMgO) is a potential candidate 

for an ETL in Cu2SrSnS4 due to its low affinity value, which contributes to a high built-in 

potential at the interface between the ETL and absorber. This is facilitated by a tolerable spike 

of about 0.1 eV. In addition, its wide bandgap of 3.3 eV helps minimize parasitic absorption, 

allowing a significant portion of the incident light to reach the absorber. Nonetheless, there are 

no reports in the literature addressing the use of ZnMgO as an ETL in Cu2SrSnS4 solar cells, 

indicating an opportunity to explore its potential and suitability. Moreover, HTL is crucial for 

enhancing the performance of solar cells. It creates a strong back surface field at the junction 

of the absorber and back contact, thereby efficiently collecting holes and reducing 

recombination at the back contact. The significance of HTLs in enhancing solar cell 

performance has been widely reported in the literature [43–47]. To date, Cu2SrSnS4 solar cells 

have been fabricated without HTL, which might be one possible reason for their low PCE. 

Therefore, selecting an appropriate HTL is essential for achieving a high PCE. Inorganic 

semiconductors are commonly utilized as HTLs in thin film solar cells due to their high 

stability, low cost, ease of preparation, and remarkable optoelectronic properties [48–50]. 

Hence, in this work, we propose ZnMgO as a novel alternative ETL for Cu2SrSnS4 solar cells 
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for the first time. Additionally, we have designed several Cu2SrSnS4 device configurations that 

incorporate chalcogenide and oxide HTLs, such as Sb2S3, MoS2, Cu3BiS3, NiO, Cu2O, and 

CuAlO2, to analyze the significance of HTL and identify a suitable option for achieving high 

PCE. 

In recent times, theoretical simulations for solar cell design have enabled researchers to 

enhance experimental results by understanding the influence of material parameters in each 

layer and the overall functioning of the solar cell. These simulations can be performed within 

a short period, without consuming any materials [51]. As a result, theoretical modelling of solar 

cells using novel materials prior to fabrication can save significant time, money and effort. 

SCAPS-1D is a unique, user-friendly software tool designed for modelling solar cells and 

comprehensively analyzing their performance. It provides extensive information on factors, 

such as the properties of each layer, band alignment, interfacial defects, shunt resistance, and 

series resistance, all of which impact solar cell performance. Additionally, it offers insights 

into the stability of solar cells [52]. Moreover, the results obtained from SCAPS-1D simulations 

for various types of solar cells, including CIGS, CZTS, perovskites, etc., align closely with the 

experimental outcomes, demonstrating the software’s reliability [52–54]. Consequently, we 

utilized SCAPS-1D simulation software to address the challenges associated with I2-II-IV-VI4 

(where I = Cu/Ag; II = Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells and to 

effectively investigate their performance in a timely manner while avoiding material cost.  

Overall, this thesis presents a comprehensive examination of the performance of emerging I2-

II-IV-VI4 solar cells, focusing on key parameters of buffers, absorbers, and interface properties, 

using the SCAPS-1D. It extensively investigates the suitability of various buffers, including 

TMDCs for Cu2MSnS4 (M=Co,Mn,Fe,Mg), Cu2BaSn(S,Se)4 solar cells and alkaline-earth 

metal-based chalcogenides for Ag2BaTiSe4 solar cells. Additionally, the role of HTL in 

improving the performance of Cu2SrSnS4 solar cells is comprehensively analyzed with ZnMgO 

as ETL. The findings of this research are expected to generate significant interest within the 

photovoltaic community, especially regarding the fabrication of emerging I2-II-IV-VI4 (I = 

Cu/Ag; II = Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells optimized for maximum 

efficiency. Moreover, the insights provided address the current challenges faced by these solar 

cells, contributing to improvements in their PCE. 
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2. Antecedents/Background 

2.1. Physics behind solar cells 

The term "photovoltaic" comes from two Greek words: "photo," meaning “light” and "voltaic," 

meaning "electricity". The process through which sunlight, a form of electromagnetic radiation, 

is converted into electrical energy is known as the photovoltaic effect [55]. Devices that 

perform this conversion are called solar cells or photovoltaic cells. These cells harness sunlight 

as an input and directly transform it into electricity. Inside a solar cell, a semiconductor material 

allows electrons to move freely when exposed to sunlight. When wires are connected to the 

positive and negative terminals of the cell, the movement of electrons generates an electric 

current that can power an external load [55]. 

2.2. Working mechanism of solar cells   

Solar cells operate based on the photovoltaic effect, which occurs due to the formation of a 

depletion region created by the potential difference between two types of semiconductors. This 

effect is conceptually similar to the photoelectric effect, where electrons are emitted from a 

material when it absorbs light of a frequency higher than a certain threshold. Light is made up 

of quantized particles called photons [56]. The energy of a photon is expressed by the following 

equation:  

E = hv                                (1) 

Here, h is Planck’s constant and 𝜈 is the frequency of light. Generally, the photovoltaic effect 

consists of three steps [57].  

• Generation of charge carriers due to photon absorption. 

• Separation of photogenerated charge carriers across the depletion region. 

• Extraction of photogenerated charge carriers to produce an electric current. 

2.2.1. Generation of photogenerated charge carriers  

When a photovoltaic semiconductor absorbs a photon, its electrons become excited and 

transition from a lower energy state to a higher energy state, as illustrated in                            

Figure 1. It is clear from the figure that the energy of the incident photon (Eph = h𝜈), causes 

an electron to move from the valence band energy level (Ei) to the conduction band energy 

level (Ef).  Therefore, the energy of the photon can be defined as the difference between these 

two energy states, i.e., 

hv = Ef − Ei                                   (2) 
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The energy difference between the valence and conduction bands is known as the band gap. 

It’s important to note that photons with energy less than the band gap cannot be absorbed and 

as a result, cannot excite the electrons [57]. 

 

                           Figure 1. Generation of charge carriers by light absorption [58]. 

2.2.2. Separation of photogenerated charge carriers  

Recombination occurs between pairs of electrons and holes. When an electron returns to its 

original energy level, it releases energy through one of two processes: radiative recombination, 

in which a photon is emitted or non-radiative recombination, where energy is transferred to 

other electrons and holes [58]. The presence of semi-permeable membranes on both sides of 

the absorber allows for the extraction of energy stored in these electron-hole pairs for an 

external circuit. Electrons exit through one membrane while holes leave through the other. This 

demonstrates that semi-permeable membranes facilitate the separation of electrons and holes. 

These membranes are constructed using p-type and n-type materials. The design of the solar 

cell ensures that electrons and holes reach the membrane before they can recombine. 

2.2.3. Extraction of photogenerated charge carriers  

The photogenerated charge carriers by light absorption are collected through external electrical 

contacts, allowing the energy to be utilized in an external circuit, as illustrated in                                      

Figure 2. At this stage, the absorbed light energy is effectively converted into electrical energy. 

After moving through the external circuit, electrons return to the back contact and recombine 

with holes in the absorber layer, completing the circuit. 
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                                     Figure 2. General mechanism of a solar cells [58]. 

The operation of a solar cell relies on the photovoltaic effect. When sunlight photons strike the 

p-n junction, the interface between a p-type absorber and an n-type ETL, they generate multiple 

electron-hole pairs. This process initiates the conversion of light into electricity. As the incident 

light disrupts the thermal equilibrium of the junction, free electrons in the depletion region 

quickly migrate to the n-type side, while holes move to the p-type side. Once these electrons 

reach the n-type region, they cannot return due to the barrier potential of the junction. Similarly, 

holes are prevented from moving back to the p-type side. This separation of photogenerated 

electrons and holes across the junction establishes a photovoltage, which drives the flow of 

electricity [55,57]. 

2.3. Structures of solar cells 

In general, there are two types of solar cell structures: substrate and superstrate, as illustrated 

in Figure 3. In the substrate configuration, the solar cell is built on a base material such as glass 

or metal foil. The various layers of the solar cell are sequentially deposited onto this substrate 

to form the complete device. The design typically begins with a transparent conducting oxide 

(TCO) as the top contact, through which light enters the device. This is followed by a 

buffer/ETL, the absorber layer, a back surface field (BSF)/ HTL, and finally, the rear contact. 
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For I2-II-IV-VI4 solar cells, metals like Ag or Al often serve as the top contact, with Al-doped 

ZnO acting as the TCO. Conventional buffers commonly used include CdS; however, due to 

its toxicity, alternative inorganic buffers such as ZnMgO, ZnS, ZnO, Zn(S,O), and In2S3 are 

increasingly utilized. A thin resistive layer, such as i-ZnO, is often inserted between the buffer 

and TCO to prevent direct contact and avoid the shunting effect [59]. The absorber layers, 

typically deposited on Mo-coated SLG, are discussed in detail in Section 2.5. During 

sulfurization or selenization, a thick Mo(S,Se)2 layer can form at the back contact, increasing 

series resistance [60]. To address this, alternative back contacts such as Ni, W, or Au are 

proposed. Additionally, inserting a thin layer of TiN, Al2O3, ZnTe, or GaN at the absorber/Mo 

interface helps mitigate the formation of this detrimental layer[61–63]. Incorporating a 

HTL/BSF layer further enhances the electric field and facilitates hole transport, improving 

overall device performance [64,65]. 

 

Figure 3. Schematic representation of (a) Superstrate configuration (b) Substrate configuration 

in solar cells [64]. 

In a superstrate configuration, light first passes through the transparent substrate before being 

absorbed by the solar cell. This substrate is typically made of glass, often coated with FTO or 

ITO, although flexible substrates are also possible. This setup is essentially the inverse of the 

substrate configuration. In this arrangement, light enters through the FTO or ITO layer, which 

is applied as the glass substrate and is preceded by a blocking layer to prevent internal shunting 

caused by direct contact between the absorber and the ITO, thereby reducing significant 

leakage currents. TiO2 and ZnO are the most commonly used window layers for this 

configuration. ETL is then deposited to improve the electrical interface and reduce electron 

backflow. Materials such as CdS, ZnS, and In2S3 are commonly employed. Next, the absorber 
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layer is deposited, where the majority of charge carriers are generated. Finally, a top electrode, 

which is typically made of carbon paste/graphite, Mo, Ag, or Au, is applied using techniques 

such as doctor blading or thermal evaporation [66,67]. The superstrate configuration offers 

several advantages over the substrate design. The TCO layer at the bottom provides a smooth 

and uniform surface for subsequent layers, improving overall efficiency. Its construction on a 

transparent substrate allows light to reach the absorber layer, potentially enhancing 

performance. Additionally, this configuration simplifies encapsulation, thereby improving the 

device’s durability and stability. On the other hand, the substrate configuration has its own 

benefits. It is generally less sensitive to moisture and oxygen, which can degrade performance 

over time. Moreover, it is well-suited for flexible and lightweight applications, as it can be 

fabricated on pliable substrates such as metal foils [67]. 

2.4. Basic parameters of solar cells 

2.4.1. Open circuit voltage  

The VOC of a solar cell represents the maximum voltage the cell can generate when the load 

resistance RL is effectively infinite. In this open-circuit condition, no current flows through the 

circuit, resulting in zero current while the voltage reaches its maximum value [56]. The VOC 

can be derived from the solar cell equation by setting the net current to zero, as shown in 

Equation 3. 

VOC =  
nkT

q
ln (

IL

I0
+ 1)                            (3) 

The equation shows that the VOC is influenced by both the saturation current (Io) and the light-

generated current (IL). The saturation current, Io, is affected by recombination processes within 

the solar cell, making VOC a valuable indicator of the level of recombination occurring. A 

graphical representation of VOC is provided in Figure 4. 
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Figure 4. I-V curve [58] 

2.4.2. Short circuit current 

The short-circuit current (ISC) is the maximum current that flows through a solar cell when the 

load resistance (RL ) is zero, which occurs under short-circuit conditions. At this point, the 

voltage across the solar cell is also zero. The ISC results from the generation and collection of 

charge carriers produced by the absorption of light. ISC is primarily influenced by several 

factors, including the number of incident photons, their spectral distribution, the active area of 

the solar cell, its optical properties, and the efficiency of carrier collection [55,58]. A graphical 

representation of ISC is provided in Figure 4.   

2.4.3. Fill factor  

The fill factor (FF) is a key parameter for assessing the quality of a solar cell. It is defined as 

the ratio of the maximum power output (Pmax) to the theoretical power (Pt) [68]. The theoretical 

power is calculated using the VOC and the ISC, as detailed in Equations 4 and 5. Graphically, 

the FF can be represented as the ratio of the rectangular areas shown in Figure 4. 

FF =
Pmax

Pt
                      (4) 

FF =
VmaxImax

VOCISC
                (5) 



 

27 

 

2.4.4. Power conversion efficiency  

Power conversion efficiency, often abbreviated as PCE, is the primary metric used to evaluate 

and compare the performance of different solar cells. It is defined as the ratio of the electrical 

output power generated by a solar cell to the input power (Pin) received from sunlight [55].  

PCE =
Pmax 

Pin
                                       (6) 

Pmax = VOCISCFF                               (7) 

From equations 6 and 7 

PCE =
VOCISCFF

Pin
                                 (8) 

2.5. Evolution and challenges of emerging I2-II-IV-VI4 (I = Cu/Ag; II = 

Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells  

Conventional thin film light absorbers such as CdTe and CIGS have demonstrated PCE of 

22.1% and 23.35%, respectively. [5,6]. However, the scalability of these materials is limited 

by the high cost and scarcity of key elements like In, Ga, and Te, as well as concerns over the 

reliability of CdTe due to its reliance on toxic heavy metal (Cd). In contrast, a significant 

advancement in the development of earth-abundant photovoltaics is the emergence of CZTS, 

which promises low cost, non-toxicity, and broad scalability. The first reported CZTS solar 

cell had a PCE of just 0.66%, which spurred considerable scientific interest and research into 

CZTS-based solar cells. Through extensive optimization, CZTS solar cells have since reached 

a PCE of up to 14%, although this is still lower than that of conventional solar cells [16]. The 

primary limiting factor for the performance of these devices is the VOC, which is adversely 

affected by band tailing due to antisite disorder and the resulting potential fluctuations. The 

major contributors to these antisite disorders are the defects where Cu occupies Zn sites (CuZn) 

and Zn occupies Cu sites (ZnCu) [9]. 

The cause of antisite disorder in CZTS is attributed to the similarity in ionic size and preferred 

coordination of Cu, Zn, and Sn ions. One possible way to reduce these antisite structural 

disorder effects is by replacing the Cu/Zn combination with elements that have a large ionic 

size mismatch while maintaining the same valence. In this regard, monovalent Ag has been 

introduced into CZTSSe, as the ionic radius of Ag is 16% larger than Cu. The findings indicate 

that as the percentage of Ag substitution increases beyond 80%, the hole density decreases, 

resulting in the semiconductor demonstrating n-type conductivity [69]. On the other hand, 
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Cu2CoSnS4 (CCoTS), Cu2MnSnS4 (CMnTS), Cu2FeSnS4 (CFeTS), and Cu2MgSnS4 (CMgTS) 

are emerging as potential alternatives wherein the Zn in CZTS is replaced with Co, Mn, Fe, 

and Mg [17–19]. This substitution suppresses the formation of detrimental antisite defects. 

Additionally, these absorbers contain non-toxic, earth-abundant elements, possess a high 

absorption coefficient (>104 cm-1), and exhibit remarkable optoelectronic properties [17–19]. 

They can be prepared using various feasible techniques, including electrodeposition, 

solvothermal, heating up, hot injection, chemical bath deposition, etc [70–74]. Despite their 

promise, these materials are still in the early stage of development, with experimental PCEs of 

4.83%, 0.92%, 2.95%, and 0.78% in CCoTS, CMnTS, CFeTS, and CMgTS solar cells, 

respectively [21–24]. A primary reason for their low PCEs may be the improper band alignment 

between the absorber and buffer. Similar to conventional solar cells, CdS has been utilized as 

a prominent buffer in all these emerging solar cells due to its wider bandgap and exceptional 

buffer properties. However, significant band bending occurs at the absorber/CdS interface 

because of the high work function of CdS compared to that of the absorber, which enhances 

interface recombination and limits PCE [21–24]. Additionally, CdS contains toxic Cd, which 

poses significant environmental concerns. Therefore, identifying alternative buffers to replace 

CdS is essential. In CFeTS solar cells, Bi2S3 has been utilized as an alternative buffer; however, 

a large cliff still exists at the absorber/buffer interface [21]. Another significant limitation is 

the insufficient exploration of the characteristics of these materials as absorbers. Thus, there is 

an imperative need to search for new potential buffers and to extensively investigate the 

properties of diverse emerging absorbers to improve their PCE.  

Furthermore, Zn can be replaced by larger alkaline earth elements such as Ba and Sr. These 

compounds offer promising bandgap values in the range of 1.5 and 2 eV and suppress the 

antisite disorder observed in CZTSSe. Compounds like Cu2BaSn(S,Se)4 and Cu2SrSnS4 have 

been shown to adopt a trigonal crystal structure, unlike CZTSSe. Advanced computational 

studies indicate that the VCu is the predominant point defect in these absorbers, acting as a 

shallow acceptor. In contrast, other donor, acceptor defects, and antisite defects such as CuSr, 

CuBa and CuSn exhibit high formation energy due to the significant ionic size mismatch and the 

differing coordination of the constituent elements [26,27]. As a result, the antisite disorder and 

the associated band tail states observed in CZTS are significantly reduced, making these 

compounds potential candidates for use as absorbers in thin-film solar cells. The first solar cell 

based on trigonal Cu2BaSnS4 with PCE of 1.26% was reported by Shin, D, and his co-workers 

[27]. The low PCE is attributed to the large band gap of 2.2 eV for pure Cu2BaSnS4. To reduce 
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the bandgap, S/Se mixed Cu2BaSn(S4-xSex) films were prepared. In 2017, a high PCE of 5% 

was achieved with the device structure ITO/i-ZnO/CdS/Cu2BaSnS4-xSex/Mo/glass, where the 

incorporation of Se reduced the bandgap from 2 to 1.55 eV, thereby enhancing the spectral 

response of the solar cell [60]. Despite the high defect resistance, low point defects, and antisite 

defects in Cu2BaSn(S,Se)4, their lower PCE is associated with the low VOC, where the possible 

reason has been identified to be extensive interface recombination due to the improper band 

alignment among the layers of the solar cell [60]. To address this issue, Teymur et al altered 

the device structure to Al:ZnO(AZO)/Mg:ZnO(ZMO)/Zn1-xCdxS(ZCS)/Cu2BaSnS4-

xSex/Mo/glass, resulting in an improved PCE of 6.17% which is the current highest 

experimental PCE for Cu2BaSn(S,Se)4 solar cell. However, Cd is toxic, and a large cliff was 

still observed at the ZCS/Cu2BaSn(S,Se)4 interface, which resulted in a low VOC of 0.63V [75].  

On the other hand, the analogous Cu2SrSnS4, which possesses similar properties, has received 

little attention. Surprisingly, only two solar cells based on Cu2SrSnS4 have been fabricated, 

with the highest PCE at just 0.6% [25,76]. This clearly reveals that further exploration of this 

material is necessary to attain higher PCE. The main reason for its poor PCE has been identified 

as a low VOC, occurring due to the large band bending at the absorber/CdS junction, leading to 

increased interface recombination [25]. Opposing CZTS and CIGS, the conduction band of 

Cu2SrSnS4 is positioned at a higher energy level, leading to its low affinity of 3.66 eV [77]. As 

a result, common ETLs like CdS, ZnS, ZnO, etc, are not suitable choices because of their 

comparatively high electron affinity to Cu2SrSnS4. Corvetto et al. fabricated Cu2SrSnS4 solar 

cells using Zn(S,O) as ETL, attempting to reduce the electron affinity by optimizing the 

S/(S+O) ratio. Unfortunately, no photocurrent was obtained due to the other adverse effects 

caused by the S-rich Zn(S,O) [25]. Therefore, the primary challenge in developing Cu2SrSnS4 

solar cells is identifying an appropriate ETL with a low electron affinity and implementing 

strategies to enhance the properties of the absorber.  

Several theoretical reports have suggested that Ag2BaTiSe4 could be a promising alternative as 

a potential absorber [20]. This non-toxic and earth-abundant compound has a suitable bandgap 

of 1.18 eV and remarkable optoelectronic properties. It exhibits a strong optical response in 

both the visible and near infrared regions, while the likelihood of forming antisite defects with 

group I, II, and IV elements is comparatively low [20]. However, despite its ideal 

characteristics for use as an absorber, the potential of this material in photovoltaics has not yet 

been explored, either theoretically or experimentally. Therefore, further research is needed to 

investigate its material characteristics and solar cell performance. 
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There is a pressing need to thoroughly investigate the properties of emerging I2-II-IV-VI4 (I = 

Cu/Ag; II = Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) absorbers. In addition, there is a 

significant gap in research regarding new buffer alternatives to CdS in I2-II-IV-VI4 (I = Cu/Ag; 

II = Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells, as well as in discovering suitable 

device configurations. Therefore, in this thesis, we intend to address these gaps by 

comprehensively evaluating each layer’s properties and device configurations of I2-II-IV-VI4 

(I = Cu/Ag; II = Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells via theoretical studies 

using SCAPS-1D. We hope that our research work on emerging I2-II-IV-VI4 (I = Cu/Ag; II = 

Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells will raise awareness within the global 

research community about material parameters and optimal device configuration prior to 

fabrication, ultimately providing insights to enhance their PCE. 

2.6. SCAPS-1D Simulation 

The SCAPS-1D simulation tool is designed to analyze and simulate various properties of solar 

cells numerically. Although it was initially developed to study CdTe and CIGS-based solar 

cells, SCAPS-1D is currently being used for researching and validating the properties of all 

types of solar cells with different buffer layers, hole transport layers, window layers, metal 

contacts etc [52-54,78,79]. It is very popular among researchers in the PV community, as it 

shows a strong correlation between experimental results and SCAPS-1D simulation outcomes, 

outperforming other similar software, such as 2D-Silvaco, AMPS, and SLALOM. SCAPS-1D 

was developed at the Department of Electronics and Information Systems (ELIS) at the 

University of Ghent in Belgium by a research team led by Professor Mark Burgelmann. The 

primary function of SCAPS-1D is to solve two fundamental equations: the Poisson equation 

and the continuity equation, which relate to the transport of charge carriers in solar cells [80]. 

It is used to study the functioning of solar cell devices, including the light absorber, buffer, 

hole transport, and both front and back contacts. This analysis helps identify suitable device 

configurations to enhance solar cell performance. Additionally, SCAPS-1D can be used to 

examine interface properties, shunt resistance, series resistance, operating temperature, and the 

stability of these solar cells. 

 

3. Hypothesis 

The emerging I2-II-IV-VI4 (where I = Cu/Ag; II = Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) 

chalcogenide semiconductors consist of elements with a large ionic mismatch which suppresses 

antisite disorder and reduces recombination rate, making them potential light absorbers, while 
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designing them using suitable non-toxic buffers and HTLs would lessen the charge carrier 

barrier height, create a strong electric field and decrease VOC loss thereby improving their 

efficiency.   

4. Objective 

To design and comprehensively evaluate the performance of emerging solar cells based on 

earth-abundant absorbers, including Cu2BaSn(S,Se)4, Ag2BaTiSe4, and Cu2MSnS4 (M = Co, 

Mn, Fe, Mg) using non-toxic buffers, while employing inorganic oxide and chalcogenide HTLs 

in Cu2SrSnS4 to reduce VOC loss and enhance overall performance. 

4.1. Specific objective 

• To evaluate the potential of 2-dimensional TiS2 as a replacement for toxic CdS buffer 

in emerging Cu2MSnS4 (M = Co, Mn, Fe, Mg) solar cells and examine their 

performance based on absorber and buffer properties. 

• To compare the performance of the above-mentioned solar cells with TiS2 and CdS 

buffers using various characterization techniques, including energy band diagrams, 

capacitance-voltage (C-V), electron and electric field distribution, Nyquist plots, 

quantum efficiency (QE), and current density-voltage (J-V) measurements. 

• To study the performance of Cu2BaSn(S,Se)4 solar cells with a novel 2-dimensional 

ZrS2 buffer, evaluate how their material properties influence energy bands shift, 

depletion width, built-in potential, and analyze the impact of defect level positions at 

the interface.  

• To develop new Ag2BaTiSe4 solar cells using alkaline earth metal-based chalcogenide 

buffers, namely MgS, CaS, SrS, and BaS, as alternatives to CdS and examine the 

influence of essential layer parameters on charge carrier dynamics, accumulation 

capacitance, quasi-Fermi level splitting, and other intrinsic properties of solar cells. 

• To understand the importance of HTL in the Cu2SrSnS4 solar cells by designing devices 

without HTL, incorporating diverse oxide and chalcogenide HTLs, and analyzing the 

variations in VOC, JSC, FF, and PCE. 

• To unveil the dominance of champion Cu2SrSnS4 solar cell configuration through 

extensive analysis on their generation rate, recombination rate, charge transfer 

resistance, and energy band alignment. 
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4.2. Objective overview 

• In the first and second objectives, we proposed TiS2 as a potential buffer for various 

emerging Cu2MSnS4 (where M=Co, Mn, Fe, Mg) solar cells. We demonstrated the 

suitability of TiS2 by comparing its properties to those of CdS. Additionally, we 

optimized key factors, including thickness, carrier density, defect density, and interface 

parameters, to examine their material properties. We also highlighted the advantages of 

TiS2 over CdS through various comparative analyses, including energy band diagrams, 

C-V measurements, electron and electric field distributions, Nyquist plots, QE, and J-

V measurements. This work is published in Advanced Theory and Simulations, 

Wiley (https://doi.org/10.1002/adts.202400769). The methodologies used for the first 

and second objectives are detailed in Section 5.2, while the results are extensively 

discussed in Section 6.1. 

• In the third objective of our work, we designed Cu2BaSn(S,Se)4 solar cells using TMDC 

ZrS2 as a potential alternative buffer. We tuned the absorber, buffer, and interface 

parameters to achieve optimal performance. To understand the significance of this 

optimization, we compared the initial and final solar cells before and after optimization 

using C-V, M-S, QE, and Nyquist plots. Additionally, the work explores the impact of 

defect position and energy levels at the absorber/buffer interface on solar cell 

performance. The findings of this work are published in Energy Technology, Wiley 

(https://doi.org/10.1002/ente.202300333). The methodology and outcomes of this 

objective are displayed in sections 5.3 and 6.2, respectively. 

• In the fourth objective, we explored the properties and functions of solar cells made 

with a new absorber called Ag2BaTiSe4, along with various new alkaline earth metal 

chalcogenide buffers such as MgS, CaS, SrS, and BaS. We also designed solar cells 

with the conventional CdS buffer to compare the performance of different buffers. Our 

analysis focused on several factors affecting the solar cells, including thickness, carrier 

concentration, defect density of the buffers, and the Ag2BaTiSe4 absorber layer. 

Additionally, we investigated the role of Ag2BaTiSe4’s electron affinity and the 

influence of interfacial defects, parasitic resistance, and working temperature on the 

solar cells’ performance. The outcomes from this objective are published in Scientific 

Reports, Springer Nature (https://doi.org/10.1038/s41598-024-51711-6). The 

methodology and results of this objective are presented in sections 5.4 and 6.3 

respectively.   
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• In the fifth and sixth objectives, we theoretically designed Cu2SrSnS4 solar cells using 

various oxide and chalcogenide inorganic HTLs to identify suitable device 

configurations. Our extensive investigation focused on the solar cell performance 

concerning the ETL, absorber, and HTL properties. Notably, the oxide HTLs exhibited 

superior performance compared to their counterparts. The highest efficiency achieved 

was 18.48% with the Cu2O HTL. This advantage is further substantiated by a 

comparative study that includes energy band diagrams, electric field analyses, 

generation and recombination rates, Nyquist plots, and electron distributions. We 

published this work in the Journal of Physics and Chemistry of Solids, Elsevier 

(https://doi.org/10.1016/j.jpcs.2025.112732). Detailed simulation details and the 

corresponding results for the fifth and sixth objectives are presented in Sections 5.5 and 

6.4, respectively.  

5. Methodology 

5.1. SCAPS-1D modelling 

In this thesis, all the simulations were performed using SCAPS-1D (version 3.3.10) numerical 

software developed by Mark Burgelman at the University of Gent, Belgium [78,79]. Although 

the software was initially designed to simulate CdTe and CIGSSe solar cells, it is also capable 

of investigating the properties of other emerging solar cells [81–85]. SCAPS-1D is a reliable 

tool that allows for a comprehensive analysis of how various parameters of each layer influence 

the VOC, short circuit current density (JSC), FF and PCE of solar cells. Furthermore, it enables 

efficient examination of various characteristics, including J-V, generation and recombination 

rates, variations in energy band alignment, QE, C-V, capacitance-frequency (C-F), distribution 

of electric field, charge carrier density, etc., of the solar cells, all without the need for physical 

materials and with less time consumption [79,85]. All the aforementioned operations are 

performed using the software's in-built equations, which are as follows [80] 

Poisson equation relating the electric field and charge density is given as 

∂2 φ(x)

∂x2
=

∂E

∂x
=

ρ

εs
=

q

εs
 (n(x) − p(x) − ND

+(x) + NA
−(x) − pt(x) + nt(x))                   (9)                       

Here, E represents the electric field, 𝜀𝑠 implies the dielectric constant, 𝜌 is the charge density, 

p and n signify electrons and holes, while nt and pt are their defect densities, ND and NA are the 

donor and acceptor densities, q means the elementary charge, and 𝜑 implies the electrostatic 

potential.  
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Continuity equations of electrons and holes as a function of generation (G) and recombination 

(R) rates are given as 

∂n

∂t
=

1

q

∂Jn

∂x
+ (Gn − Rn)                                                                                                                    (10) 

∂p

∂t
= −

1

q

∂Jp

∂x
+ (Gp − Rp)                                                                                                                (11) 

The current density of charge carriers can be obtained from the following equation 

Jn = qDn
∂n

∂x
− qμnn

∂φ

∂x
                                                                                                          (12) 

Jp = qDp
∂p

∂x
− qμpp

∂φ

∂x
                                                                                                          (13) 

Where Jn and Jp are electron and hole current density, Dn and Dp are diffusion coefficients of 

electrons and holes, while 𝜇𝑛 and 𝜇𝑝 are electron and hole mobility.  

5.2. Design strategy of diverse emerging Cu2MSnS4 (M = Co, Mn, Fe, Mg) solar cells  

This section discusses the methodology for objectives 1 and 2. It examines the suitability of 

TiS2 as a novel buffer for various emerging solar cells, including CCoTS, CMnTS, CFeTS. 

The device structure analyzed is Al/ZnO:Al (AZO)/i-ZnO/TiS2/emerging absorbers/MoO3/Ni, 

as shown in Figure 5. In addition, the emerging solar cells are also designed with a CdS buffer 

to exhibit the potential of TiS2 as an alternative buffer in thin-film solar cells.  

To successfully simulate solar cells using SCAPS-1D, it is crucial to load the basic parameters 

for each layer. Research by Huckaba et al. and Yin et al. has experimentally determined the 

bandgap and electron affinity of TiS2 to be 1.8 eV and 4.02 eV, respectively [30,86]. 

Additionally, the literature reports the carrier mobility and dielectric constant for TiS2 as 7.5 

cm2/Vs and 16, respectively [87,88]. These experimental values are used for TiS2 in this 

simulation. Furthermore, TiS2 contains prominent defects, including Ti interstitials and Ti 

Frenkel pairs. Ti interstitials act as shallow donors, which improve electron concentration and 

enhance n-type conductivity. In contrast, the Ti Frenkel pairs serve as deep acceptor defects, 

thereby increasing the rate of recombination [89]. For this simulation, a single acceptor-type 

defect with a density of 1 × 1015 cm-3 is adopted for TiS2. Similarly, the essential parameters 

for other layers, such as AZO, i-ZnO, CdS, MoO3, and various emerging absorbers, are sourced 

from relevant literature, as presented in Table 1. In the table, the following notations are used: 

Eg for bandgap, χ for affinity, εr for dielectric permittivity, NC for effective density of states in 
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the conduction band, NV for effective density of states in the valence band, μn for electron 

mobility, μp for hole mobility, ND for donor concentration, NA for acceptor concentration, Nt 

for defect density, SA for a single acceptor, and SD for a single donor. An asterisk indicates 

variables that can change. All simulations are conducted under standard AM1.5G spectral 

illumination at steady-state conditions (∂n/∂t, ∂p/∂t = 0). Both series and shunt resistances are 

neglected for the simulations, with the working temperature set at 300K. However, the impact 

of these resistances on solar cell performance is explicitly analyzed. For the back contact, a 

metal work function of 5.35 eV is applied, indicating the use of Ni contact, which has a barrier 

height of 0.15 eV relative to the Fermi level (EF). In this setup, Ni is used instead of Mo to 

create an ohmic contact, and MoO3 is inserted as BSF to facilitate effective charge carrier 

transport. At the front contact, Al, with a work function of 4.3 eV, is utilized. The conditions 

at the front and back contacts of the various emerging solar cells featuring CdS and TiS2 buffers 

are detailed in Table 2. Moreover, defects are introduced at the interfaces of TiS2/absorber, 

CdS/absorber, and MoO3/absorber to accurately reflect the performance of the solar cell. 

Neutral defects with a single energetic distribution are selected to maintain charge neutrality at 

these interfaces. Additionally, the defects are fixed at an energy level of 0.6 eV, corresponding 

to the valence band maximum (EV). The interface parameters used in the simulation are listed 

in Table 3. Initially, diverse emerging solar cells with CdS and TiS2 buffers are designed using 

the parameters in Table 1, 2 and 3. Their performances are then investigated as a function of 

buffer, absorber, and interface properties. At first, the CdS and TiS2 buffer’s defect density, 

carrier concentration, and thickness are tuned from 1012 to 1020 cm-3, 1012 to 1020 cm-3, and 

0.05 to 0.2 µm respectively. Similarly, the influence of diverse emerging absorber properties 

on the PCE of solar cells is analyzed by optimizing their defect density (1012 to 1020 cm-3), 

carrier concentration (1012 to 1020 cm-3), and thickness (0.1 to 2 µm). Afterward, the effect of 

the absorber/buffer and absorber/MoO3 interface defects is studied by varying them from 108 

to 1020 cm-3. Thereafter, the superiority of TiS2 over CdS is demonstrated by a comparative 

analysis using the energy band diagram, C-V, C-F, QE, J-V, electron density, and electric field 

distribution from SCAPS-1D. At last, the impact of shunt resistance (RSH), series resistance 

(RS) and working temperature on the performance of TiS2 based emerging solar cells is 

demonstrated.  
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Figure 5. Schematic representation of the structure of diverse emerging solar cells with CdS 

and TiS2 buffer.  

Table 1. Simulation parameters of different layers used in the study.  

Parameters 
Al: 

ZnO 
i-ZnO CdS TiS2 MoO3 

Diverse absorbers 

CCoTS CMnTS CFeTS CMgTS 

Thickness 

(μm) 
0.250 0.050 0.070* 0.070* 0.050 0.500* 0.500* 0.500* 0.500* 

Eg (eV) 3.3 3.30 2.42 1.8 3 1.6 1.5 1.5 1.45 

χ (eV) 4.4 4.20  4.5 4.02 2.5 3.78  3.6 3.98  4.1  

εr 9.00 9.00 9 16 12.5 10.34 10 6.6 5.17 

NC (cm-3) 2.0×1018 2.0×1018 1.8×1019 2.2E+18 2.2×1017 1.8×1018 2.2×1018 2.53×1018 1.8×1018 

NV (cm-3) 1.8×1019 1.8×1019 2.4×1018 1.8E+19 2.2×1016 1.8×1019 1.8E×1019 1.59×1019 1.8×1019 

µn (cm2/Vs) 10 10 160 7.5 25 36 100 25 50 

µh (cm2/Vs) 5 5 50 7.5 100 36 25 21.98 30 

NA (cm-3) 0 0 0 0 1.0×1018 1.0×1015* 1.0×1015* 1.0×1015* 1.0×1015* 

ND (cm-3) 1.0×1019 1.0×1019 1.0×1017* 1.0×1017* 0 0 0 0 0 

Nt (cm-3) 1.0×1015 1.0×1015 1.0×1015* 1.0×1015* 1.0×1015 1.0×1015* 1.0×1015* 1.0×1015* 1.0×1015* 

Defect type SA SA SA SA SD SD SD SD SD 

References [90] [90] 
[91] [30,87–

89] 
[92] [93] [23] [22,94] [95] 

 

Table 2. Conditions used in the front and back contact of the diverse emerging solar cells 

with TiS2 and CdS buffers.  

Parameters Front contact 

(Al) 

Back contact 

(Ni) 

Surface recombination velocity of electrons (cm-1s) 1.0×107 1.0×105  

Surface recombination velocity of holes (cm-1s) 1.0×105 1.0×107 

Metalwork function (eV) 4.3 5.35 

Majority carrier barrier height relative to EF (eV) -0.1 0.15 

Majority carrier barrier height relative to EV (eV) 0.0013 0.0699 
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Table 3. Interface parameters used for this study. 

Parameters TiS2/absorbers 

(CCoTS, CMnTS, 

CFeTS, CMgTS )  

CdS/ absorbers 

(CCoTS, CMnTS, 

CFeTS, CMgTS) 

MoO3/ absorbers 

(CCoTS, CMnTS, 

CFeTS, CMgTS) 

Defect density 

(variable) 

1.0×1012 cm-2  1.0×1012 cm-2 1.0×1012 cm-2  

Defect type Neutral Neutral Neutral 

Capture cross section 

for electrons 

1×10-19 cm2 1×10-19 cm2 1×10-19 cm2 

Capture cross section 

for holes 

1×10-19 cm2 1×10-19 cm2 1×10-19 cm2 

Energetic distribution Single single single 

Reference for defect 

energy level 

Above the highest 

valence band 

Above the highest 

valence band 

Above the highest 

valence band 

Energy level with 

respect to valence band 

maximum (EV) 

0.6 eV  0.6 eV  0.6 eV  

5.3. Simulation strategy for designing of Cu2BaSn(S,Se)4 solar cells with ZrS2 buffer 

In this section, we explain the simulation strategy for objective 5. This study investigates the 

potential of ZrS2 as an alternative buffer in Cu2BaSn(S,Se)4 solar cells using SCAPS-1D. The 

substrate device structure of front contact/Al:ZnO/i-

ZnO/ZrS2/Cu2BaSn(S,Se)4/Mo(S/Se)2/back contact/substrate, as shown in Figure 6.  

To accurately simulate the solar cells in SCAPS-1D, it is essential to gather the necessary 

parameters for each layer. Therefore, the basic input parameters for Al:ZnO, i-ZnO, ZrS2, 

Mo(S/Se)2, and Cu2BaSn(S,Se)4 have been obtained from the literature, as displayed in Table 

4. 

We considered possible defects in all the layers to simulate the realistic condition for solar 

cells. The emerging Cu2BaSn(S,Se)4 absorber is particularly vulnerable to S/Se point defects 

due to their low formation energy. These defects behave as donor defects, which can negatively 

impact the solar cell performance [96]. Therefore, we adopted a single donor-type defect for 

Cu2BaSn(S,Se)4 to study its effect on solar cell performance. Conversely, we assigned a single 

acceptor-type defect to Al:ZnO, i-ZnO, since these semiconductors tend to have a higher 

number of Zn vacancies [97]. In the case of TMDS, transition metal vacancies and antisites are 

the major defects. Antisite defects function as n-dopants that enhance the conductivity, while 

the vacant metal defects act as electron acceptors, which can be detrimental to the solar cell 

performance [98]. Consequently, a single acceptor-type defect is considered for ZrS2. 
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Additionally, we fixed the thermal velocity of electrons and holes in all the layers 1 × 107 cm 

s-1. All simulations are performed under AM 1.5G (100 mW cm-2, one sun) spectral irradiance, 

applying a flat band condition to both the front and back contact. Solar cells are simulated with 

a working temperature of 300 K, wherein RS and RSH are not considered. Initially, solar cells 

are simulated using parameters mentioned in Table 4, yielding a PCE of 15.72% for 

Cu2BaSn(S,Se)4. We then conducted a detailed study of the solar cell performances by varying 

the essential parameters of the ZrS2, such as bandgap (1.6-2.5 eV), thickness (20-150 nm), 

carrier concentration (1E12-1E20 cm-3), and defect density (1E12-1E20 cm-3). In addition, C-

V, C-F, and QE measurements are performed on two solar cells (before and after optimization 

of ZrS2 buffer) across the ranges -0.8 to 0.8V, 1.0×102 to 1.0×106 Hz, and 300 to 1200 nm, 

respectively. Subsequently, we varied intrinsic parameters of Cu2BaSn(S,Se)4, such as electron 

affinity, thickness, carrier concentration, defect density, electron mobility, and hole mobility, 

from 3.9 to 4.5 eV, 500 to 2000 nm, 1E12 to 1E20 cm-3, 1E12 to 1E20 cm-3, E-3 to E+2 cm2/Vs 

and E-7 to E-2 cm2/Vs respectively to analyze their impact on the PCE. The effects of other 

layers, including Al:ZnO, i-ZnO, and Mo(S/Se)2 on the performance of solar cells are similarly 

analyzed by varying parameters such as electron affinity, thickness, carrier concentration, and 

defect density. Next, we introduced defects at the absorber/ZrS2 interface using the parameters 

listed in Table 5 to assess the influence of these defects and their positions on the solar cell's 

performance. Neutral defects are considered to maintain charge neutrality at the interface [99]. 

The interfacial defect density varied from 1E10 to 1E16 cm-3 and defect energy level are 

adjusted between -0.4 to 1.8 eV in relation to the valence band (VB) for all solar cells. Finally, 

we selected solar cells with the highest PCE from the above simulation and further investigated 

their performance by varying RS, RSH, and working temperature from 0.5 to 5 Ω cm2, 1000 to 

100000 Ω cm2, and 300 to 350 K, respectively.  

 

Figure 6. Schematic representation of diverse emerging chalcogenide thin-film solar cells 

structure with novel ZrS2 buffer.  
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Table 4. SCAPS-1D input parameters of Al:ZnO, i-ZnO, ZrS2, Mo(S/Se)2 and 

Cu2BaSn(S,Se)4. (* indicates the variable parameters) 

Parameters 
Al: 

ZnO 
i-ZnO ZrS2 Mo(S/Se)2 Cu2BaSn(S,Se)4 

Thickness (μm) 0.200 0.050 0.020* 0.200 1.5* 

Eg (eV) 3.40 3.40 1.6* 1.2 1.5 

χ (eV) 4.60 4.60 4.7 4.14 4.22* 

εr 9.00 9.00 16.4 13.6 5.5 

NC (cm-3) 2E+18 2E+18 2.2E+18 2.2E+18 2.2E+18 

NV (cm-3) 1.8E+19 1.8E+19 1.8E+19 1.8E+19 1.8E+19 

µn (cm2/Vs) 150 150 2300 100 5* 

µh (cm2/Vs) 25 25 1300 25 1.5* 

NA (cm-3) 0 0 0 1E+17* 1E+16* 

ND (cm-3) 1E+20 1E+17 1E+15* 0 0 

Nt (cm-3) 1E+15 1E+15 1E+15* 1E+15* 1E+15* 

Defect type SA SA SA SD SD 

References [100] [100] [101,102] [103] [104] 

 

Table 5. Description of physical parameters at absorber/ZrS2 interface. 

Parameters Absorber/ZrS2 interface 

Defect density 1E12 cm-3 (variable) 

Defect type neutral 

Capture cross section for electrons 1E-19 cm2 

Capture cross section for holes 1E-19 cm2 

Energetic distribution single 

Reference for effect energy level Above the highest valence band 

Energy level with respect to EV 0.6 eV (variable) 

5.4. Optimization details of Ag2BaTiSe4 solar cells  

In this section, we elaborated on the simulation details for objective 7.  We investigate the 

performance of novel Ag2BaTiSe4 solar cells with five different buffers: MgS, CaS, SrS, BaS, 

and CdS, using SCAPS-1D. The solar cells are simulated in a substrate device configuration 

of front contact/Al:ZnO(AZO)/i:ZnO(IZO)/buffer/Ag2BaTiSe4/MoSe2/Mo/glass, as shown in 

Figure 7. The initial parameters for each layer used in the simulation of the solar cell are listed 

in Table 6. These parameters are taken from the literature [105–109]. The thermal velocity of 

electrons and holes is fixed at 107 cm s-1 for all the layers, and a flat band condition is applied 

to the front contact. The simulations are carried out at 300 K under AM 1.5G spectral irradiance 

without considering RS and RSH. In addition, neutral defects are introduced at the 

Ag2BaTiSe4/MoSe2 and buffer/Ag2BaTiSe4 interfaces according to the parameters listed in 

Table 7 to simulate realistic conditions for the solar cells.  
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To begin with, initial solar cells are designed with the parameters listed in Table 6. After that, 

the performance of the solar cells is studied as a function of buffer thickness (0.05 to 0.2 µm), 

carrier concentration (1012 to 1020 cm-3), and defect density (1012 to 1020 cm-3). Further, the 

material characteristics of novel Ag2BaTiSe4 are investigated by tuning its electron affinity, 

thickness, carrier concentration, and defect density from 4.1 to 4.7 eV, 0.1 to 2 µm, 1012 to 1018 

cm-3 and 1012 to 1020 cm-3, respectively. We also analyzed the effects of MoSe2’s thickness 

(0.05 to 0.2 µm) and carrier concentration (1012 to 1020 cm-3). Following this, we investigated 

the impact of defects at the Ag2BaTiSe4/MoSe2 and Ag2BaTiSe4/buffer interfaces by varying 

it from 1012 to 1020 cm-3. The results obtained by varying these layer parameters are supported 

by the C-V, C-F, QE measurements, energy band diagrams, electric field, recombination rates, 

etc., extracted from SCAPS-1D. Finally, the effect of RS, RSH, and operating temperature is 

studied for the optimized solar cells. 

Table 6. Input parameters of different layers of novel Ag2BaTiSe4 solar cells used in the 

simulation. [105–109] 

Parameters Al:ZnO i-ZnO Ag2BaTiSe4 MoSe2 
Buffers 

MgS CaS SrS BaS CdS 

Thickness 

(μm) 
0.200 0.050 1.0 0.050 0.080 0.080 0.080 0.080 0.080 

Eg (eV) 3.40 3.40 1.18 1.4 2.7 2.14 2.5 3.0 2.42 

χ (eV) 4.60 4.60 4.1 4.12 4.3 4.6 4.0 4.15 4.5 

εr 9.00 9.00 6 8.76 10 9 10 15 9 

NC (cm-3) 2.0×1018 2.0×1018 1.0×1019 2.8×1019 1.9×1019 2.9×1019 1.2×1019 1.2×1018 1.8×1019 

NV (cm-3) 1.8×1019 1.8×1019 1.0×1019 2.65×1019 1.0×1018 1.0×1018 1.4×1018 1.4×1019 2.4×1018 

µn (cm2/Vs) 150 150 100 100 75 150 100 100 160 

µh (cm2/Vs) 25 25 250 250 50  50 25 25 50 

NA (cm-3) 0 0 1.0×1015 1.0×1017 0 0 0 0 0 

ND (cm-3) 1.0×1020 1.0×1017 0 0 1.0×1017 1.0×1017 1.0×1017 1.0×1016 1.0×1017 

Nt (cm-3) 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 

Defect type SA SA SD SD SA SA SA SA SA 
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Table 7.  Simulation parameters at the interfaces. 

Parameters Ag2BaTiSe4/buffer 

interface 

Ag2BaTiSe4/MoSe2 

interface 

Defect density 1.0×1012 cm-3 1.0×1012 cm-3  

Defect type Neutral neutral 

Capture cross section for electrons 1E-19 cm2 1E-19 cm2 

Capture cross section for holes 1E-19 cm2 1E-19 cm2 

Energetic distribution Single single 

Reference for defect energy level Above the highest 

valence band 

Above the highest 

valence band 

Energy level with respect to EV 0.6 eV  0.6 eV  

 

 

Figure 7. Schematic structure of novel Ag2BaTiSe4 solar cells with diverse buffer 

5.5. Numerical procedure for designing Cu2SrSnS4 solar cells based on various inorganic 

HTLs 

This section provides an overview of the methodology used for objective 6. In this study, we 

designed six Cu2SrSnS4 solar cells using various inorganic HTLs such as Sb2S3, MoS2, 

Cu3BiS3, NiO, Cu2O, and CuAlO2 with ZnMgO as ETL. The solar cells are configured in the 

substrate structure FTO/ZnMgO/Cu2SrSnS4/HTL/Ni, as shown in Figure 8. The parameters 

listed in Table 8 and Table 9, which contains parameters extracted from the literature, is used 

to simulate solar cells. We examined the properties of each layer by tuning its essential 

parameters. Initially, the thickness and carrier density of ZnMgO are tuned from 0.05 to 0.2 
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µm and 1012 cm-3 to 1020 cm-3 to acquire the optimum value. Subsequently, we optimized the 

critical parameters of Cu2SrSnS4 such as thickness, carrier density and defect density, by 

varying the range from 0.1 to 2 µm, 1012 cm-3 to 1018 cm-3, 1012 cm-3 to 1020 cm-3 respectively. 

Also, the six HTL’s thickness and carrier density are varied similarly to ETL. Next, we 

analyzed the importance of interfacial defects between ETL/Cu2SrSnS4 and HTL/Cu2SrSnS4. 

Throughout these simulations, the flat band condition is set at the front contact, while a Ni 

metal contact with a work function of 5.35 eV is applied as the back contact and the temperature 

is fixed at 300 K. Moreover, the RS and RSH resistances are initially neglected. Thereafter, a 

comparative study of the six optimized solar cells is carried out by extracting energy band 

diagrams, recombination, generation profiles, electric field distribution, QE, Nyquist plots, and 

J-V. Finally, the effect of RS, RSH, and working temperature on the performance of champion 

solar cells is studied.  

 

Figure 8. Schematic representation of solar cell structure. 
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Table 8. Input parameters of FTO, ETL, absorber and HTLs used for this simulation. 

Parameters 
FTO 

[110]  

ZnMgO 
[42] 

Cu2SrSnS4

[77,111] 

Inorganic HTLs 

Sb2S3 

[112] 

MoS2 

[113] 

Cu3BiS3 

[114] 

NiO 

[115] 

Cu2O 

[116] 

CuAlO2 

[116] 

Thickness (μm) 0.4 0.05-0.2* 0.1-2.0* 0.05-0.2* 0.05-0.2* 0.05-0.2* 0.05-0.2* 0.05-0.2* 0.05-0.2* 

Eg (eV) 3.50 3.3 2.06 1.7 1.23 1.55 3.8 2.17 3.46 

χ (eV) 4.00 3.5 3.66 3.7 4.2 3.43 1.46 3.2 2.5 

εr 9.00 9 7.8 7.08 4.0 16.45  10.07  7.11 60 

NC (cm-3) 2.2×1018 2.0×1018 2.2×1018 2.0×1019 7.5×1017 3.5×1019 2.2×1018 2.2×1018 2.2×1018 

NV (cm-3) 1.8×1018 1.8×1019 1.8×1019 1.8×1019 1.8×1018 2.4×1019 1.8×1019 1.8×1019 1.8×1019 

µn (cm2/Vs) 20 100 100 9.8 100 264 12 80 2 

µh (cm2/Vs) 10 15 35 10 150 88.1 2.8 80 8.6 

NA (cm-3) 0 0 1012-1018* 1012-1020* 1012-1020* 1012-1020* 1012-1020* 1012-1020* 1012-1020* 

ND (cm-3) 1.0×1019 1012-1020* 0 0 0 0 0 0 0 

Nt (cm-3) 1.0×1015 1.0×1015 1012-1020* 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 1.0×1015 

Defect type SA SA SD SD SD SD SD SD SD 

 *- variable 

 

Table 9. Interface parameters used for this simulation. 

Parameters Cu2SrSnS4/ZnMgO 

interface 

Cu2SrSnS4/HTL 

interface 

Defect density (variable) 1.0×1012 cm-2 1.0×1012 cm-2  

Defect type Neutral Neutral 

Capture cross section for electrons 1E-19 cm2 1E-19 cm2 

Capture cross section for holes 1E-19 cm2 1E-19 cm2 

Energetic distribution single Single 

Reference for defect energy level Above the highest 

valence band 

Above the highest 

valence band 

Energy level with respect to EV 0.6 eV  0.6 eV  

6. Results and discussion  

6.1. A CdS-free alternative TiS2 Buffer: Toward high-performing Cu2MSnS4 (M = Co, 

Mn, Fe, Mg) solar cells 

This section comprehensively explains the results of objectives 1 and 2. Here, the section 6.1.1 

deals with the simulation of initial solar cell, section 6.1.2 (6.1.2.1 to 6.1.2.7) focus on the 

optimization outcomes of buffer, absorber and interfaces while section 6.1.3 (6.1.3.1 to 6.1.3.5) 

compares the characteristics of optimized CdS and TiS2 buffer based solar cells. Further, the 

effect of parasitic resistances, working temperature (sections 6.1.4) and experimental strategies 

for practical fabrication of these solar cells (section 6.1.5) are also discussed.  
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6.1.1. Initial solar cell design 

Initially, solar cells based on diverse emerging absorbers with CdS and TiS2 buffers are 

designed using the simulation parameters presented in Table 1, 2 and 3 in the device structure 

displayed in Figure 5. The obtained solar cell parameters are listed in Table 10 and their 

respective J-V is given in Figure 9. Initial J-V of diverse emerging solar cells with CdS and 

with TiS2The initial PCE of 13.11%, 9.90%, 17.15%, and 21.34% are attained in CdS based 

CCoTS, CMnTS, CFeTS, and CMgTS respective solar cells while 20.43%, 20.91%, 20.15%, 

22.91% are achieved in TiS2 based solar cells. Their performances are improved further by 

tuning the parameters such as defect density, carrier concentration, and thickness of buffer and 

absorber. In addition, their interface defect densities are optimized. The results of the 

optimization are illustrated in the upcoming sections.  

 

Figure 9. Initial J-V of diverse emerging solar cells with CdS and with TiS2. 

Table 10. Initial VOC, JSC, FF, and PCE of diverse emerging solar cells with CdS and TiS2 

buffer. 

Solar cell structure VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

AZO/i-ZnO/CdS/CCoTS/MoO3/Ni 0.71 23.20 79.53 13.11 

AZO/i-ZnO/TiS2/CCoTS/MoO3/Ni 0.91 27.16 82.25 20.43 

AZO/i-ZnO/CdS/CMnTS/MoO3/Ni 0.49 25.44 78.53 9.90 

AZO/i-ZnO/TiS2/CMnTS/MoO3/Ni 0.94 25.54 86.19 20.91 

AZO/i-ZnO/CdS/CFeTS/MoO3/Ni 0.84 25.39 80.23 17.15 

AZO/i-ZnO/TiS2/CFeTS/MoO3/Ni 0.96 25.51 82.18 20.15 

AZO/i-ZnO/CdS/CMgTS/MoO3/Ni 0.91 27.09 85.79 21.34 

AZO/i-ZnO/TiS2/CMgTS/MoO3/Ni 1.00 27.17 84.02 22.91 
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6.1.2. Exploring the impact of buffer, absorber, and interface properties  

6.1.2.1.Effect of buffer defect density 

Buffer is essential in solar cells to form strong p-n junction which subsequently determines the 

transport and assembling of charge carriers at either contact [117]. Defects in the buffer are 

generally formed due to the strain in the crystal structure, impurities, synthesis methodology, 

etc which affects the quality of the material [8]. Here, the defect density of CdS and TiS2 buffer 

is varied from 1012 to 1020 cm-3 in all emerging solar cells to investigate its significance in their 

overall performance. The corresponding changes in solar cell performance are shown in Figure 

10. All the solar cell parameters reduce for higher defects where the VOC and FF are 

comparatively less affected than JSC. Notably, the PCE of all solar cells follows the behavior 

of JSC with less dependence on VOC and FF. Specifically, the highest PCE of 13.1%, 9.9%, 

17.13%, and 22.91% is maintained up to defect of 1017 cm-3, 1016 cm-3, 1017 cm-3, and 1015 cm-

3 in CdS based CCoTS, CMnTS, CFeTS, and CMgTS solar cells respectively. Similarly, the 

best PCEs of 19.91%, 20.91%, 20.15%, and 21.34% in TiS2 based CCoTS, CMnTS, CFeTS, 

and CMgTS respective solar cells remain unaltered for defect of 1017 cm-3 in CMgTS and 1015 

cm-3 in other solar cells. Beyond the mentioned optimum range, the PCE drops to lower values 

in all solar cells. The decline in solar cell performance for higher defects occurs due to the 

increasing traps at the track of photogenerated charge carriers which minimize their diffusion 

length and lifetime [118,119]. Eventually, the recombination rate is accelerated which reduces 

the quantity of charge carriers reaching the contact, affecting the overall performance of the 

solar cell. Therefore, the aforementioned defect ranges are selected as optimum values in each 

solar cell for further simulations. 
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Figure 10. Variation in solar cell parameters as a function of buffer defect density in the diverse 

emerging solar cells with CdS and TiS2 buffer. 
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6.1.2.2. Effect of buffer carrier concentration 

The carrier concentration of buffer (NDbuf) is an important parameter that controls the quality 

of p-n junction and band alignment [118]. Herein, the carrier concentration of CdS and TiS2 

buffer is varied from 1012 to 1020 cm-3 in all emerging solar cells, and their significance on the 

solar cell parameters are shown in Figure 11. In CdS and TiS2 buffer based solar cells, all the 

parameters are almost constant up to ~1016 cm-3. Afterward, they either display an upward or 

downward trend. Specifically, JSC slightly reduces in all solar cells. For higher NDbuf, the 

scattering between electron and electron increases, affecting JSC [120]. On the flip side, when 

the NDbuf is enhanced to 1020 cm-3, VOC, FF, and PCE drastically rise in all CdS based solar 

cells and TiS2 based CMnTS solar cells. Whereas, they rise and fall after a certain range in 

other solar cells. The variations in the solar cell performance could be understood in light of 

the outcomes of our previous works where the NDbuf largely influenced the alignment of energy 

bands which subsequently regulated the whole solar cell performance [91,118]. Precisely, for 

NDbuf less or comparable to the absorber’s carrier concentration (NAabs), no significant variation 

will be observed in the energy bands of the buffer, leading to constant solar cell parameters. 

Whereas, when NDbuf is increased beyond NAabs, the conduction band minimum (EC) of the 

buffer bends down due to the enhancement of electron quantity in the buffer and the 

substitution of holes by electrons at the interfaces. Consequently, the electron’s barrier at the 

absorber/buffer and buffer/i-ZnO interface is altered where the maximum PCE is achieved at 

the optimum barrier height. Herein, the maximum PCE has been achieved at 1020 cm-3 in all 

CdS based solar cells and 1017 cm-3, 1020 cm-3, 1016 cm-3, and 1016 cm-3 in TiS2 based CCoTS, 

CMnTS, CFeTS, and CMgTS solar cells respectively, indicating that proper barrier for 

electrons is accomplished at the aforementioned NDbuf values. The variance in NDbuf other than 

the optimum value would tremendously improve the accumulation and recombination of 

charge carriers due to the inappropriate barrier for electrons at the absorber/buffer and buffer/i-

ZnO interface. This subsequently restricts the collection of electrons at the front contact, 

affecting the functioning of solar cells. Thus, it is clear that the optimum NDbuf values should 

be achieved in each solar cell to accomplish high PCE. Furthermore, it can be noticed that the 

optimum ND of CdS is the same for all solar cells but it varies according to the absorber for 

TiS2. Practically, the ND of TMDC could be tuned by improving the chalcogen vacancies or by 

external doping (either substitutional or chemical) [121–123].  
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Figure 11.  Variation in solar cell parameters as a function of NDbuf in the diverse emerging 

solar cells with CdS and TiS2 buffer. 
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6.1.2.3. Effect of buffer thickness 

It is essential to tune buffer thickness to the threshold value for obtaining high solar cell 

performance. Herein, the thickness of CdS and TiS2 buffer is varied from 0.05 to 0.2 µm in all 

emerging solar cells and the respective variations in solar cell parameters are provided in 

Figure 12. In CdS and TiS2 buffer based solar cells, VOC remains unaffected with the increasing 

thickness. Since the VOC of solar cells is primarily dependent on the internal voltage i.e., quasi-

Fermi-level splitting,[124] the outcomes indicate that the changes in the thickness have not 

influenced the energy band alignment, resulting in constant VOC. On the other hand, JSC 

decreases with enhancing thickness wherein the reduction is comparatively large in TiS2 based 

CCoTS, CMnTS, and CFeTS solar cells while it is minute in other simulated solar cells. As the 

buffer thickness is improved, the quantity of incident photons reaching the absorber is 

minimized owing to slight light absorption in the buffer, leading to the decrement in JSC.[85] 

Considering the FF of CdS based solar cells, a constant value of 81.88% and 86.35% is 

observed in CCoTS and CMgTS respective solar cells. A similar trend is observed in TiS2 

based CMnTS solar cells where FF stays at 88.3% throughout the thickness range. This 

indicates that the FF of these solar cells is not affected by the buffer thickness. On the contrary, 

it slightly improves from 82.66% to 82.86%, 82.74% to 82.96% in CdS based CCoTS, and 

CFeTS solar cells, and from 82.12% to 83.05% in TiS2 based CFeTS solar cells. The shunting 

effect between the absorber and the resistive layer reduces with the improving buffer thickness 

which minimizes the leakage current and improves the shunt resistance, enhancing the FF 

[117,125]. Furthermore, a decline in FF is observed in TiS2 based CCoTS and CMgTS solar 

cells which originates from the enhancing RS for higher thickness in these solar cells.[126].  

As a consequence of the variations in VOC, JSC, and FF, PCE shows variations as seen in Figure 

12. In solar cells with CdS buffer, PCE stays constant till the optimum value i.e 0.080 µm, 0.07 

µm, 0.080 µm, and 0.060 µm in CCoTS, CMnTS, CFeTS, and CMgTS respective solar cells 

and then decreases insignificantly. On the other hand, the best PCE is obtained at 0.05 µm, 

0.06 µm, 0.07 µm, and 0.06 µm in TiS2 based CCoTS, CMnTS, CFeTS, and CMgTS solar cells 

and demonstrates a significant decrement when the thickness is enhanced to 0.2 µm. Thus, the 

aforementioned values are taken as the optimum TiS2 thickness for further simulations. In 

experiments, buffers within the thickness range of 0.050 µm to 0.1 µm are found to be optimal 

to demonstrate high solar cell performance. A thin buffer with a thickness of less than 0.05 µm 

causes a pinhole effect and deteriorates the quantum efficiency of solar cells [117]. For buffer 

>0.1 µm, the RS and parasitic absorption is increased. In addition, the built-in potential at the 

p-n junction is reduced [91,127,128]. Notably, the optimized values of TiS2 based emerging 
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solar cells fall within the experimental range, exhibiting the practical applicability of the 

present work. 

6.1.2.4. Effect of absorber defect density 

Defects in the absorber destroy the film quality and deteriorate the solar cell performance. 

Thus, the influence of defects in emerging absorbers on the overall performance of solar cells 

is evaluated by tuning it from 1012 to 1020 cm-3 and the respective variations in solar cell 

parameters are provided in Figure 13. In the case of solar cells with CdS buffer, all the solar 

cell parameters hold their highest values till their optimum range i.e., 1016 cm-3 in CMnTS solar 

cells and 1015 cm-3 in other solar cells. Afterwards, they sharply decline. Particularly, when the 

defect density is improved from the aforementioned values to 1020 cm-3, PCE falls from 16.36% 

to 2.1%, 11.82% to 1.88%, 21.14% to 1.96% and 24.56% to 2.21% in CCoTS, CMnTS, CFeTS 

and CMgTS respective solar cells. Considering TiS2 based solar cells, VOC, JSC, FF, and PCE 

almost remain unaffected up to 1015 cm-3 in CCoTS and CMnTS solar cells where the 

maximum PCE of 22.44% and 23.59% respectively is maintained. Thereafter, it dramatically 

reduces. On the other hand, they continuously drop with the improving defects in other TiS2 

based solar cells with their best values at 1012 cm-3. However, achieving 1012 cm-3 defects is 

practically not possible. Thus, 1015 cm-3 is taken as the optimum value for these solar cells. The 

huge decline in solar cell performance for large defect density happens due to the enormous 

reduction in the diffusion length and lifetime of the photogenerated charge carriers owing to 

the increasing traps on their way toward the contact [119]. As a consequence, recombination 

sharply elevates which affects the solar cell performance.  

Figure 14 demonstrates the recombination of charge carriers as a function of defect density. 

The recombination of electron-holes at the absorber/buffer junction and at the bulk region 

drastically rises with the enhancement in the defect density which would negatively influence 

the solar cell performance. In addition, the electric field at the interfaces declines for higher 

defects primarily affecting the separation and movement of charge carriers towards the 

corresponding contacts [91]. Thus, the outcomes demonstrate the optimum defect density for 

each absorber where high PCE can be achieved. Moreover, the chosen values are 

experimentally possible revealing the feasible fabrication of solar cells. 
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Figure 12. Variation in solar cell parameters as a function of buffer thickness in the diverse 

emerging solar cells with CdS and TiS2 buffer.  
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Figure 13. Variation in solar cell parameters as a function of absorber defect density in the 

diverse emerging solar cells with CdS and TiS2 buffer. 
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Figure 14. Variation in recombination rate as a function of absorber defect density in the 

diverse emerging solar cells with CdS and TiS2 buffer. 
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6.1.2.5. Effect of absorber carrier concentration 

NAabs alters the built-in potential and energy band alignment of solar cells. Therefore, the carrier 

concentration of emerging absorbers in CdS and TiS2 based solar cells is varied from 1012 to 

1020 cm-3, to illustrate its significance on the performance of solar cells (Figure 15). The JSC 

decreases for high NAabs which may occur due to the minute reduction in the depletion width 

along the absorber, affecting the light absorption and generation of charge carriers [118]. 

However, the changes in JSC are infinitesimal in all solar cells, exhibiting that it is negligibly 

affected by NAabs. On the other hand, VOC and FF show notable changes in all solar cells. In 

CdS based solar cells, they remain constant up to 1017 cm-3 in CMgTS and 1016 cm-3 in other 

solar cells. Beyond that, they drop to lower values. Conversely, VOC and FF of all TiS2 based 

solar cells tremendously improve with NAabs except in CCoTS solar cells where they decrease 

after 1017 cm-3. The same pattern of changes is noticed in the PCE of the simulated solar cells.  

Generally, the splitting of hole and electron Fermi levels enhances for large NAabs, improving 

VOC [91]. In addition, the rise in NAabs elevates the built-in potential of solar cells, which hastens 

the separation and collection of photogenerated charge carriers at the corresponding metal 

electrodes, eventually boosting the VOC and FF of solar cells [129]. In our previous works, it 

has been demonstrated that the variation in NAabs modifies the energy band alignment in solar 

cells [91]. An upward shift of conduction band minimum (EC) and valence band maximum 

(EV) of the absorber happens for increasing NAabs which changes the band offsets at the 

absorber/MoO3 interface, indicating that the barrier for photogenerated holes and electrons is 

altered. Thus, appropriate barriers for the charge carriers are created at the optimum NAabs. 

Moreover, NAabs values in variance from the optimum would deteriorate the solar cell 

performance. This is attributed to the decline in performance after 1016 cm-3 in CFeTS, 1017 

cm-3 in other CdS based solar cells, and 1017 cm-3 in TiS2 based CMnTS solar cells which are 

identified as optimum NAabs for these solar cells. In experiments, the highest limit of NAabs in 

I2-II-IV-VI4 absorbers is demonstrated to be 1018 cm-3 which is per Mott-criterian [130]. NAabs 

greater than the mentioned range would degrade the semiconducting property of the absorber 

and adversely affect the JSC of solar cells during fabrication [130]. Thus, in the view of 

experiments, 1018 cm-3 is taken as the optimum value for TiS2 based CCoTS, CFeTS, and 

CMgTS solar cells despite holding the maximum value at 1020 cm-3.  
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Figure 15. Variation in solar cell parameters as a function of NAabs in the diverse emerging 

solar cells with CdS and TiS2 buffer. 
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6.1.2.6.Effect of absorber thickness 

The absorber’s thickness is an important parameter to be optimized for enhancing the solar cell 

performance. Therefore, the thickness of diverse emerging absorbers is tuned from 0.1 to 2 µm 

in each CdS and TiS2 based solar cell as displayed in Figure 16. It can be seen that VOC slightly 

rises and then stagnates for higher thickness in all solar cells except in CFeTS and CMgTS 

solar cells where it decreases with increasing thickness. The stagnation or reduction in VOC 

occurs due to the increased dark saturation current at a larger absorber thickness [131]. On the 

other hand, FF initially elevates with the absorber’s thickness and then exhibits a downward 

trend for a higher thickness range in all solar cells irrespective of the buffer. The preliminary 

rise stems from the enriched charge carrier generation and separation while it diminishes owing 

to the enhanced RS for larger absorbers [91,131]. Furthermore, JSC elevates continuously with 

the expanding thickness in all solar cells where the JSC obtained at 0.1 µm is doubled when the 

thickness is increased to 2 µm. As a consequence, a substantial increment in PCE is observed 

for improvement in thickness range. Particularly, when the absorber’s thickness is varied from 

0.1 to 2 µm, PCE elevates from 13.47% to 26.62%, 13.32 to 26.22%, 16.97% to 31.06%, 

16.59% to 31.01% in CCoTS, CMnTS, CFeTS and CMgTS respective solar cells with TiS2 

buffer and from 8.1% to 18.02%, 5.89% to 13.33%, 10.66% to 22.94% and 12.26% to 26.48% 

respectively with CdS buffer. For a thin absorber, only a few photons coming from the sun are 

absorbed with the enormous transmission, affecting the charge carrier generation [132]. 

Moreover, the charge carriers are generated near the back contact due to the thin absorber, 

boosting the recombination rate in solar cells [133]. When the thickness is increased, the light 

absorption is elevated which enhances the overall performance of solar cells [132]. However, 

we could notice that JSC significantly increases up to a certain range of thickness and then 

minutely improves. To be specific, in CdS based solar cells, it drastically rises by ~68% up to 

0.7 µm, 0.6 µm, 0.7 µm and 0.6 µm in CCoTS, CMnTS, CFeTS, and CMgTS solar cells while 

slightly increases by ~5% when the thickness is improved to 2 µm. Similarly, a considerable 

increment in JSC of about ~60% is obtained when the thickness is expanded from 0.1 µm to 0.6 

µm, 0.8 µm, 0.7 µm and 0.7 µm in TiS2 based CCoTS, CMnTS, CFeTS, and CMgTS respective 

solar cells and then negligibly raised (~4%) for further increment in thickness. The same pattern 

is observed in the behavior of PCE. This is also visible in Figure 17 where QE% dramatically 

surges till the aforementioned thickness range in each solar cell and then saturates for higher 

thickness. Therefore, though high PCE is obtained at 2 µm, considering the manufacturing cost, 

the aforementioned thicknesses are chosen as the optimum value in diverse emerging solar 

cells for further simulations. 
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Figure 16. Variation in solar cell parameters as a function of absorber thickness in the diverse 

emerging solar cells with CdS and TiS2 buffer. 
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Figure 17. Variation in QE as a function of absorber thickness in the diverse emerging solar 

cells with CdS and TiS2 buffer. 
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6.1.2.7. Effect of interface defect density 

In solar cells, the presence of defects at the interface are common which adversely affects their 

performance. Thus, during all these simulations, a defect density of 1012 cm-3 was set at the 

buffer/absorber and MoO3/absorber interface at 0.6 eV above EV in accordance with the 

parameters listed in Table 3. In this section, the defect density at the aforementioned interfaces 

of diverse emerging absorber based solar cells with CdS and TiS2 buffers are tuned from 108 

to 1020 cm-2 to investigate its influence on their performance. Figure 18 depicts the changes in 

VOC, JSC, FF, and PCE of CdS and TiS2 buffer based emerging solar cells respective to the 

buffer/absorber interface defect density. Considering CdS based solar cells, JSC is stable till 

1017 cm-2 and then reduces in all solar cells. Similarly, FF holds its maximum value at 1012 cm-

2 and declines for higher defects. VOC and PCE show a similar behavior wherein they are 

constant up to a defect density of 109 cm-2 in CCoTS and CMnTS solar cells while till 1010 cm-

2 in CFeTS and CMgTS solar cells which were taken as the optimum CdS/absorber defect 

values for these solar cells. In the case of TiS2 solar cells, the highest FF is maintained for 

defects <1014 cm-2 and then displays a significant reduction in all solar cells for further increase 

in the defect values. On the other hand, JSC exhibits a steady pattern up to 1015 cm-2 in CMgTS 

solar cells and 1016 cm-2 in other solar cells. Afterward, it eventually diminishes. Here also, 

VOC and PCE show the same trend where they are unaffected before 1011 cm-2 in CCoTS and 

CMnTS solar cells and till 1013 cm-2 in CFeTS and CMgTS solar cells and deteriorate for 

defects higher than the mentioned range. Therefore, they are selected as the optimum 

TiS2/absorber interface defect values for the above-mentioned solar cells.  
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Figure 18. Variation in solar cell parameters as a function of buffer/absorber defect density in 

the diverse emerging solar cells with CdS and TiS2 buffer. 

Figure 19 provides the variation in solar cell parameters concerning MoO3/absorber interface 

defects of CdS and TiS2 buffer based emerging solar cells. In CdS based solar cells, we can 

observe that VOC marginally decreases after 1017 cm-2 in all solar cells. In the same manner, JSC 
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slightly reduces for defects >1017 cm-2 in CCoTS and CMnTS solar cells while sharply declines 

after 1016 cm-2 in CFeTS and CMgTS solar cells. On the other hand, FF remains stable for 

defects ~1016 cm-2 in all solar cells and reduces with the elevation in defects. As a consequence 

of the changes in VOC, JSC, and FF, the highest PCE was maintained up to their optimum values 

i.e., 1017 cm-2 in CCoTS and CMnTS solar cells and 1016 cm-2 in CFeTS and CMgTS solar cells 

and eventually reduces. In the TiS2 based solar cells, when the defects are increased beyond 

1017 cm-2, JSC reduces in CCoTS and CMnTS solar cells while it is unaltered till 1015 cm-2 in 

CFeTS and CMgTS solar cells. The FF steeply reduces after 1015 cm-2 in CFeTS solar cells 

whereas it shows negligible variations in other solar cells. Notably, VOC and PCE sustain at 

their best values up till the defect of 1017 cm-2 in CCoTS and CMnTS solar cells and 1013 cm-2 

in CFeTS and CMgTS solar cells which are fixed as the optimum defect density for further 

works. The reduction in PCE of CdS and TiS2 buffer based emerging solar cells with increasing 

interface defects occurs due to the enhancement in trapping of the photogenerated electrons at 

the buffer/absorber interface and photogenerated holes at the MoO3/absorber interface for 

higher defects which improves the recombination rate in solar cells [118]. Overall, after 

optimization of buffer/absorber and MoO3/absorber interface defects, maximum PCE of 

19.79%, 15.30%, 24.30%, and 26.30% is achieved in CCoTS, CMnTS, CFeTS and CMgTS 

solar cells with CdS buffer and the best PCEs of 27.02%, 27.04%, 30.04% and 30.26% is 

obtained with TiS2 buffer respectively. From the results, it can be noticed that the level of 

degradation in PCE with the enhancement in defects at the MoO3/absorber interface is 

comparatively less than the buffer/absorber interface indicating that all the emerging solar cells 

are more sensitive towards the buffer/absorber interfacial defects. In addition, the TiS2 buffer 

based solar cells demonstrate higher tolerance towards buffer/absorber defects than CdS based 

solar cells as their performance remains unaffected for higher order defects. Moreover, the 

achieved optimum values at the TiS2/absorber interface which are about 1011 cm-2 and 1013 cm-

2 are experimentally feasible, indicating the immense potential of TiS2 as an alternative buffer 

for thin film solar cells.  
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Figure 19. Variation in solar cell parameters as a function of MoO3/absorber defect density in 

the diverse emerging solar cells with CdS and TiS2 buffer. 

Overall, the meticulous optimization of buffer and absorber parameters such as thickness, 

carrier concentration, and defect density along with their interface properties considerably 

improved the performance of diverse emerging solar cells with CdS and TiS2 buffer. Their final 
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solar cell parameters after optimization are provided in Table 11. It can be noticed that TiS2 

based solar cells exhibit superior solar cell performance compared to CdS. Particularly, the 

PCE of CCoTS, CMnTS, CFeTS, and CMgTS solar cells with TiS2 buffer are 1.36, 1.76, 1.23, 

and 1.15 times greater than those with CdS buffer. This strongly discloses the dominance of 

TiS2 over CdS and demonstrates its incredible potential as an alternative buffer for thin-film 

solar cells. Furthermore, it is essential to comprehend the exceptional characteristics of TiS2 

that led to its outstanding performance than CdS. Therefore, an extensive analysis is performed 

by comparing the properties of the optimized CdS and TiS2 based diverse emerging solar cells 

using energy band diagrams, C-V, electron and electric field, Nyquist plots, QE, and J-V which 

are elaborately discussed in the following section. 

Table 11. The final VOC, JSC, FF, and PCE of diverse emerging solar cells with CdS and TiS2 

buffer after optimization. 

Solar cell structure VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

AZO/i-ZnO/CdS/CCoTS/MoO3/Ni 0.95 24.51 84.70 19.79 

AZO/i-ZnO/TiS2/CCoTS/MoO3/Ni 1.26 23.96 89.32 27.02 

AZO/i-ZnO/CdS/CMnTS/MoO3/Ni 0.71 26.26 82.30 15.30 

AZO/i-ZnO/TiS2/CMnTS/MoO3/Ni 1.12 27.09 88.93 27.04 

AZO/i-ZnO/CdS/CFeTS/MoO3/Ni 1.05 26.71 86.14 24.30 

AZO/i-ZnO/TiS2/CFeTS/MoO3/Ni 1.25 26.84 89.84 30.04 

AZO/i-ZnO/CdS/CMgTS/MoO3/Ni 1.07 27.85 88.44 26.30 

AZO/i-ZnO/TiS2/CMgTS/MoO3/Ni 1.20 28.50 89.99 30.26 

6.1.3. Comparison of TiS2 and CdS based diverse emerging solar cells 

6.1.3.1.Energy band diagram 

Energy band offsets at the interface of diverse layers in solar cells largely influence solar cell 

performance. Therefore, to evaluate the performance of diverse emerging absorber based solar 

cells with CdS and TiS2 buffers concerning the band offsets, their energy band diagrams were 

obtained from SCAPS-1D (Figure 20). Generally, the offset of energy bands at the 

absorber/buffer interface and between the n-type layers primarily affect the collection of 

minority carriers at the front contact. Therefore, their conduction band offset (CBO) should be 

less for the smooth transportation of photogenerated electrons while their valence band offset 

(VBO) must be large to block the movement of holes. On the other hand, band alignment 

between the absorber and BSF regulates the assembling of holes at the back contact. Hence, a 

small VBO and high CBO is expected at the absorber/BSF interface for the feasible travel of 

photogenerated holes by restricting the electrons [91,134].  
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Table 12 and Table 13 demonstrate the CBO and VBO values between each layer in the 

diverse emerging solar cells that were directly deduced from their respective energy band 

diagrams (Figure 20). Herein, CBOs at each interface were calculated from the difference in 

the position of the EC while the VBOs were determined by subtracting the EV values of the 

corresponding layers. The -ve and +ve sign implies the cliff-type and spike-type barriers 

respectively for the corresponding charge carriers. 

Table 12. Band offsets at the interface of each layer in CdS based emerging solar cells  

Solar 

cells 

MoO3/ absorber Absorber/CdS 

 

CdS/i-ZnO i-ZnO/AZO 

CBO VBO CBO VBO CBO VBO CBO VBO 

CCoTS 1.55 0.07 -0.72 1.52 0.3 0.77 -0.2 0.2 

CMnTS 1.5 0.39 -0.9 1.82 0.3 0.77 -0.2 0.2 

CFeTS 1.61 -0.1 -0.52 1.44 0.3 0.77 -0.2 0.2 

CMgTS 1.6 0.25 -0.4 1.37 0.16 1.46 -0.2 0.2 

 

Table 13. Band offsets at the interface of each layer in TiS2 based emerging solar cells  

Solar 

cells 

MoO3/ absorber Absorber/TiS2 

 

TiS2/i-ZnO i-ZnO/AZO 

CBO VBO CBO VBO CBO VBO CBO VBO 

CCoTS 1.52 0.04 -0.24 0.64 -0.17 1.72 -0.2 0.2 

CMnTS 1.5 0.39 -0.42 0.92 0.14 1.42 -0.2 0.2 

CFeTS 1.48 0.04 -0.04 0.6 -0.17 1.72 -0.2 0.2 

CMgTS 1.6 -0.08 0.08 0.54 -0.17 1.72 -0.2 0.2 
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Figure 20. Energy band diagram of the optimized diverse emerging solar cells with CdS and 

TiS2 buffer. 
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It can be noticed that all absorber-based solar cells with TiS2 exhibited good band alignment 

compared to CdS. Specifically, considering the buffer/absorber interface, both CdS and TiS2 

based emerging solar cells hold large +ve VBO values indicating a huge spike for holes. On 

the flip side, a cliff-like barrier with -ve CBO values is observed in all the simulated CdS and 

TiS2 based emerging solar cells except for CMgTS. Typically, CBO with cliff formation at the 

buffer/absorber interface is favorable for solar cells as there are no barriers for the 

photogenerated electrons. However, a large cliff with high -ve CBO values improves the 

accumulation of electrons and reduces the activation energy of recombination, adversely 

declining the solar cell performance [135]. Notably, CdS based solar cells hold large negative 

CBO values compared to TiS2 based solar cells, demonstrating that the recombination of 

photogenerated electrons would be extremely high in the former. Whereas, the transportation 

of electrons is smooth in the latter due to its less -ve CBO, ascribing to their superior 

performance. Interestingly, a minute spike of 0.08eV is noticed at the absorber/TiS2 interface 

of the CMgTS solar cell. Recent studies revealed that small spikes at the absorber/buffer 

interface are more advantageous than cliff formation in solar cells as they create massive built-

in potential at the interface and reduce the interface recombination,[136,137] ascribing to the 

maximum PCE of TiS2 based CMgTS solar cell than the other simulated solar cells. Similar to 

other cases, a large cliff of – 0.42eV is found at the CdS/ CMgTS interface, leading to the lower 

PCE of CdS based CMgTS solar cell than TiS2. Moreover, as a result of the large cliff at the 

CdS/absorber interface, a huge spike is seen at the CdS/i-ZnO interface of all CdS based 

emerging solar cells. This consequently impedes the motion of electrons and increases the 

recombination rate. On the contrary, a cliff-type barrier is formed at the TiS2/i-ZnO interface 

of all emerging solar cells excluding CMnTS solar cells, accelerating the collection of 

photogenerated electrons at the contact by suppressing the recombination. Although a spike of 

0.14eV is observed at the TiS2/i-ZnO interface of the CMnTS solar cell, it is comparatively 

less than that of the CdS/i-ZnO interface. Furthermore, offsets at the i-ZnO/AZO interface are 

identical in all emerging solar cells irrespective of the buffers, demonstrating that variation of 

buffers does not alter the band alignment of the i-ZnO/AZO interface. Despite the usage of 

MoO3 as BSF in all solar cells, the offsets at the MoO3/absorber interface are different in TiS2 

and CdS based emerging solar cells except CMnTS solar cells. This implies that altering the 

buffers does not impact the band alignment between BSF and absorber in CMnTS solar cells 

while it significantly influences the same in other emerging absorber based solar cells. A larger 

spike is observed for electrons at the MoO3/absorber interface in all TiS2 and CdS based 

emerging solar cells which aids in the retardation of photogenerated electrons towards the back 
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contact. Similar to the absorber/buffer interface, an extremely large cliff or spike for holes at 

the MoO3/absorber interface would enhance the accumulation and recombination of holes, 

eventually declining the PCE. Tolerable spikes or cliff-type barrier are beneficial for the 

collection of holes [91,134]. In light of this, TiS2 based solar cells show more favorable VBO 

than CdS based solar cells at the MoO3/absorber interface in all emerging solar cells. Overall, 

the obtained results reveal that the variation of buffer influences the band alignment between 

each layer of solar cells and the best alignment of bands was accomplished in TiS2 based solar 

cells leading to their high PCE.  

6.1.3.2. Electric field and electron distribution 

The electric field generated at the heterojunctions/homojunction of the solar cell plays a crucial 

role in regulating the performance of solar cells. Therefore, the performance of diverse 

emerging absorber based solar cells with CdS and TiS2 buffers is investigated concerning the 

electric field distribution within the layers of the solar cells as displayed in Figure 21. 

Generally, the orientation of the electric field towards the negative side implies a potential 

separation and collection of charge carriers at the interface while the enhancement of the 

electric field in the positive direction indicates the accumulation of charge carriers, leading to 

recombination. Thus, the electric field must be high towards the negative side and less if it is 

in the positive direction to obtain high PCE [138]. In our case, a negative electric field is seen 

at the MoO3/absorber interface of all the optimized emerging solar cells which indicates an 

effective separation of photogenerated holes from the absorber before recombination, 

happening due to the proper band alignment of MoO3 with all absorbers. Thus, the major 

difference in the performance of CdS and TiS2 based emerging solar cells occurs due to the 

variation in the electric field distribution at the absorber/buffer and buffer/i-ZnO interface. It 

can be noticed that the electric field steeps tremendously high along the positive side at the 

CdS/i-ZnO interface in CMgTS solar cells and the CdS/absorber interface in other solar cells, 

displaying that the accumulation of photogenerated electrons is extremely large at these 

interfaces. 
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Figure 21. Electric field distribution of the optimized diverse emerging solar cells with CdS 

and TiS2 buffer. 
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This can also be evidenced in Figure 22 where the distribution of electrons within the diverse 

emerging absorber based solar cells with CdS and TiS2 buffers are shown. In all the CdS based 

emerging solar cells, the electron density is enormous along the buffer, i-ZnO, and their 

interfaces, evidencing the accumulation of photogenerated electrons at the CdS/absorber and 

CdS/i-ZnO interfaces. This primarily stems from the large cliff and spike type barrier at the 

CdS/absorber and CdS/i-ZnO respective interfaces in all CdS based emerging solar cells, 

leading to the high positive electric field. On the other hand, in TiS2 based emerging solar cells, 

the electric field is comparatively minute in the positive direction than the CdS based solar 

cells, revealing less accumulation of electrons in these solar cells. This is also witnessed in 

Figure 22 where the density of electrons is negligible at the TiS2/absorber and TiS2/i-ZnO 

interfaces of emerging solar cells with the majority of electrons reaching AZO. This happens 

due to the appropriate barriers for electrons at the interfaces of the TiS2 based emerging solar 

cells which hasten the separation of photogenerated charge carriers and enrich their movement 

to the front contact without recombination. On the whole, the outcomes reveal that the less 

electric field in the positive direction with a negligible accumulation of photogenerated charge 

carriers led to the superior performance of diverse emerging absorber based solar cells with 

TiS2 than CdS. 

6.1.3.3. C-V and Mott Schottky measurements 

C-V measurement is an essential tool to understand the junction properties of solar cells. 

Herein, the C-V of diverse emerging absorber based solar cells with CdS and TiS2 buffers were 

acquired from SCAPS-1D (Figure 23 (a-d)), to understand the difference in their performance 

corresponding to the junction characteristics. In both CdS and TiS2 buffer based solar cells, the 

capacitance is zero at lower voltages (reverse bias) and then exponentially increases at higher 

voltages (forward bias). At reverse bias, the absorber is completely depleted and hence the 

capacitance would be zero as there are no mobile charge carriers to respond to the applied AC 

field. This is generally termed as depletion capacitance (CDEP). During forward bias, the 

depletion width narrows down and charge carriers accumulate at the interface resulting in the 

exponential rise of capacitance which is designated as accumulation capacitance (CACC) 

[91,139]. The CACC of CdS based emerging solar cells is very large compared to that of TiS2 

implying that the stagnation of charge carriers at the p-n junction is severe in the former. This 

mainly comes from the improper band alignment of CdS with emerging absorbers which 

restricts the electrons from getting collected, boosting the recombination rate. On the other 

hand, as a result of the appropriate offsets for electron movement at the absorber/buffer 
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interface, the CACC in emerging solar cells with TiS2 buffer is very less, leading to its high PCEs. 

In addition, the voltage where the capacitance starts to improve shifts towards larger voltage 

i.e., CDEP dominates for a wide voltage range in TiS2 based emerging solar cells than CdS 

indicating that the depletion region is wider in these solar cells. This strongly portrays that TiS2 

creates a strong p-n junction with the absorber compared to CdS, revealing its potential to be 

an alternative buffer for solar cells. 

In addition, C-V measurements are utilized to deduce the built-in potential (VB) of solar cells 

[118]. Thus, VB of CdS and TiS2 based emerging solar cells were estimated from the Mott-

Schottky (1/C2) plots as displayed in Figure 23 (e-h). The VB values obtained for CCoTS, 

CMnTS, CFeTS, and CMgTS solar cells with a CdS buffer are 0.92 V, 0.67 V, 1.00 V, and 

1.14 V, respectively whereas TiS2 based solar cells showed VB values of 1.35 V, 1.20 V, 1.30 

V, and 1.26 V. Notably, the VB of TiS2 solar cells is 1.46, 1.79, 1.30, and 1.11 times greater 

than that of CdS in the CCoTS, CMnTS, CFeTS, and CMgTS solar cells, respectively. This 

increase in VB primarily results from the optimal alignment of energy bands and Fermi levels 

between TiS2 and the absorbers [140,141]. This improved VB significantly enhances the VOC 

of the TiS2 solar cells, as also seen in Table 11, where the VOC is substantially larger than that 

of the CdS solar cells. Furthermore, the elevated VB creates a strong built-in electric field at 

the p-n junction, facilitating the separation and movement of charge carriers at the respective 

contacts without significant recombination in TiS2 solar cells, which greatly boosts the FF 

[142]. Additionally, the depletion width (W) of solar cells is closely related to the VB according 

to the following equation:[143] 

W = [
2εsε0VB

q
(

NAabs+NDbuf

NAabsNDbuf
)]

1/2

                                                                (14) 

Where q represents the elementary charge, 𝜀0 is the dielectric permittivity of free space and 

𝜀𝑠 is the dielectric constant. The calculated W of emerging CCoTS, CMnTS, CFeTS, and 

CMgTS solar cells with TiS2 buffer is about 0.130 µm, 0.115 µm, 0.274 µm, and 0.304 µm, 

respectively, while it is 0.102 µm, 0.086 µm, 0.239 µm, and 0.091µm in CdS based emerging 

solar cells. 
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Figure 22. Electron density (n) distribution of the optimized diverse emerging solar cells with 

CdS and TiS2 buffer. 
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Figure 23. (a-d) C-V and (e-h) Mott-Schottky plots of the optimized diverse emerging solar 

cells with CdS and TiS2 buffer. 

Generally, W is directly proportional to the active thickness (LP) of solar cells, which 

contributes to the absorption, generation, and separation of charge carriers by the following 

equation.[144] 

LP = LN+W                (15) 
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Here LN is the diffusion length of charge carriers. On this account, the wider W in TiS2 solar 

cells will subsequently increase LP and improve the absorption and generation of charge 

carriers, leading to a higher JSC [144]. Consequently, the reduced CACC and the elevated VB in 

the emerging solar cells with TiS2 buffer facilitate the separation of charge carriers and 

minimize recombination. This improvement, along with an increase in the W and LP, eventually 

improves the VOC, JSC, and FF, resulting in a comparatively higher PCE in TiS2 solar cells.  

6.1.3.4. Nyquist plots 

Impedance spectroscopy (IS) is an important technique utilized to examine the transport, 

accumulation, and recombination of charge carriers in the bulk and interfaces of multijunction 

solar cells over the wide frequency range [145]. IS data are examined by Nyquist plots which 

consist of real and imaginary impedance data in the x and y axis respectively. Herein, Nyquist 

plots of diverse emerging absorber based solar cells with CdS and TiS2 buffers were derived 

from C-F measurements as depicted in Figure 24 (a-d). Normally, two semicircles are noticed 

in Nyquist plots at different frequency ranges. The semicircle formed at the less frequency 

indicates the resistance to recombination (RR) of charge carriers at the p-n junction whereas the 

one generated at the high frequency signifies the transfer resistance (RT) for holes at the 

BSF/absorber interface.[146] In the present work, a single semi-curve is seen in all emerging 

solar cells where the diameter of TiS2 based solar cells is bigger than the CdS based solar cells, 

indicating that it is the RR semicurve. The perfect band alignment at the absorber/buffer 

interface and high VB have contributed to the remarkable RR of TiS2 based solar cells leading 

to their maximum PCE. In addition, the unavailability of the RT curve indicates that the 

movement of holes is not restricted at the MoO3/absorber interface which occurs due to the 

appropriate band alignment of MoO3 with absorber and back contact, demonstrating it to be a 

potential BSF for emerging solar cells.  

6.1.3.5. J-V and QE 

Figure 24 (e-h) displays the J-V of diverse emerging absorber based solar cells optimized with 

CdS and TiS2 buffers and their corresponding solar cell parameters are provided in Table 11. 

It can be observed that only a minute difference is seen between the JSC of CdS and TiS2 buffer 

based emerging solar cells. In particular, the JSC of CMnTS and CMgTS solar cells is slightly 

higher with TiS2 buffer than CdS while a converse behavior is noticed in CCoTS solar cells 

where comparatively large JSC is obtained with CdS buffer. On the other hand, CFeTS solar 

cells demonstrated a similar JSC of 26 mA/cm2 with both buffers. Since the JSC of solar cells is 

primarily dependent on the photon absorption and charge carrier generation, the QE of diverse 
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emerging absorber based solar cells with CdS and TiS2 buffers were plotted to elucidate the 

variation in JSC (Figure 25). The average QE% of CMnTS and CMgTS solar cells with CdS 

buffer is estimated to be 79% and 83% while it is 80.5% and 85% for TiS2 buffer respectively, 

ascribing to the minute enhancement in their JSC. On the flip side, CdS based CCoTS exhibits 

an average QE of 74% whereas 72.9% is deduced for TiS2 based CCoTS solar cells. Noticeable 

change in the QE plot is not observed in CFeTS solar cells leading to the constant JSC for both 

buffers based solar cells. Thus, the outcomes reveal that light absorption and carrier generation 

in CFeTS solar cells are unaffected by the modification in buffers while they are slightly altered 

in CCoTS, CMnTS, and CMgTS solar cells. Despite the small changes in JSC, the difference in 

PCE is massive between CdS and TiS2 buffer based solar cells which predominantly originates 

from the large variation in VOC and FF. Specifically. the resultant FF of TiS2 buffer based 

CCoTS, CMnTS, CFeTS, and CMgTS solar cells are 89.32%, 88.93%, 89.84%, and 89.99% 

respectively which shows a difference of 4.62%, 6.63%, 3.7% and 1.55% greater than the CdS 

based respective solar cells. Similarly, VOC loss is extremely large in CdS based CCoTS, 

CMnTS, CFeTS, and CMgTS solar cells which are about 0.65V, 0.79V, 0.45V, and 0.38V 

respectively whereas less VOC loss of 0.34V, 0.38V, 0.25V, and 0.25V is accomplished in TiS2 

based respective solar cells. As a consequence, maximum PCE of 27.02%, 27.04%, 30.04%, 

and 30.26% is achieved in CCoTS, CMnTS, CFeTS, and CMgTS solar cells with TiS2 buffer 

while comparatively fewer PCEs of 19.79%, 15.30%, 24.30% and 26.30% were obtained in 

CdS based respective solar cells.  
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Figure 24. (a-d) Nyquist plot, (e-h) J-V of the optimized diverse emerging solar cells with CdS 

and TiS2 buffer. 
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Figure 25. QE of the optimized diverse emerging solar cells with CdS and TiS2 buffer. 

As mentioned in the introduction, the large band bending at the buffer/absorber interface with 

high interface recombination and the associated VOC loss is the critical issue in the emerging 

CCoTS, CMnTS, CFeTS, and CMgTS solar cells. Recently, 2D TMDC TiS2 has been explored 

as an ETL in perovskite solar cells. Yin et al. replaced the traditional TiO2 ETL with liquid-

exfoliated TiS2 in FA0.85MA0.15PbI3 solar cells, achieving a PCE of 17.37%, with a VOC of 1.05 

V, a JSC of 23.38 mA/cm², and a FF of 70.76% [30]. Their findings indicated that TiS2 provided 

better band alignment with the perovskite and exhibited excellent UV stability and a long 

lifetime. Similarly, Huang et al. developed CH3NH3PbI3 solar cells using UV-ozone-treated 

TiS2 as the ETL, achieving an impressive PCE of 18.79% [28]. They demonstrated that the 

TiS2 ETL processed at low temperatures performed comparably to high-temperature processed 

TiO2 and SnO2 ETLs and aligned well with the energy bands of the absorber due to its weak 

van der Waals forces and the absence of dangling bonds on its surface. While TiS2 has 

demonstrated outstanding properties as an n-type ETL, its exploration has largely been limited 

to perovskite solar cells, presenting a significant opportunity to investigate its potential and 

impact on other types of solar cells. In this context, we utilized TiS2 as an n-type buffer in 

emerging CCoTS, CMnTS, CFeTS, and CMgTS solar cells to assess its suitability and 

thoroughly understand its properties. As a result, we achieved high PCEs of 27.02%, 27.04%, 
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30.04%, and 30.26% in CCoTS, CMnTS, CFeTS, and CMgTS solar cells, respectively, with 

the TiS2 buffer. Interestingly, our study reveals that TiS2 provides proper band alignment with 

the absorber and neighboring layers and effectively suppresses charge carrier accumulation at 

the interface. Additionally, the VOC loss in these emerging solar cells with the TiS2 buffer is 

significantly lower compared to that of CdS. Furthermore, TiS2 demonstrates a high VB, large 

RR, and extends the depletion region of these solar cells. Therefore, it is evident that fabricating 

these emerging solar cells with a TiS2 buffer can overcome existing experimental challenges 

and enhance their performance. The superior characteristics of TiS2 compared to CdS highlight 

its potential as a promising alternative buffer for conventional solar cells such as CIGS, CdTe, 

CZTS, and other emerging thin-film solar technologies. We believe that our work will 

significantly interest the research community and accelerate the development of solar cells with 

TiS2 buffers in the near future. 

6.1.4. Effect of parasitic resistance and working temperature on TiS2 based diverse 

emerging solar cells 

RS and RSH, together termed parasitic resistance, strongly influence the solar cell parameters. 

RS is generally associated with the resistance at the contacts and between the layers while RSH 

depends on the morphology and defects in each layer [91]. Therefore, the impact of these 

parasitic resistances on the performance of TiS2 based emerging solar cells is investigated. 

Figure 26 (a,b) displays the changes in solar cell parameters of all solar cells concerning the 

changes in RS from 0.5 to 6 Ω cm2 and shunt resistance from 1000 Ω cm2 to 100000 Ω cm2 

respectively. It can be seen that VOC and JSC display a negligible change with variation in both 

resistances, indicating that they are less affected by parasitic resistances in these solar cells. 

Whereas, FF and PCE demonstrate significant changes with the resistances. When the RS is 

enhanced from 0.5 to 6 Ω cm2, the FF drastically drops from 88% to 78%, 87.77% to 75.33%, 

88.78% to 77.54%, and 87.17% to 75.04% in CCoTS, CMnTS, CFeTS, and CMgTS solar cells 

respectively. This happens due to the surge in power loss in solar cells for large series resistance 

where the relation between the FF and maximum power output (Pmp) of solar cells is 

demonstrated by the following formula.[147] 

FF =
Pmp

VOC JSC    
                                                                                                                (16) 

As a consequence, PCE degrades by a difference of about ~4% for the varied series resistance 

range in all solar cells. On the flip side, FF and PCE remain unaffected for high RSH while 

slightly reducing for values less than 5000 Ω cm2.  
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The performance of the solar cells is largely influenced by the working temperature due to their 

constant illumination in sunlight. Here, the temperature is varied from 300K to 400K in all the 

optimized TiS2 based emerging solar cells and their corresponding solar cell parameters are 

provided in Figure 27. The changes in JSC for rising temperature are negligible in all solar cells, 

implying that the bandgap of the emerging absorbers is unaltered [148]. Conversely, VOC, FF, 

and PCE are reduced for the improvement in temperature. As the temperature increases, the 

thermally created electrons begin to vibrate and recombine before reaching the corresponding 

contacts [149] In addition, the electron-hole mobility, charge carrier concentration, and 

parasitic resistances are adversely affected by high temperature, declining VOC, and FF [149]. 

Consequently, PCE degrades. Specifically, when the temperature is enhanced from 300 to 

400K, it reduces from 27.02% to 23.28%, 27.04% to 21.78%, 30.04% to 25.8%, and 30.26% 

to 25% in CCoTS, CMnTS, CFeTS, and CMgTS solar cells respectively.  
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Figure 26. Influence of (a) Series resistance (b) Shunt resistance on the optimized diverse 

emerging solar cells with TiS2 buffer. 
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Figure 27. Influence of working temperature on the optimized diverse emerging solar cells 

with TiS2 buffer. 

6.1.5. Practical challenges and strategies to achieve high PCE in TiS2 based diverse 

emerging Cu2MSnS4 (M= Co, Mn, Fe, Mg) solar cells 

This research offers intriguing insights into the promising applications and appropriateness of 

TiS2 for the development of novel Cu-based solar cells, specifically the Cu2MSnS4 (M= Co, 

Mn, Fe, Mg). The study also highlights key influential parameters related to TiS2 and emerging 

semiconductor absorbers, outlining their optimal values necessary to achieve PCE as high as 

30%. However, it is crucial to address the significant experimental challenges currently faced 

in the field and discuss viable strategies that may facilitate the attainment of these ambitious 

PCE targets in real-world applications. 

As outlined in the introduction, the experimental PCEs observed in the emerging Cu2MSnS4 

(M= Co, Mn, Fe, Mg) solar cells remain notably low, a situation that can be attributed to several 

interrelated factors. One of the predominant challenges is the synthesis of a high-quality 

absorber film, which is vital for the effective operation of these solar cells. Issues such as the 

formation of secondary phases, the presence of inhomogeneous grain structures, voids within 

the film, and poor crystallinity are detrimental as they compromise stability and significantly 
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impair the optical and mechanical properties of the absorber layer. Moreover, additional 

challenges stem from the existence of point defects, dislocations, and compositional non-

uniformity within the absorber material [23,150]. These factors collectively pose serious 

hurdles that can substantially degrade the overall quality and performance of the emerging 

absorbers. To improve the PCE of Cu2MSnS4 (M= Co, Mn, Fe, Mg) solar cells, focused efforts 

must be directed toward the development of high-quality, defect-free absorber films. Key 

improvements can be made by meticulously optimizing parameters such as the deposition 

pressure, deposition rate, substrate temperature, and the purity of precursor materials [151–

153]. Fine-tuning these parameters can lead to a marked enhancement in the properties and 

overall quality of the absorber films. Furthermore, adjusting the composition of the absorber 

can prove beneficial in mitigating the formation of unwanted secondary phases, thereby 

enhancing the material characteristics [154]. Techniques such as post-deposition annealing and 

various surface treatments should also be explored to improve both the adhesion and 

crystallinity of the absorber film [155]. These treatments are crucial as they can also help 

alleviate stress within the film and reduce the occurrence of interfacial defects. 

In addition to the above considerations regarding absorber quality, there exists a significant 

challenge at the interface between the absorber and buffer layers. The steep energy cliff 

resulting from a mismatch in band alignment between these two critical layers poses another 

substantial barrier to the advancement of these emerging solar cell technologies. Addressing 

this issue is vital, as it limits charge carrier transport and overall energy conversion efficiency, 

necessitating innovative solutions to align the band structures effectively. In this regard, we 

have utilized 2D TMDC TiS2 as a potential buffer for these emerging solar cells. From a 

structural perspective, TMDCs are advantageous due to their unique surface characteristics; 

they lack dangling bonds, significantly reducing the lattice mismatch at their interfaces with 

other semiconductors [156]. However, synthesizing high-quality TMDC thin films with precise 

control over chemical composition, defect density, and physical dimensions presents 

significant challenges. Researchers typically use two main approaches to prepare these 2D 

materials: top-down and bottom-up methods. The top-down approach involves various 

exfoliation techniques, including mechanical, chemical, and solvent exfoliation, which allow 

the extraction of single or few-layered 2D nanosheets from their bulk forms [157]. While these 

exfoliation methods can be beneficial, they have limitations. Ensuring uniform thickness, 

controlling the size of the flakes, and avoiding contamination from unwanted impurities can be 

problematic. Additionally, scaling these techniques for large-scale production remains a 
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formidable obstacle. In contrast, the bottom-up approach focuses on synthesizing layered 

nanosheets through solution-based methodologies or chemical vapor deposition (CVD) 

techniques. Thermal CVD has shown particular promise for the growth of 2D TMDCs, as it 

generates a chemical vapor from solid precursors [158]. Despite these advancements, 

challenges persist regarding the large-scale regulation of crystal size, crystal domain density, 

and precise control of layer thickness. These challenges primarily arise from difficulties in 

modulating the spatial distribution and partial pressure of the chemical vapor precursors, which 

ultimately impacts the quality and yield of the synthesized TMDC materials, especially for 

solar cell applications. A notable advancement has been made by Kang et al., who successfully 

developed 2D TMDCs with uniform sizes and controllable thicknesses using a metalorganic 

CVD technique [159]. This innovative approach employs direct vapor-phase reactants, 

demonstrating significant potential to overcome the limitations of traditional synthesis 

methods, thus enabling the large-scale production of high-quality TMDCs. 

In this context, high-quality films of TiS2 with tuneable thicknesses, controlled defects, 

customizable flake sizes, and adjustable growth temperatures can be effectively fabricated 

using the metalorganic CVD method. This allows for the potential integration of TiS2 as an n-

type buffer in solar cells. In addition, it's essential to address critical challenges associated with 

TMDCs, such as low mobility and high resistance at the interface between layers [156]. These 

issues can hinder the efficient separation and collection of charge carriers within solar cells, 

thereby limiting their effectiveness. Within the realm of TMDCs, there are three distinct 

structural phases: 1T, 2H, and 3R, characterized by tetragonal, hexagonal, and rhombohedral 

symmetry, respectively. Among these, the 2H phase has been identified as particularly 

advantageous for the efficient transfer of photogenerated charge carriers in solar cells, offering 

opportunities for improved performance. Consequently, phase engineering of TMDCs holds 

promise for reducing interfacial resistance, further enhancing the performance of solar cells 

[160,161]. Additionally, Duan et al. proposed encapsulating TMDCs with boron nitride as a 

potential strategy to enhance their carrier mobility, underscoring the ongoing search for 

methods to improve the functionality of these materials [156]. In summary, the experimental 

strategies discussed are crucial for material scientists aiming to achieve enhanced PCEs in 

emerging Cu2MSnS4 (M= Co, Mn, Fe, Mg) solar cells, mainly through the use of high-quality 

TiS2 films. 
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6.2. ZrS2 as a new buffer for highly efficient Cu2BaSn(S,Se)4 solar cells 

This section extensively demonstrates the results of third objective. To be precise, the section 

6.2.1 (i.e., from 6.2.1.1. to 6.2.1.4) analyze the impact of ZrS2 buffer’s material parameters 

such as bandgap, thickness, carrier concentration and defect density on the performance of 

solar cells. Sections 6.2.2 and 6.2.3 focus on the importance of buffer optimization whereas the 

outcomes of absorber and interface optimization are dealt in section 6.2.4. and 6.2.5. Further, 

the effect of RS, RSH, working temperature (sections 6.2.6) and experimental strategies for 

practical fabrication (section 6.2.7) are also discussed.  

6.2.1. Exploration of the impact of ZrS2 buffer properties on the performance of 

Cu2BaSn(S,Se)4 solar cells 

6.2.1.1.Impact of bandgap  

In common, an appropriate bandgap of the buffer layer is essential to achieve a high solar cell 

performance [162]. Typically, it modifies the energy band alignment at the absorber/buffer 

interface, which affects solar cell function [163]. Hence, we altered the ZrS2 bandgap from 1.6 

to 2.5 eV to study its impact on the performance of Cu2BaSn(S,Se)4 solar cells. Figure 28 

shows the changes in solar cell parameters concerning the ZrS2 bandgap. In general, the 

modification in the bandgap of the buffer changes its transmittance and alters the band 

alignment at the absorber/buffer interface, resulting in a considerable variation in the solar cell 

performance [163,164]. Nevertheless, in our case, solar cells' VOC, JSC, FF, and PCE remain 

unaltered with increasing ZrS2 bandgap. A high PCE of 15.72% is achieved for Cu2BaSn(S,Se)4 

solar cells with the bandgap of 1.6 eV. Thus, to understand this peculiar behavior, we extracted 

an energy band diagram from SCAPS-1D of all solar cells, as shown in Figure 29. It shows 

that solely the valence band of ZrS2 altered concerning bandgap as the EV moves down with 

increasing bandgap. In contrast, no change is observed in the EC. As a result, the VBO at the 

absorber/ZrS2 interface increases while the CBO remains identical. The contribution of VBO 

at the absorber/ZrS2 interface is minimal in solar cells as holes are minority carriers in the n-

type buffers [165]. Hence, these results indicate that the invariable CBO attributes to the 

negligible effect of the bandgap of novel ZrS2 on the performance of Cu2BaSn(S,Se)4 solar 

cells. 
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Figure 28. Variation in solar cell parameters of Cu2BaSn(S,Se)4 solar cells as a function of 

ZrS2 bandgap.  

 

Figure 29.  Energy band diagram of Cu2BaSn(S,Se)4 solar cells at 1.6 and 2.5 eV bandgap of 

ZrS2.  

6.2.1.2. Impact of thickness 

The thickness of the buffer plays a vital role in determining the electric field and built-in 

potential generated at the absorber/buffer interface [166]. Therefore, we varied the thickness 

of ZrS2 from 60 to 150 nm to find the optimum thickness value for attaining maximum PCE. 

Figure 30 represents the VOC, JSC, FF and PCE of Cu2BaSn(S,Se)4 solar cells as a function of 

ZrS2 thickness. The results depict that all solar cells' VOC and FF enhanced with increasing ZrS2 

thickness due to the reduction in recombination rate at the absorber/buffer interface and 

decrement in the RS of the solar cells, respectively [167]. Whereas it slightly increased for 

Cu2BaSn(S,Se)4 solar cells, which may arise from the material properties of the absorbers. 

However, the exact reason is unknown. Nevertheless, it can be noticed that the increment in 

PCE of all solar cells solely depends on the enhancement in VOC and FF, while the variations 
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in JSC do not influence the solar cell performance. Overall, when the thickness increased from 

60 to 150 nm, PCE improved from 15.99 to 17.53% for Cu2BaSn(S,Se)4 solar cells 

respectively. In addition, the obtained changes in the PCE can also be correlated to the solar 

cells' VB. Specifically, when the thickness of the ZrS2 layer decreases, VB and the 

corresponding electric field at the p-n junction drop drastically. As a result, most of the charge 

carriers recombine before being collected at the respective metal contacts, leading to poor solar 

cell performance [117,168]. Furthermore, the thin ZrS2 layer may also suffer from weak diode 

characteristics between the absorber and i-ZnO, providing a high probability of shunting or 

leakage current generation, which decreases the solar cell performance [125,168]. However, 

when the thickness of the buffer is very high, a greater number of photons are absorbed in the 

buffer, and eventually, only a few photons reach the absorber, resulting in the poor generation 

of charge carriers [169]. Therefore, we fixed the maximum thickness to 150 nm. 

 

Figure 30. Variation in solar cell parameters of Cu2BaSn(S,Se)4 solar cells as a function of 

ZrS2 thickness. 

6.2.1.3. Impact of carrier concentration 

It is well-known that the carrier concentration in any material significantly alters its properties 

[170]. Therefore, donor concentration of n-type ZrS2 is varied from 1E12 to 1E20 cm-3 by 

keeping the acceptor concentration of p-type absorber constant at 1E16 cm-3 for 

Cu2BaSn(S,Se)4. Figure 31 shows solar cells' VOC, JSC, FF and PCE as a function of carrier 

concentration. It can be noticed that the JSC, FF, and PCE of all the solar cells remain constant 

when the carrier concentration of the buffer is less than that of the absorber. Interestingly, when 

it increased beyond the absorber concentration, there was a drastic rise in JSC, FF, and PCE. 

The maximum PCE of 20.63% for Cu2BaSn(S,Se)4 solar cells are obtained at 1E20 cm-3. Saadat 

et al. observed similar behavior in their work and attributed the captivating performance to the 

variation in the concentration of charge carriers at the absorber/buffer interface [171]. When 

the electron concentration in the buffer is smaller than that of the absorber, the interface states 

are predominantly occupied by holes that act as electron traps at the interface, which impedes 
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the flow of photogenerated charge carriers, resulting in low solar cell performance. On the 

contrary, when the carrier concentration of the buffer is higher than that of the absorber, the 

concentration of electrons at the interface region increases, which diminishes the barrier height 

at the absorber/ZrS2 interface [172]. As a result, the flow of photogenerated charge carriers 

enhances, which increases JSC, FF, and PCE in the solar cells. However, the VOC of solar cells 

slightly decreases when the carrier concentration of ZrS2 is greater than the absorber. This 

contrasting behavior of VOC to other solar cell parameters results from reduced quasi-Fermi 

level splitting, as the Fermi level moves to the middle of the bandgap for low absorber 

concentration [173]. However, the reduction in VOC does not influence the solar cell 

performance, wherein PCE is highly influenced by increased JSC. Thus, from the obtained 

results, it can be inferred that the carrier concentration of buffer should be higher than the 

absorbers to acquire high PCE solar cells.   

 

Figure 31. Variation in solar cell parameters of Cu2BaSn(S,Se)4 solar cells as a function of 

ZrS2 carrier concentration.  

Generally, when the absorber's EC is lower than that of the buffer, a spike-like barrier is formed 

at the interface, restricting the flow of electrons. On the other hand, when the EC of the absorber 

is higher than that of the buffer, a cliff-like barrier is formed at their interface, which results in 

the easy transportation of electrons [172]. Similarly, spike-like and cliff-like barriers will be 

formed at the buffer/window interface when the EC of the buffer is lower and higher than the 

window, respectively. The energy band diagram for low (1E12 cm-3) and high (1E20 cm-3) 

carrier concentrations are extracted from SCAPS-1D (Figure 32) to obtain clear insights into 

the exact changes in the solar cells as a function of ZrS2 carrier concentration. From Figure 32, 

when the concentration is 1E12 cm-3, the electrons in the absorber's conduction band (CB) have 

a "spike-like" barrier at the absorber/ZrS2 interface for all solar cells. Thus, the electrons require 

much energy to cross the barriers; most recombine with the holes. In addition, the downward 

bending of CB is detected in ZrS2, which may lead to the trapping of electrons at the lower 
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region of the absorber/ZrS2 interface. Besides, a spike is also observed at the ZrS2/i-ZnO 

interface, hindering electron transport. On the other hand, when the concentration is raised to 

1E20 cm-3, three significant changes are observed in the energy band alignment: i) The barrier 

height (spike) for electrons at the absorber/ZrS2 interface is reduced. ii) EC and EV of ZrS2 are 

shifted downwards; accordingly, the Fermi level lies inside the CB. iii) The barrier at ZrS2/i-

ZnO interface is vanished. Each of these changes will be discussed in detail below. 

 

Figure 32. Changes observed in the energy band diagram of solar cells with ZrS2 carrier 

concentrations 1E12 and 1E20 cm-3
. 

As discussed earlier, at low ZrS2 concentration, the interface states are predominantly occupied 

by holes; thus, the electron concentration in the near interface region is low [171]. It has paved 

the way for a large spike at the absorber/ZrS2 junction that restricts the flow of electrons. The 

observed spike is reduced for higher ZrS2 concentrations as the interface region is filled mainly 

by electrons enhancing the transport of electrons across the p-n junction [172]. Moreover, the 

density of states at the CB of ZrS2 is unfilled or partially filled at lower concentrations. 

However, the electrons populate at the lower states of CB and become filled at higher 

concentrations; also, due to the large interaction and exchange potential between the charge 

carriers, the EC of ZrS2 shifts towards lower energy such that the Fermi level stays inside the 

CB. Thus, ZrS2 becomes a degenerate semiconductor and displays high conductivity due to the 

overlapping CB and donor levels [174,175]. This behavior is observed for concentrations above 

1E17 cm-3, and maximum degeneracy is obtained at 1E20 cm-3, accounting for the highest PCE 

of the solar cells, i.e., 20.63% for Cu2BaSn(S,Se)4, respectively. However, optical transitions 

require higher photon energies to excite from the VB to the states above the CB's Fermi level 

as the CB's lower states are filled. Thus, the widening of the optical band gap (EG (opt)) due to 

the blockage of lower state transition in the CB is called the Burstein-Moss effect [176](Figure 

33). In this regard, the optical bandgap of ZrS2 can now be written as:[177] 
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EG (opt) = EG + ∆BM                                  (19) 

Where, EG is the actual bandgap, and ∆BM is the Burstein-Moss shift which is the difference 

between EC and Fermi levels. It can also be noticed that the EV of ZrS2 also shifts to lower 

energy in the same amount as EC such that the actual band gap (1.6 eV) is maintained. It 

happens due to the change in the shape of energy bands for degenerate concentrations. In 

general, at low electron concentrations, the shape of CB is assumed to be parabolic, and the 

effective mass of the electrons at lower states is constant [177]. The effective mass of electrons 

with parabolic conduction bands is given as follows:[178] 

1

m∗
e

=  
1  

ℏ2

d2E

dk2                                                                 (20) 

On the contrary, the effective mass is no longer constant for degenerate cases. It increases as 

carrier concentration increases, changing the CB's shape from parabolic to non-parabolic.[177] 

The effective mass of non-parabolic CB is calculated using the following formula:[179] 

m non
∗ =

1

m∗
e

 [1 + 2C
ℏ2

m∗
e

(3Π2 ne)
2

3]
1/2

                                           (21) 

As a result of the non-parabolicity of CB, the effective mass of electrons and holes become 

approximately equal, producing a similar effect on the VB [179]. Further studies are required 

on the shapes of VB and CB of ZrS2 to investigate the results meticulously. The EC and EV of 

ZrS2 in all the solar cells for the lower and higher concentration and their corresponding barrier 

height are given in Table 14. The shifting and flattening of ZrS2 CB also led to better band 

alignment with i-ZnO, facilitating the fast collection of charges and eliminating the 

accumulation of electrons at the lower absorber/ZrS2 junction.  

 

Figure 33. Schematic representation of the Burstein-Moss effect and change in the shape of 

the energy bands at lower and higher carrier concentrations. 
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Table 14. Change in band edge positions and barrier height for lower and higher concentrations 

of ZrS2. 

Absorber 

Lower concentration 

1E12 cm-3 

Higher concentration 

1E20 cm-3 

∆EC ∆EV 
EC 

(eV) 

EV 

(eV) 

Barrier 

height 

(eV) 

EC 

(eV) 

EV 

(eV) 

Barrier 

height 

(eV) 

SnS 0.95 -0.65 0.19 0.7 -0.9 0.10 0.25 0.25 

Sb2Se3 0.95 -0.65 0.22 0.72 -0.88 0.2 0.23 0.23 

Cu2SnS3 0.92 -0.68 0.06 0.68 -0.92 No barrier 0.24 0.24 

CuSb(S,Se)2 0.97 -0.65 0.27 0.72 -0.87 0.24 0.22 0.22 

Cu2BaSn(S,Se)4 1.12 -0.48 0.22 0.88 -0.72 0.14 0.24 0.24 

 

6.2.1.4. Impact of defect density       

In common, defects are unavoidable in all solar cells, either in the material surface (absorber, 

buffer, window layer) or at the interfaces (window/buffer, buffer/absorber) [180]. Defects are 

usually formed due to imperfections in the crystal lattice, lattice mismatch, stress-strain 

management, the existence of an alien element, fabrication processes, etc [181]. It's essential 

to control the defect density of the ZrS2 to achieve a maximum PCE of diverse emerging 

chalcogenide thin-film solar cells. Therefore, the defect density of the ZrS2 is varied from 1E12 

cm-3 to 1E20 cm-3. Figure 34 displays the solar cell parameters variation as a function of ZrS2 

defect density. By increasing the defect density from 1E12 to 1E18 cm-3, we can observe that 

the variations in VOC, JSC, FF, and PCE are negligible for all cases. However, when defect 

density was increased beyond 1E18 cm-3, VOC, JSC, FF, and PCE drastically decreased. The 

massive decline in solar cell performance occurs due to more defect levels at the path of 

photogenerated charge carriers, which diminish their diffusion length and lifetime [119]. 

Consequently, they recombine before being collected by the respective electrodes, adversely 

affecting the solar cell performance. Figure 35 displays that the diffusion length and lifetime 

of charge carriers reduced from 103 to 0.1 µm and 105 to 10-3 ns, respectively, with increasing 

defect density from 1E12 to 1E20 cm-3. 

As detailed in the introduction, various buffers have been used in these emerging thin-film 

solar cells. However, most of them require lower order of defects for the efficient functioning 

of solar cells [182–186], for which enormous efforts are needed during materials preparation. 

Distinctively, the obtained results reveal that the novel ZrS2 buffer exhibits excellent solar cell 

performance with comparatively larger defect values, driving it to be a good buffer for the 

fabrication of diverse emerging chalcogenide thin-film solar cells such as SnS, Sb2Se3, 
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Cu2SnS3, CuSb(S,Se)2, and Cu2BaSn(S,Se)4. Besides, it also consists of earth-abundant and 

non-toxic elements. Thus, the defect tolerance and the intriguing properties of the novel ZrS2 

buffer strongly display its potential as an alternative buffer in different conventional solar cells 

such as CdTe, CIGS, CZTS, etc., in addition to the solar cells mentioned above. 

 

Figure 34. Variation in solar cell parameters of Cu2BaSn(S,Se)4 solar cells as a function of 

ZrS2 defect density. 

 

Figure 35.  Effect of ZrS2 defect density on charge carriers' lifetime and diffusion length. 

Overall, the optimization results of ZrS2 have shown that its bandgap does not alter the solar 

cell performance, while the PCE increased by 1.54% after the optimization of thickness, 

attributing to the increased built-in potential and suppressed shunting effect at the 

absorber/ZrS2 interface [117,168]. Interestingly, the major enhancement in solar cell 

performance was achieved from its carrier concentration optimization, which resulted from 

improved conductivity of solar cells due to the degenerate behavior of ZrS2 above 1E17 cm-3 
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[176,177]. Moreover, PCE remains unaltered when the defect density is between 1E12 and 

1E18 cm-3. Thus, after careful and systematic optimization of various parameters of ZrS2, such 

as thickness, carrier concentration, and defect density, we obtained VOC of 0.98 V, JSC of 26.64 

mA/cm2, FF of 79.20%, PCE of 20.63% for Cu2BaSn(S,Se)4 solar cells respectively. 

Furthermore, C-V, C-F, and QE measurements are performed to discover the enhancement in 

the charge carrier transport properties at the absorber/ZrS2 interface and absorption in the solar 

cells. Herein, we have selected two-solar cells, initial and final, for these measurements. The 

initial device denotes solar cells simulated with the parameters mentioned in Table 4. The final 

device represents solar cells simulated with the best parameters of ZrS2, such as bandgap, 

thickness, carrier concentration, and defect density of 1.6 eV, 150 nm, 1E20 cm-3, and 1E16 

cm-3, respectively, while other layers parameters are kept constant.  

6.2.2. C-V and Nyquist plots of initial and final solar cells  

The PCE enhanced from 15.72 to 20.63% for Cu2BaSn(S,Se)4 solar cells respectively. 

Therefore, C-V and C-F measurements for the initial and final devices of diverse emerging 

chalcogenide thin-film solar cells are performed to provide clear insights into the PCE 

enhancement.  

From the C-V plots (Figure 36) of Cu2BaSn(S,Se)4 solar cells, it is evident that the capacitance 

is constant or holds less values for low voltages. It reaches the maximum value when the 

voltage is high. When the voltage is low, the defect states will not cross the electron quasi-

Fermi level (EFn) due to the considerable distance between EC and EFn at the interface, as shown 

in Figure 37 (a). Conversely, at high voltages, the voltage drop at the junction decreases due 

to the flattening of bands. Hence, the defect states would easily cross the EFn, contributing to 

high capacitance values (Figure 37 (b)) [187]. However, the maximum capacitance is obtained 

at 0.7 V for initial solar cell of Cu2BaSn(S,Se)4. It decreases beyond 0.7 V. The reduction in 

capacitance is due to the failure in tracking AC signal due to the solar cells' large dielectric 

dispersion and interface charges [188]. 

Nevertheless, optimizing ZrS2 has considerably reduced the dielectric dispersion in 

Cu2BaSn(S,Se)4. Furthermore, it is also noted that the voltage at which the capacitance begins 

to increase shifts slightly towards a larger voltage in all the final solar cells. The shift in voltage 

reveals that charge carriers trapping at the interface of ZrS2/window or ZrS2/absorber is being 

reduced after ZrS2 optimization, leading to improved charge extraction compared to the initial 

solar cells [189]. 
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Figure 36. C-V characteristics of the initial and final devices of Cu2BaSn(S,Se)4 solar cells  

 

Figure 37. Energy band diagram of absorber/ZrS2 interfaces with defects states (brown 

triangle) at (a) low voltage. (b) high voltage. 

Additionally, C-V measurements are frequently used to estimate solar cells' VB and W, which 

are essential elements in solar cells that regulate the separation and collection of charge carriers 

[190]. Therefore, as presented in Figure 38, from C-V results, Mott-Schottky (1/C2 vs. V) plots 

for initial and final devices of Cu2BaSn(S,Se)4 solar cells are obtained to unfold their junction 

properties. The initial and final solar cells' VB is calculated from the Mott-Schottky plots' 

intercept. Initial potentials (Vbi) are found to be 0.89 V for Cu2BaSn(S,Se)4 solar cells. Final 

potentials (Vbf) of 1.06 V are attained after optimizing important parameters of ZrS2. In 

addition, the corresponding W can also be calculated using equation 18. According to this 

equation, the initial depletion width (Wi) of the space charge regions of the solar cells is 

determined to be 0.32 µm, 0.09 µm, 0.34 µm, 0.28 µm and 0.23 µm for SnS, Sb2Se3, Cu2SnS3, 

CuSb(S,Se)2, and Cu2BaSn(S,Se)4 respectively and final depletion width (Wf) of 0.36 µm, 0.14 

µm, 0.35 µm,0.33 µm, and 0.27 µm are obtained after the optimization of ZrS2.  
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Figure 38. M-S characteristics of the initial and final devices of Cu2BaSn(S,Se)4 solar cells  

In general, light absorption and generation of charge carriers occur primarily in the depletion 

region, which is then separated and collected in the respective contacts due to the built-in 

electric field [117]. It is evident from the results that VB and W are increased after the 

optimization of ZrS2. It is essential to mention that the depletion width (Wf) will grow towards 

the p-side of the p-n junction, as seen in Figure 39, due to the higher carrier concentration of 

ZrS2 than the absorbers [191]. As a significant portion of the depletion region is in the absorber, 

light absorption, and charge carriers' generation will be high. In addition, the generated charge 

carriers can get transported to the contacts effectively due to the rise in VB [117]. Thus, the 

obtained improvement in the solar cell performance can be ascribed to the elevation in the W 

and VB of the solar cells after the optimization of ZrS2. 
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Figure 39. The energy band diagram depicting VB and W (Initial and final devices are 

differentiated with i and f in subscript) 

Similarly, the Nyquist plots are also attained from C-F measurements for all absorbers' initial 

and final solar cells, as demonstrated in Figure 40. The Nyquist plots show semi-circular nature 

for all the cases. The diameter of the semicircle has been enlarged for the final solar cells 

compared to the initial solar cells. It signifies that all the optimized solar cells have high 

resistance to the recombination of charge carriers than the initial solar cells [100]. More 

specifically, it can be concluded that the large W and high VB of the final solar cells have 

hastened the separation of charge carriers so that they are collected at the contacts before 

recombining, thereby contributing to enhanced solar cell performance. Therefore, the above-

discussed findings certainly disclose the dominant role of ZrS2 properties on the efficient 

functioning of Cu2BaSn(S,Se)4 solar cells. 
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Figure 40. Nyquist plot of the initial and final devices of Cu2BaSn(S,Se)4 solar cells  

6.2.3. QE of initial and final solar cells 

QE is a vital characterization technique used to evaluate the performance of solar cells. It 

provides a clear understanding of the absorption of photons, generation, separation of charge 

carriers, and subsequent collection of photogenerated charge carriers at their respective 

contacts [192]. Figure 41 displays the QEs for the initial and final devices of Cu2BaSn(S,Se)4 

solar cells as a function of the incident wavelength. The graph shows a steep increase in QE 

around 370 nm, representing the absorption edge of i-ZnO. The solar cells' absorption coincides 

with this region as all devices' parameters are identical. Nevertheless, we can notice a 

significant difference in initial and final solar cell QE in the visible (400-700 nm) and IR (700-

1200 nm) regions. It can be found that the absorption increases by 1.97% in the final solar cells 

of Cu2BaSn(S,Se)4 compared to the initial solar cells. This increment is attributed to the 

widening of W along the absorber region, as discussed in C-V, due to the enhancement in the 

properties of ZrS2, which improves the absorption of the whole solar cells. 

Furthermore, the absorption edge of Cu2BaSn(S,Se)4 solar cells are found to be 823 nm 

respectively. The corresponding bandgaps is calculated to be 1.5 eV, the same as the input 

parameter for simulating the solar cells. Thus, it is clear that the spectral response of the diverse 

emerging chalcogenide thin-film solar cells is highly dependent on the bandgap of the 

absorbers and the properties of ZrS2. 
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Figure 41. QE spectra for the diverse emerging chalcogenide thin-film solar cells' initial (I) 

and final (F) devices.  

It is worth mentioning that several experimental reports are available in the literature where the 

influence of various parameters of different buffers on solar cell performance is studied. For 

instance, Cho et al. optimized the CdS buffer thickness in SnS solar cells and improved the 

PCE from 2.15 to 3.05% [193]. Li and his co-workers have tuned the bandgap of the CdZnS 

buffer to vary the CBO at the buffer/Sb2Se3 interface and enhanced the PCE by 1.63%.[194] 

Similarly, bandgap and carrier concentrations of ZnS were optimized to achieve a PCE of 0.5% 

in Cu2SnS3 solar cells [195]. In addition, Embden et al. varied the thickness of the In2S3 buffer 

to fabricate CuSbS2 solar cells with 0.81% enhancement in PCE [196]. Moreover, Ge et al. 

have increased the PCE of Cu2BaSnS4 solar cells from 0.68 to 1.28% by optimizing the 

bandgap of the oxygenated CdS buffer [197]. These reports strongly reveal the importance of 

optimizing the buffer materials parameters. In this regard, we have optimized ZrS2 parameters 

wherein the PCE of Cu2BaSn(S,Se)4 solar cells have enhanced by 4.88% respectively which 

powerfully reveals substantial improvement in the performance of all solar cells. Thus, these 

outcomes provide insights to the PV community to utilize ZrS2 as a potential alternative to 

experimentally enhance the performance of Cu2BaSn(S,Se)4 thin-film solar cells. 
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Table 15.  Performance of Solar Cells with Variation in the Intrinsic Parameters of 

Cu2BaSn(S,Se)4.  

Absorber Parameters Range 
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

 

 

 

 

 

Cu2BaSn(S,Se)4 

 

 

 

 

Electron 

affinity (eV) 

3.9 1.21 27.18 51.49 16.97 

4.0 1.16 26.96 60.19 18.96 

4.1 1.10 26.81 71.19 21.03 

4.2 1.06 26.79 80.54 22.90 

4.3 1.04 26.81 83.75 23.55* 

4.4 1.00 26.82 82.47 22.21 

4.5 0.91 26.86 81.59 19.97 

Thickness 

(nm) 

0.5 1.02 24.38 80.43 20.00 

1.0 1.04 26.15 82.99 22.59 

1.5 1.04      26.81 83.75 23.55* 

2 1.05 27.09 83.95 23.95 

Carrier 

concentration 

(cm-3) 

1E12 0.91 28.33 72.39 18.67 

1E14 0.92 28.31 74.90 19.54 

1E16 1.04 26.81 83.75 23.55 

1E18 1.17 25.46 88.71 26.44 

1E20 1.28 25.23 90.25 29.35* 

Defect density 

(cm-3) 

1E12 1.30 25.89 90.31 30.42* 

1E14 1.29 25.82 90.30 30.29 

1E16 1.26 22.59 89.94 25.62 

1E18 1.19 15.99 88.83 16.93 

1E20 1.10 14.15 79.80 12.48 

Electron 

mobility 

(cm²/Vs) 

 

5E-3 1.38 25.23 90.73 31.71 

5E-2 1.38 25.82 90.72 32.34* 

5E-1 1.35 25.88 90.62 31.73 

5E0 1.30 25.89 90.31 30.42 

5E1 1.24 25.89 89.97 28.93 

5E2 1.18 25.89 89.59 27.43 

Hole mobility 

(cm²/Vs) 

1.5E-6 1.25 28.02 76.56 26.93 

1.5E-5 1.32 26.26 87.06 30.41 

1.5E-4 1.37 25.86 89.35 31.68 

1.5E-3 1.38 25.82 90.72 32.34* 

1.5E-2 1.38 25.81 90.52 31.43 
 

6.2.4. Optimization of properties of Cu2BaSn(S,Se)4 chalcogenide absorber 

It is crucial to investigate the properties of chalcogenide absorbers to predict and understand 

the performance of Cu2BaSn(S,Se)4 thin-film solar cells when the novel ZrS2 buffer is used. 

Moreover, the suitability of a novel ZrS2 buffer can be keenly understood by probing the 

influence of the chalcogenide absorbers mentioned above. In this concern, we varied 

parameters such as electron affinity, thickness, carrier concentration, and defect density of 
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chalcogenide absorber from 3.9 to 4.5 eV, 500 to 2000 nm, 1E12 to 1E20 cm-3, 1E12 to 1E20 

cm-3, respectively. In addition, electron mobilities are varied in the order of E-3 to E+2 cm²/Vs 

for all chalcogenide absorbers, while hole mobilities are varied from E-6 to E-2 cm²/Vs. The 

results reveal that the influence of the thickness of the chalcogenide absorbers on the solar cell 

performance is insignificant. In contrast, the electron affinity, carrier concentration, defect 

density, and carrier mobilities of the diverse emerging chalcogenide absorbers significantly 

impact the solar cells' performance, explicitly displayed in Table 15. It shows that VOC 

decreased when solar cells' electron affinity increased from 3.9 to 4.5 eV. This VOC decrement 

is due to the reduction in the splitting of quasi-Fermi levels with the change in the band 

alignment of the solar cells [198]. In contrast, the difference in JSC is negligible throughout the 

affinity values, as the amount of generated charge carriers remain constant due to the unaltered 

bandgaps of the absorbers [199]. On the other hand, when the electron affinity increased from 

3.9 to 4.3 eV, FF, and PCE were enhanced, which then decreased at 4.4 and 4.5 eV. This 

tendency happens because, when the affinity is less or higher than 4.3 eV, inappropriate barriers 

are formed at the absorber/ZrS2 and absorber/Mo(S/Se)2 interface due to the mismatch in the 

band alignment of the absorber with the transporting layers [198,200]. It consequently boosts 

the recombination rate of charge carriers and hinders their separation and collection at the 

respective contacts. Subsequently, the RS of the solar cells increases, resulting in reduced FF 

and PCE [169]. Thus, the optimum electron affinity of 4.3 eV is needed in all the emerging 

chalcogenide absorbers to attain maximum PCE of 23.55% for Cu2BaSn(S,Se)4 solar cells. 

Similarly, when the carrier concentration increased from 1E12 to 1E20 cm-3, VOC significantly 

improved from 0.91 to 1.28 V for Cu2BaSn(S,Se)4 solar cells. Typically, an increase in the 

chalcogenide absorber's carrier concentration will enhance the solar cells' VB, which boosts the 

separation and collection of charge carriers [129]. Mott-Schottky plots of diverse emerging 

thin-film solar cells with chalcogenide absorber carrier concentrations of 1E12 and 1E20 cm-3 

and their corresponding VB are shown in Figure 42. When the carrier concentration is 1E12 

cm-3, VB of Cu2BaSn(S,Se)4 solar cells are found to be 0.66 V which is then increased to 1.0 V 

at 1E20 cm-3. Thus, it strongly indicates that the elevation in the VOC of diverse emerging thin-

film solar cells concerning chalcogenide absorbers carrier concentration is due to the 

enhancement in Vb, which leads to a corresponding increase in the FF of the solar cells due to 

the reduction in recombination and improvement in the collection of charge carriers [201]. 

However, JSC reduces from 28.33 to 25.23 mA/cm2 in Cu2BaSn(S,Se)4 solar cells with the 

increasing carrier concentration. This trend occurs because the W will become narrow and 

equal on both sides of the p-n junction as the chalcogenide absorber and ZrS2 carrier 
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concentrations are higher (1E20 cm-3) or in the same order of magnitude. Hence, there is a 

probability of generating more charge carriers outside the depletion region. Those created far 

from the junction must diffuse to the depletion region to be collected by the respective 

electrodes [129]. Consequently, some charge carriers may recombine due to an inadequate 

diffusion length and lifetime, resulting in JSC reduction in all solar cells. Nevertheless, it is 

evident from the results that the PCE drastically rises from 18.67 to 29.35% when the carrier 

concentration of chalcogenide absorbers increased from 1E12 and 1E20 cm-3 which is mainly 

associated with the enhancement in VOC, as a reduction in JSC does not show a significant 

impact.  

 

Figure 42. M-S plots of Cu2BaSn(S,Se)4 solar cells at carrier concentration of 1E12 and 1E20 

cm3. 

Moreover, it can also be seen that all the chalcogenide absorbers are highly sensitive to defect 

density. The solar cells' VOC, JSC, FF, and PCE dramatically declined with increasing defect 

density from 1E12 to 1E20 cm-3. It is due to higher defect density that will create more 

recombination centers in the chalcogenide absorber's bulk region, which act as traps to the 

excited charge carriers, surging the recombination rate [202]. Hence, the optimum defect 

density 1E12 cm-3 for Cu2BaSn(S,Se)4 chalcogenide absorbers to achieve the highest PCE.  

After that, the PCE of all solar cells is enhanced further by tuning the mobility of electrons in 

the order of E-3 to E+2 cm²/Vs and mobility of holes in the order E-7 to E-2 cm²/Vs 
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Cu2BaSn(S,Se)4 absorbers. It can be noticed that the PCE of all the solar cells increases by 

increasing electron and hole mobilities up to a specific value and decreases with a further 

increase in the mobilities. The different recombination mechanisms can explain this behavior 

in solar cells. Generally, two kinds of recombination occur; photocarrier and dark carrier 

recombination [203]. The former occurs when the excited electrons recombine with the 

photogenerated holes, while the latter is due to the recombination between dark carriers and 

photocarriers. The charge carriers that diffuse from the metal electrodes to the bulk region are 

called dark carriers, available even under dark conditions. In contrast, photocarriers are 

generated under illumination in the solar cells' bulk region [204]. When the carrier mobilities 

are low, the photocarriers accumulate and recombine with other photocarriers in the bulk region 

before being collected by the respective electrodes. Hence, high carrier mobilities are required 

to suppress photocarrier recombination, which attributes to the initial increase in the solar cell 

performance. However, there is a rapid increase in the diffusion of dark carriers from the metal 

electrodes to the bulk region at higher carrier mobilities. It drastically increases the dark carrier 

recombination, thereby declining the solar cell performance [204]. Therefore, there should be 

optimal mobility to accomplish high PCE, wherein the recombination rate will be minimized. 

As can be seen in Table 15 the best performance (denoted by *) of Cu2BaSn(S,Se)4 solar cells 

is attained with optimum electron mobilities of 5E-2 cm²/Vs and hole mobilities of 1.5E-3 

cm²/Vs.  

As a result of chalcogenide absorbers optimization, the best PCE of 32.36% is accomplished 

Cu2BaSn(S,Se)4 solar cells respectively and their corresponding J-V characteristics are 

displayed in Figure 43. Optimizing chalcogenide absorbers' parameters has exceedingly 

elevated the PCE by 11.73%. Thus, the research outcomes establish the significant role of 

chalcogenide absorber properties in enhancing solar cell performance. These findings firmly 

demonstrate the compatibility of ZrS2 as an efficient buffer for diverse emerging thin-film solar 

cells. 
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Figure 43. Final J-V of Cu2BaSn(S,Se)4 solar cells 

6.2.5.  Interface Studies 

It is well known that defects at the absorber/buffer interface are inevitable in solar cells due to 

the poor contact between the absorber and buffer [205]. Therefore, the interfacial defect density 

from 1E10 to 1E16 cm-3 and defect energy level between -0.4 and 1.8 eV concerning the VB 

at the absorber/ZrS2 interface is varied for all solar cells. The primary purpose of this study is 

to make our simulation work more realistic and for better understanding. Figure 44 depicts the 

variation in VOC, JSC, FF and PCE of the solar cells as a function of interfacial defects density 

and defect energy levels. The solar cells demonstrated the maximum PCE with a defect density 

of 1E10 cm-3 and a defect level of -0.4 eV. A decrease in PCE is observed when the defect 

energy level stays away from the VB (>-0.4 eV). Subsequently, it becomes constant for a 

particular range for all solar cells, which indicates the midgap region (0.2-1 eV) at which 

minimum PCE is observed. Nevertheless, a gradual increase in PCE is detected when the defect 

levels are above the midgap range, and the highest PCE of 32.34% is attained at 1.4 eV. At the 

same time, there is no change observed beyond 1.4 eV. Notably, the PCE remains unaffected 

above 1.6 eV for Cu2BaSn(S,Se)4 solar cells even when the defect density is increased from 

1E10 to 1E16 cm-3. The reason can be illustrated as follows: No negative impact on solar cell 

performance is noticed when defect levels present near or inside the CB of the absorber/ZrS2 
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interface since they act as shallow traps for charge carriers. Moreover, they may also provide 

appropriate band alignment for the effective transfer of electrons at the interface [206]. In 

contrast, the rate of PCE degradation increases when the defect levels exist in the VB and 

midgap region in combination with an increase in the defect density. In particular, the midgap 

defects adversely deteriorate the solar cell performance. For instance, the lowest PCE of 

14.25% is detected at the midgap region with the defect’s density of 1E16 cm-3. These midgap 

defects will be deep traps for the excited charge carriers and enhance the recombination at the 

interface, thereby worsening the solar cells' performance [207]. Overall, we can say that the 

energetic position of the defects near the VB and at the midgap of the interface causes poor 

performance in all the solar cells. On the contrary, the defects positioned near the interface's 

CB do not affect the solar cell performances. Therefore, more attention should be paid to 

keeping defect density as low as possible in the VB and midgap region of the absorber/ZrS2 

interface to achieve high PCE in Cu2BaSn(S,Se)4 solar cells. 

In addition, it can be observed that PCE obtained in the midgap region at a higher defect density 

of 1E16 cm-3 is 2.26 times lower than the highest PCE. Thus, it reveals that Cu2BaSn(S,Se)4 is 

less defect sensitive than the others, as the reduction in PCE is comparatively less at higher 

defect density. The Figure show that when the defect density is increased to higher order (1E16 

cm-3) in the midgap region, VOC declined from 1.34 to 0.6 V while JSC reduced from 25.82 to 

25.79 mA/cm2, and FF decreased from 90.72 to 80.65%. From the results, it can be inferred the 

unaltered JSC and less drop in FF of Cu2BaSn(S,Se)4 solar cell has resulted in its high PCE. 

Overall, this study could guide experimental scientists to understand the interfacial properties 

between Cu2BaSn(S,Se)4 and novel ZrS2 buffers to accomplish high PCE. 
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Figure 44.  Effect of defect energy level and density at the absorber/ ZrS2 interface on the solar 

cell parameters of Cu2BaSn(S,Se)4 solar cells. 

6.2.6. Effect of RS, RSH and working temperature 

RS and RSH have an immense impact on the functioning of solar cells. Herein, we investigated 

their influence on the performance of Cu2BaSn(S,Se)4 solar cells, as shown in Table 16. It can 

be noticed that an increase in RS degrades the performance of all the solar cells while the effect 

of RSH is negligible. Thus, a low RS of about 0.5 Ω cm2 is highly recommended for fabricating 

efficient, Cu2BaSn(S,Se)4 solar cells. In addition, we varied the temperature from 300 to 350 

K to investigate its impact on solar cell performance (Table 16). As seen in the table, the PCE 

decreases with temperature. However, the level of degradation is insignificant, i.e.,1.67%. This 

outcome reveals that the Cu2BaSn(S,Se)4 solar cells with novel ZrS2 buffer show high stability 

against temperature compared with other solar cells [208,209]. 
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Table 16. Variation in VOC, JSC, FF, and PCE of Cu2BaSn(S,Se)4 solar cells Concerning RS, 

RSH and working temperature.  

Parameters Range  
VOC 

(V) 

JSC 

(mA/cm2) 

FF 

(%) 

PCE 

(%) 

RS (Ω cm2) 

0.5 1.38 25.82 89.82 32.02 

1.0 1.38 25.82 88.92 31.70 

1.5 1.38 25.82 88.02 31.38 

2.0 1.38 25.82 87.13 31.06 

2.5 1.38 25.82 86.23 30.75 

3 1.38 25.82 85.34 30.43 

3.5 1.38 25.82 84.45 30.11 

4.0 1.38 25.81 83.55 29.79 

4.5 1.38 25.81 82.66 29.47 

5 1.38 25.81 81.77 29.15 

RSH (Ω cm2) 

1000 1.37 25.82 86.23 30.71 

5000 1.38 25.82 89.82 32.02 

10000 1.38 25.82 90.27 32.18 

20000 1.38 25.82 90.49 32.26 

30000 1.38 25.82 90.57 32.29 

40000 1.38 25.82 90.61 32.30 

50000 1.38 25.82 90.61 32.30 

75000 1.38 25.82 90.63 32.31 

100000 1.38 25.82 90.66 32.32 

Temperature 

(K) 

300 1.38 25.82 90.72 32.34 

305 1.37 25.82 90.60 32.18 

310 1.37 25.82 90.46 32.01 

315 1.36 25.82 90.31 31.85 

320 1.36 25.82 90.14 31.68 

325 1.35 25.82 90.02 31.52 

330 1.35 25.82 89.88 31.35 

335 1.34 25.82 89.72 31.18 

340 1.34 25.83 89.56 31.01 

345 1.33 25.83 89.43 30.84 

350 1.32 25.83 89.29 30.67 

6.2.7. Suggestions to improve the solar cell performance in practice based on simulation 

outcomes 

The performed simulation exhibits the influential material parameters of ZrS2 and 

Cu2BaSn(S,Se)4 and their corresponding optimum values to achieve the maximum solar cell 

performance. However, the insights on the practical ways and strategies for tuning these 

parameters are essential for material scientists to obtain the best performance experimentally. 

Therefore, in this section, we have provided several approaches to accomplish the desired 

optimum value of each influential parameter from the literature.  
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Upon optimizing the ZrS2 parameters (thickness and carrier concentration), the PCE of 

Cu2BaSn(S,Se)4 solar cells have improved significantly. From the literature, it has been 

demonstrated that the thickness of the buffer (TMDC) can be modified by varying the 

experimental conditions such as deposition time, deposition temperature, deposition pressure, 

etc [210]. Likewise, the carrier concentration of n-type TMDC can be enhanced by several 

approaches, including doping and defect engineering. Generally, doping in TMDC is 

categorized as substitutional and chemical doping [123]. In the case of substitutional doping, 

either metal or chalcogen sites are substituted by external dopants such as transition metals 

(Ru, Pd, Ag, Cd, Cu, Ti, V, Cr, Mn, Zn) and halogens (F, Cl, Br, I) which enhance the carrier 

concentration of the semiconductor [211,212]. In chemical doping, the dopants are adsorbed 

on the surface of the semiconductor without altering its structure. Here, surface charge transfer 

occurs between the dopants and TMDC, improving their carrier concentration and charge 

transfer properties, wherein chlorine, potassium, hydrazine, and polyethyleneimine are widely 

used as chemical dopants due to their strong surface electron-donating properties [213] On the 

other hand, carrier concentration can also be increased without external elements by creating 

chalcogen vacancies in TMDC which act as potential electron donors [122]. Z. Jianqi et al. and 

J. Kim et al. have induced chalcogen vacancies in MoS2 and WSe2 TMDC by Ar-ion plasma 

treatment [214,215]. Also, C. M. Sup et al. has displayed annealing with continuous electron 

beam irradiation as an alternative method to improve the n-type doping in TMDC [216]. It is 

essential to mention that an experimental carrier concentration of 1E20 cm-3 has already been 

obtained for MoS2, proving that ZrS2's concentration may also reach the desired value [212].  

Cu2BaSn(S,Se)4 emerging absorbers are highly defect sensitive, and their carrier concentration 

dominates in enhancing solar cell performance. These absorbers are generally prone to sulfur 

(S) and selenium (Se) point defects due to their low formation energies, generating deep-level 

defects in the bandgap, which enhance the non-radiative recombination in solar cells [96]. Post-

selenization or sulfurization of these absorbers is a practical approach that induces the S/Se-

rich conditions and thus enhances the formation energy of the point defects, thereby reducing 

the defect density [217]. In addition, R. Suman et al. has reported that tuning the post-

selenization temperature elevates the carrier concentration of the absorber [218]. Also, H. 

Daisuke et al. has demonstrated that annealing the absorber before the deposition of the buffer 

would decrease the defects in the absorber and increase its hole mobility and carrier 

concentration [219]. Apart from these, extrinsic doping is also an efficient method to improve 

the carrier concentration of the absorbers. Elements such as Sn, I, Na, and Ge are doped with 
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the emerging absorbers to enhance their p-type conductivity [220]. Besides, the ZrS2/absorber 

interface defects have drastically affected the solar cell performance. Therefore, interface 

engineering is primarily needed to reduce the recombination at the interface. Methods such as 

etching, doping, post-heat treatment, and inserting a passivation layer at the buffer/absorber 

interface, can diminish the interface defects. Overall, the proposed methods and strategies may 

assist the PV community to practically achieve excellent solar cell performance with the 

Cu2BaSn(S,Se)4 absorbers and novel ZrS2 buffer. 

6.3. Emerging Ag2BaTiSe4 solar cells using a new class of alkaline earth metal-based 

chalcogenide buffers alternative to CdS  

This section elaborately illustrates the outcomes of fourth objective. Particularly, the section 

6.3.1 deals with the simulation of initial solar cell. Further, the section 6.3.2 (6.3.2.1 to 6.3.2.2), 

section 6.3.3 (6.3.3.1 to 6.3.3.4), sections 6.3.3 and 6.3.4 focus on the optimization outcomes 

of buffer, absorber, MoSe2 and interface parameters respectively.  Finally, the effect of parasitic 

resistances (section 6.3.5) and working temperature (section 6.3.6) on the performance of solar 

cells are also demonstrated.  

6.3.1. Simulation of initial solar cells 

The initial solar cells are designed with the solar cell structure of front 

contact/Al:ZnO(AZO)/i:ZnO(IZO)/buffers/Ag2BaTiSe4/MoSe2/Mo/Glass where new alkaline 

earth metal chalcogenides such as MgS, CaS, SrS, BaS and conventional CdS are used as 

buffers. They are simulated using the parameters listed in Table 6 and Table 7. The solar cell 

parameters of the initial solar cells are listed in Table 17, and the corresponding J-V graphs 

are provided in Figure 45. To be brief, initial PCEs of 18.72%, 11.65%, 15.93%, 15.47%, and 

14.99% are obtained for MgS, CaS, SrS, BaS, and CdS-based Ag2BaTiSe4 solar cells. The 

performance of these solar cells is further enhanced by optimizing the material parameters of 

buffers, Ag2BaTiSe4 and MoSe2, and tuning their interface properties as mentioned in the 

methodology, which can be seen in the following sections.  

Table 17. Initial solar cell parameters of novel Ag2BaTiSe4 solar cells. 

Solar cell structure VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

AZO/IZO/MgS/Ag2BaTiSe4/MoSe2/Mo 0.592 39.48 80.03 18.72 

AZO/IZO/CaS/Ag2BaTiSe4/MoSe2/Mo 0.488 39.19 60.83 11.65 

AZO/IZO/SrS/Ag2BaTiSe4/MoSe2/Mo 0.720 39.45 56.01 15.93 

AZO/IZO/BaS/Ag2BaTiSe4/MoSe2/Mo 0.658 39.29 59.75 15.47 

AZO/IZO/CdS/Ag2BaTiSe4/MoSe2/Mo 0.569 39.32 66.90 14.99 
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Figure 45. Initial J-V of novel Ag2BaTiSe4 solar cells. 

6.3.2. Optimization of buffers 

The buffer plays a vital role in thin-film solar cells. It develops a p-n junction with the absorber 

and reduces the pinhole effect and leakage current by terminating the interaction between the 

absorber and the window layers [117]. Thus, studying their properties to obtain a high PCE is 

crucial. Therefore, the critical parameters such as thickness, carrier concentration, and defect 

density of all buffers, namely MgS, CaS, SrS, BaS, and CdS, are varied from 0.05 to 0.2 µm, 

1012 to 1020 cm-3, and 1012 to 1020 cm-3 respectively, to broadly investigate their impact on the 

performance of solar cells. 

6.3.2.1. Effect of buffer thickness  

The thickness of the buffer greatly influences the transportation of electrons from the absorber 

to the front contact. A very thin buffer cannot cover the substrate completely and thus results 

in a high leakage current. A thick buffer reduces the amount of charge carriers reaching the 

absorber, adversely affecting the carrier generation in solar cells [85]. Therefore, it is crucial 

to determine the optimum thickness of each buffer to attain maximum solar cell performance. 

In this regard, we varied the thickness of MgS, CaS, SrS, BaS, and CdS from 0.05 µm to 0.2 

µm, and the respective changes in VOC, JSC, FF, and PCE are displayed in Figure 46. It can be 

observed from Figure 46 (a) that the VOC of SrS decreases from 1.1 to 0.67 V when the 

thickness is enhanced from 0.05 to 0.09 µm. The drastic decline may occur due to the reduced 

quasi-fermi level splitting in SrS-based solar cells with increasing thickness [124]. 

Nevertheless, it saturates beyond 0.09 µm. The VOC of other buffers remains unaffected, 

indicating no change in the positions of energy bands and fermi levels in these solar cells 

corresponding to the buffer thickness [124]. On the other hand, JSC infinitesimally increases 

from 39.27 to 39.38 mA/cm2 with BaS thickness. This may occur due to the enrichment in 
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charge carrier transportation in the solar cell at the improved buffer thickness[221]. An 

insignificant decrement of JSC is noticed in other solar cells, resulting from the minute light 

absorption in buffers, which reduces the charge carrier generation in the absorber [85]. FF 

significantly increases from 35.47 to 58.64% till 0.09 µm in SrS-based solar cells and improves 

slightly to 61.8% on further increase to 0.2 µm. Similarly, it also enhances from 79.77 to 

80.05%, 60.75 to 61.27%, 57.35 to 68.57%, and 68.71 to 68.93% in MgS, CaS, BaS, and CdS-

based solar cells, respectively for the thickness range 0.050 to 0.2 µm. This increment 

originates from the reduction in the RS of the solar cells at enhanced buffer thickness [126]. 

Consequently, PCE also increases in all solar cells (Figure 46 d). However, the improvement 

is minute, demonstrating that the impact of buffer thickness on the overall performance of all 

the solar cells is negligible. Thus, considering the experimental challenges and the fabrication 

cost, an optimum thickness of 0.08 µm is selected. 

 

Figure 46. Effect of buffer’s thickness on (a) VOC (b) JSC (c) FF (d) PCE of novel Ag2BaTiSe4 

based solar cells with diverse buffers. 

6.3.2.2. Effect of buffer’s carrier concentration and defect density 

 The buffer’s carrier concentration (NDbuf) strongly influences the interface properties between 

the absorber and buffer in solar cells [171]. Thus, to study its influence on solar cell parameters, 
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each NDbuf is varied from 1012 cm-3 to 1020 cm-3 while fixing the absorber’s carrier concentration 

(NAabs) at 1015 cm-3 as seen in Figure 47. It can be observed that the VOC of all solar cells stays 

unaltered till 1016 cm-3 and slightly increases for CaS and BaS-based solar cells while 

decreasing for SrS, MgS, and BaS-based solar cells beyond the mentioned value. It is well 

known that the VOC of the solar cells increases with the splitting of electron and hole quasi-

fermi levels, which is produced by the electrochemical potential difference of electrons and 

holes in each layer of solar cell [222]. In this view, the observed increase or decrease in VOC 

can be attributed to the increment or reduction in the quasi-fermi level splitting in the respective 

solar cells with the increasing NDbuf. On the other hand, JSC and FF values of all solar cells 

significantly improve above 1015 cm-3, leading to improved PCE. When NDbuf>NAabs, the 

concentration of electrons at the interface region rises, lowering the barrier height at the 

absorber/buffer interface. This subsequently elevates the built-in potential and conductivity of 

the solar cells, resulting in enhanced solar cell performance [171]. However, when the NDbuf is 

increased beyond the optimum value, large electron-electron scattering occurs in solar cells, 

which hinders the carrier transportation, resulting in a slight decrease of JSC and PCE for 

concentrations above 1019 cm-3 in MgS and BaS-based solar cells [120]. Thus, an optimum 

NDbuf of 1020 cm-3 is chosen for CaS, SrS, and CdS buffers, while 1019 cm-3 is selected for MgS 

and BaS buffers to obtain the maximum solar cell performance. 
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Figure 47.  Effect of buffer’s carrier concentration on (a) VOC (b) JSC (c) FF (d) PCE of novel 

Ag2BaTiSe4 solar cells with diverse buffers. 

In general, NDbuf primarily impacts the bending of energy bands at the absorber/buffer interface, 

facilitating the separation of charge carriers in solar cells [118]. Thus, to attain significant 

insights into its impact on band bending, the energy band diagram is extracted from SCAPS-

1D as a function of NDbuf, as shown in Figure 48 where EC is the conduction band minimum, 

and EV is the valence band maximum. It can be seen that when the NDbuf is less than or equal 

to the NAabs, no change is observed in the band alignment, attributing to the unaltered solar cell 

performance till 1015 cm-3. In addition, the barrier for electrons at the absorber/buffer and 

buffer/IZO interface is also large. On the contrary, as the NDbuf increases above the NAabs, the 

EC and EV of the buffer move downwards, reducing the barrier at both interfaces and boosting 

the transport efficiency of charge carriers. This occurs because, at NDbufr< NAabs, the holes 

primarily occupy the absorber/buffer interface energy states, which act as a recombination 

center for the photogenerated electron, impeding its flow towards respective contact [171]. 

Moreover, as the electron concentration at the interface is very low, a large spike is formed at 

the absorber/buffer interface [136]. Nevertheless, for NDbuf>NAabs, the electrons predominantly 

occupy the lower density of states in the buffer’s conduction band and near interface states of 
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absorber/buffer junction. This eventually improves the interaction and exchange potential 

between the charge carriers, resulting in a downward shift of energy bands. As a result, the 

barriers at the absorber/buffer and buffer/IZO interface shrink, enhancing the conductivity of 

the solar cells [118]. Furthermore, it could be noticed that the bending of buffer’s EC and EV is 

large in MgS, SrS, and BaS-based solar cells while it is less in CaS and CdS-based solar cells. 

This reveals that the influence of NDbuf on the band bending of CaS and CdS-based solar cells 

is comparatively smaller than MgS, SrS, and BaS-based solar cells.  

Impedance spectroscopy is a vital characterization technique to investigate the accumulation 

of charge carriers at the interface in solar cells [223]. Therefore, C-V measurements are 

performed between 1012 cm-3 and the optimum NDbuf of each solar cell to analyze the 

accumulation of charge carriers at the absorber/buffer interface (Figure 49 (a-e)). All 

measurements are executed at 1MHz frequency to address the repercussions of deep-level 

defects. From the C-V plots of all solar cells, it can be observed that the capacitance remains 

constant and has less values at lower voltages, corresponding to the CDEP, which originates 

from the depletion region at the absorber/buffer junction. Conversely, it is comparatively large 

at higher voltages. This behavior occurs because the depletion region shrinks as the voltage 

increases, resulting in a large accumulation of charge carriers at the interface. As a 

consequence, capacitance increases, which is termed as CACC [139]. It can be noticed in  Figure 

49 (a-e) that the CACC of all solar cells at 1012 cm-3 is very high compared to the optimized NDbuf 

, denoting that the accumulation of charge carriers at the interfaces is intense at 1012 cm-3, which 

boosts the recombination in the bulk region. This is also evident in Figure 48, where the barrier 

for electrons at the Ag2BaTiSe4/buffer interface is large at 1012 cm-3. Thus, the photogenerated 

electrons in the absorber require more energy to cross the barriers and get collected at the front 

contact. As a result, they accumulate in the absorber and eventually recombine with the holes. 

Whereas, at an optimized NDbuf, the possibility for charge carrier accumulation decreases due 

to the reduction in the barrier, resulting in a fast collection of charge carriers without 

recombination. This has led to improved solar cell performance at an optimized NDbuf. 

Furthermore, in the C-V plot, we could notice that the voltage at which the capacitance begins 

to rise, shifts to a higher voltage for optimized NDbuf in all solar cells. In other words, it can be 

said that CDEP extends to higher voltage when the NDbuf is increased, revealing that the depletion 

width at the p-n junction has been improved at a higher NDbuf. To witness it, the Mott Schottky 

(1/C2) graph is plotted from the C-V, and the VB is determined from the intercept of the plot. 

It is clear from Figure 49 that VB has been drastically improved from 0.56 to 0.84 V, 0.42 to 
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0.63 V, 0.49 to 0.88 V, 0.56 to 0.91 V, 0.46 to 0.79 V for MgS, CaS, SrS, BaS, and CdS-based 

solar cells respectively, after optimizing the NDbuf. The corresponding depletion width (W) of 

each solar cell was calculated using equation 18. At 1012 cm-3, W is deduced to be 0.61µm, 0.51 

µm, 0.57 µm, 0.60 µm and 0.55 µm for MgS, CaS, SrS, BaS, and CdS-based solar cells 

respectively and improved to 0.74 µm, 0.64 µm, 0.76 µm, 0.77 µm and 0.72 µm at optimized 

NDbuf. It is essential to highlight that the W will extend towards the absorber as NDbuf>NAabs. 

Since most of the light absorption and charge carrier generation occurs in the depletion region 

along the absorber side, the increase in W boosts the amount of carrier generation in solar cells. 

Moreover, the elevation in VB would hasten the charge carrier separation and improve their 

collection at the respective contacts [117]. Thus, final PCE of 8.81%, 17.17%, 20.6%, 20.85%, 

and 20.08% are obtained for MgS, CaS, SrS, BaS, and CdS based devices respectively, at the 

optimized NDbuf. The discussed research findings reveal NDbuf‘s dominant role in enhancing 

solar cell performance. 
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Figure 48. (a-e) Variation in energy band diagram of novel Ag2BaTiSe4 solar cells with diverse 

buffers as a function of NDbuf. 
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Figure 49. (a-e). C-V and (f-j) Mott-Schottky plots with corresponding VB at 1012 cm-3 and 

optimized NDbuf. 
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After that, the effect of defect density of each buffer is investigated by tuning it from 1012 cm-

3 to 1020 cm-3 (Figure 50). All the solar cell parameters remain almost constant up to a specific 

range in all solar cells and slightly decrease to lower values with further increase in defects. In 

particular, PCE reduced from 18.86 to 18.3%, 17.17 to 15.61%, 20.63 to 19.87%, 20.9 to 

20.49%, 18.69 to 17.72% for MgS, CaS, SrS, BaS, and CdS-based solar cells respectively, 

when the defect density is increased from 1012 cm-3 to 1020 cm-3. The reduction in solar cell 

performance occurs because the rise in the defect states acts as traps for the charge carriers, 

which boosts the recombination rate in solar cells [119]. However, it can be noticed that the 

level of decrement is small, i.e., 0.56%, 1.56%, 0.76%, 0.41%, and 0.97% for MgS, CaS, SrS, 

BaS, and CdS-based solar cells. This indicates that the influence of the buffer’s defect density 

on the solar cell performance is negligible. Based on the results, an optimum defect density of 

1016 cm-3 for MgS, 1015 cm-3 for BaS and SrS, and 1017 cm-3 for CdS and CaS are selected for 

further simulations. 

 

Figure 50. Effect of buffer’s defect density on (a) VOC (b) JSC (c) FF (d) PCE of novel 

Ag2BaTiSe4 solar cells with diverse buffers. 
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6.3.3. Absorber Optimization 

The absorber is the most critical layer in solar cells, as most charge carriers are generated here. 

Thus, the quality of the absorber is crucial to attain maximum solar cell performance. 

Therefore, the material parameters of Ag2BaTiSe4, such as electron affinity, thickness, carrier 

concentration, and defect density, are varied from 4.1 to 4.7 eV, 0.1 to 2 µm, 1012 to 1018 cm-3 

and 1012 to 1020 cm-3 respectively to understand their influence on the solar cell performance. 

The results of the Ag2BaTiSe4 optimization are elucidated in the following sections. 

6.3.3.1. Effect of absorber’s electron affinity  

 Adjusting the energy band offsets at the absorber/buffer and MoSe2/absorber interface is 

essential to alleviate the formation of energy barriers and enhance the collection of charge 

carriers in solar cells [116]. This can be directly achieved by tuning the electron affinity of the 

absorber as it governs the energy band offsets at both interfaces. Herein, the electron affinity 

of Ag2BaTiSe4 is varied from 4.1 to 4.7 eV to identify the optimum energy band offset values 

in all solar cells. The variation in solar cell parameters as a function of electron affinity is 

displayed in Figure 51(a-d). The VOC of all solar cells increases till 4.6 eV and reduces at 4.7 

eV, while JSC remains constant throughout the affinity range in all the solar cells except for 

SrS-based solar cells, where it drastically decreases after 4.6 eV. On the other hand, FF and 

PCE follow the same trend in all solar cells, and their maximum values are demonstrated at 4.4 

eV. The affinity values above or below 4.4 eV degrade the solar cell performance. The obtained 

results can be clearly understood in light of variations in energy band offsets concerning the 

absorber’s electron affinity. High CBO and low VBO are generally required at the 

MoSe2/absorber interface to restrict electrons and efficiently transport the photogenerated 

holes. Low CBO and high VBO are essential at the absorber/buffer interface to effectively 

collect electrons at the front contact [134]. Hence, CBO and VBO at both interfaces 

corresponding to each affinity value of absorber is calculated using the following formula 

[224]: 

Absorber/buffer interface  

CBO =  χabsorber  − χbuffer                                                                                (23) 

VBO =  [EG buffer + χbuffer] − [EG absorber +  χabsorber]                                  (24) 

MoSe2/absorber interface 

CBO =  χabsorber  − χMoSe2
                                                                                (25) 

VBO =  [EG MoSe2
+ χMoSe2

] −  [EG absorber + χabsorber]                                (26) 
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Where χMoSe2
, χbuffer, χabsorber and EG MoSe2

, EG buffer, EG absorber are the affinity and 

bandgap of MoSe2, buffer, and absorber respectively. The calculated CBO and VBO of all solar 

cells at both interfaces are explicitly provided in Table 18. On analyzing the MoSe2/absorber 

interface, VBO holds positive and negative values with the absorber’s electron affinity 

variation. At positive VBO, a spike is created at the MoSe2/absorber interface, which hinders 

the diffusion of holes from the absorber to MoSe2. In the case of negative VBO, the 

photogenerated holes in the absorber have a cliff-like barrier that boosts the collection of holes 

at the back contact. However, a large cliff elevates the accumulation of holes in MoSe2, which 

enhances the recombination at the back contact, deteriorating the solar cell performance [225]. 

Thus, the optimum VBO at the MoSe2/absorber interface is identified to be -0.06 eV to 

demonstrate maximum PCE. Similarly, two conditions are observed at the absorber/buffer 

interface[225]: 1) When the affinity of the absorber is less than the buffer, negative CBO is 

obtained, representing cliff formation. 2) Positive CBO is attained when it is higher than the 

buffer, leading to spike formation at the interface.  

It has been commonly believed for a long time that a cliff at the absorber/buffer interface is 

beneficial for solar cells, as the separation and extraction of the charge carriers are not 

constrained while it is restricted by spikes due to the formation of barrier at the interface [226]. 

Later, the development of simulation tools and experimental results proved that a moderate 

spike-like barrier is also advantageous for solar cells as it creates strong Vb at the interface, 

enhancing the carrier collection at the contacts [137]. Moreover, in some cases, a large cliff-

like barrier has also been observed, which leads to charge carrier accumulation at the interface 

due to the weak potential barrier, improving the interfacial recombination and thereby affecting 

the solar cell performance [227]. Thus, it is important to mention that the ideal type of barrier 

(either spike or cliff) required at the absorber/buffer interface and optimum values of the barrier 

height in solar cells are scattered in the literature, revealing that it primarily depends on the 

adopted material system [136]. The results show that CaS, CdS-based solar cells require a cliff-

like barrier with a height of -0.2 eV and -0.1 eV to attain maximum solar cell performance. 

Whereas the spikes of 0.1 eV, 0.4 eV, and 0.25 eV are essential in MgS, SrS, and BaS-based 

solar cells. The positive or negative CBO above or below the mentioned values would degrade 

the solar cell performance due to the unfavorable band alignment at the absorber/buffer 

interface. Furthermore, the obtained results exhibit that the difference in the type of barrier and 

their respective barrier height mainly stems from the material characteristics of the buffer, as 

the other layers in these solar cells are similar, revealing the dominant role of buffer properties 



 

118 

 

for the efficient transportation of charge carriers. It has also been reported elsewhere that 

buffer’s parameters, such as carrier concentration, the effective density of states, interface 

defect states, etc., determine the barrier height at the interface, thus confirming the 

demonstrated results[136]. Moreover, the optimum VBO and CBO calculated at the 

absorber/buffer and MoSe2/absorber interface, respectively, are also ideal for restricting the 

holes and electrons in the respective interfaces. Hence, the electron affinity of 4.4 eV is required 

in Ag2BaTiSe4 to achieve high PCE. 

In addition, to gain a deep understanding of the variations in the transportation and 

recombination of charge carriers corresponding to the absorber’s electron affinity, Nyquist 

plots are plotted from C-F measurements in all solar cells, as shown in Figure 51 (e-i). 

Generally, the Nyquist plot of solar cells consists of two semi-circles at separate frequency 

regions. The semi-circle at the low-frequency range denotes the RR at the absorber/buffer 

interface, while the high-frequency semicircle signifies the hole transfer resistance at the 

MoSe2/absorber interface [146]. Interestingly, a single semi-circle is observed in all these solar 

cells in the whole frequency range. In addition, the semicircle obtained at the optimum electron 

affinity, i.e., 4.4 eV, is larger than the other affinity values in all solar cells. This indicates that 

the obtained semicircle represents the RR. The absence of high-frequency semicircles reveals 

no hole transfer resistance in these solar cells. As discussed above, the large semicircle at 4.4 

eV displays that the solar cells have high RR at the optimum electron affinity, occurring due to 

the proper CBO and VBO at the interfaces of the absorber and transporting layers. The 

shrinkage in the semicircle for the affinity values above or below 4.4 eV happens due to the 

surging recombination rate of charge carriers resulting from improper interface barriers. From 

the above discussions, it is apparent that proper CBO and VBO at the absorber/buffer and 

MoSe2/absorber interface are essential to effectively transport the photogenerated charge 

carriers to the contacts without recombination. 
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Table 18. Electron affinity of absorber with the corresponding CBO and VBO at the interfaces 

of novel Ag2BaTiSe4 solar cells with diverse buffers. 

Affinity 

(eV) 

Absorber/ buffer interface Absorber/ 

MoSe2 

interface MgS SrS BaS CaS CdS 

CBO 

(eV) 

VBO 

(eV) 

CBO 

(eV) 

VBO 

(eV) 

CBO 

(eV) 

VBO 

(eV) 

CBO 

(eV) 

VBO 

(eV) 

CBO 

(eV) 

VBO 

(eV) 

CBO 

(eV) 

VBO 

(eV) 

4.1 -0.2 1.72 0.1 1.22 -0.05 1.87 -0.5 1.46 -0.4 1.64 -0.02 0.24 

4.2 -0.1 1.62 0.2 1.12 0.05 1.77 -0.4 1.36 -0.3 1.54 0.08 0.14 

4.3 0 1.52 0.3 1.02 0.15 1.67 -0.3 1.26 -0.2 1.44 0.18 0.04 

4.4 0.1 1.42 0.4 0.92 0.25 1.57 -0.2 1.16 -0.1 1.34 0.28 -0.06 

4.5 0.2 1.32 0.5 0.82 0.35 1.47 -0.1 1.06 0 1.24 0.38 -0.16 

4.6 0.3 1.22 0.6 0.72 0.45 1.37 0 0.96 0.1 1.14 0.48 -0.26 

4.7 0.4 1.12 0.7 0.62 0.55 1.27 0.1 0.86 0.2 1.04 0.58 -0.36 

 

 

Figure 51. Effect of absorber’s electron affinity on (a) VOC (b) JSC (c) FF (d) PCE of novel 

Ag2BaTiSe4 solar cells with diverse buffers, (e-i) Nyquist plots as a function of absorber’s 

electron affinity. 
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6.3.3.2. Effect of absorber’s thickness 

 The thickness of the absorber plays a vital role in understanding the performance of solar cells. 

Thus, the thickness of Ag2BaTiSe4 is varied from 0.1 to 2 µm to identify the optimum value. 

Figure 52 (a-d) displays the variations in VOC, JSC, FF, and PCE as a function of absorber 

thickness. It can be noticed that when the thickness is increased from 0.1 to 2 µm, JSC drastically 

improves from ~21 to ~40 mA/cm2 in all solar cells. This has subsequently elevated PCE from 

10.05 to 20.74%, 11.27 to 22.75%, 10.13 to 22.75%, 10.13 to 22.5%, 10.15 to 22.79%, and 

10.54 to 22.79% in MgS, CaS, SrS, BaS and CdS-based solar cells respectively. This happens 

because when the absorber is very thin, photons of longer wavelengths from the sun are not 

absorbed, and most of the light is transmitted. This results in the poor generation of charge 

carriers in solar cells due to low performance. As the thickness increases, the photon absorption 

in solar cells is enhanced, elevating the generation rate of charge carriers [132]. This has led to 

a steep rise in solar cell performance. However, we could see that JSC significantly improves 

till 1 µm and saturates beyond the mentioned value. A similar trend has also been observed in 

PCE. In particular, when the thickness is enhanced from 0.1 to 1 µm, the increment in PCE is 

about 10.57%, 11.23%, 12.12%, 12.38%, and 12% for MgS, CaS, SrS, BaS, and CdS-based 

solar cells respectively. While it increased by just ~0.25% in all the solar cells when the 

thickness was extended 1 to 2 µm. When the absorber is too thick, the generated charge carriers 

must travel long distances to reach the respective contacts. Thus, the majority of them tend to 

recombine due to shorter diffusion lengths than the absorber thickness, causing saturated solar 

cell performance [228]. This is also evident in QE measurements (Figure 52 e-i), where the 

absorption increases by ~ 34% in all the solar cells for the thickness range of 0.1 to 1 µm. 

Whereas it improves by ~1.5% on further increment to 2 µm. On the other hand, the VOC of all 

solar cells improves till ~ 0.3 µm and slightly decreases after the mentioned value. The initial 

improvement is attributed to enhanced quasi-fermi level splitting with the large generation of 

charge carriers whereas its reduction originates from the elevating dark saturation current and 

recombination rate with the thickness[131]. In addition, FF rises till a certain thickness range 

and saturates in all the solar cells, occurring due to the enhanced RS in a solar cell for thicker 

absorber [131]. Thus, considering the overall material usage, cost, and solar cell performance, 

1 µm is taken as the optimum thickness for Ag2BaTiSe4 in this simulation.  
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Figure 52. Effect of absorber’s thickness on (a) VOC (b) JSC (c) FF (d) PCE (e-i) QE of novel 

Ag2BaTiSe4 solar cells with diverse buffers.  

6.3.3.3. Effect of absorber’s carrier concentration 

The NAabs modifies its electrical conductivity and determines the charge separation efficiency 

of the solar cells [229]. According to the Mott-criterion, the maximum carrier concentration 

limit of CZTS is 1018 cm-3. Beyond this, it degenerates and loses its semiconducting property, 

adversely affecting the JSC of solar cells [130]. Thus, taking insights from the parent material, 

the carrier concentration of Ag2BaTiSe4 is varied from 1012 to 1018 cm-3 in all solar cells. The 

changes in the solar cell parameters concerning the NAabs are displayed in Figure 53. It can be 

seen that the VOC and FF of all solar cells are unchanged till 1014 cm-3, and then it drastically 

increases with the NAabsr.  

In general, the improvement in the NAabs amplifies the VB at the interface, promoting the 

separation efficiency of photogenerated charge carriers [129]. Mott-Schottky plots for 1012 and 

1018 cm-3 and their corresponding VB are shown in Figure 54 (a-e). When NAabs is 1012 cm-3, 
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VB of MgS, CaS, SrS, BaS, and CdS-based solar cells are identified to be 0.54 V, 0.61 V, 0.6 

V, 0.59 V and 0.64 V respectively which are then increased to 0.9 V, 0.95 V, 1.01 V, 1.03 V 

and 1.18 V at 1018 cm-3. Thus, the attained increment in VB assists in efficiently separating and 

collecting the generated charge carriers at the respective electrodes without recombination, 

leading to a drastic rise in VOC and FF. In addition, the increase in NAabs also modifies the 

energy band alignment and enhances the quasi-fermi level splitting, boosting the VOC and 

overall performance of solar cells. 

 

Figure 53.  Effect of absorber’s carrier concentration on (a) VOC (b) JSC (c) FF (d) PCE of 

novel Ag2BaTiSe4 solar cells with diverse buffers. 

Therefore, to witness it, energy band diagrams for 1012 and 1018 cm-3 are extracted from 

SCAPS-1D in all solar cells (Figure 54 f-j). When NA is increased from 1012 to 1018 cm-3, the 

energy bands of all the layers in the solar cell shift upwards, such that the EV of the absorber 

moves closer to the hole quasi-fermi level (FP). This strongly elevates the conductivity of solar 

cells, leading to improved solar cell performance. Notably, no change is observed in the 

position of FP along Ag2BaTiSe4 and MoSe2, whereas the electron quasi-fermi level (FN) shifts 

upward along with the energy bands with increasing NAabs, disclosing the increment in the 

splitting of quasi-fermi levels, which directly improves the VOC of solar cells. Contrastingly, 
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JSC remains constant till 1015 cm-3 and decreases with a further increase in the NAabs. This 

happens because as the NAabs increases, the width of the depletion region decreases along the 

absorber region while improving towards the buffer, which reduces the light absorption in solar 

cells [118]. In addition, the possibility of charge carrier generation in the quasi-neutral region 

of the absorber also increases with a decrement of W in the absorber, and the charge carriers 

generated far from the junction have to diffuse through W to reach the contacts. Some of them 

with insufficient diffusion length and lifetime may recombine, diminishing the JSC of solar cells 

[129]. However, when the NAabs is increased from 1012 to 1018 cm-3, PCE drastically rises from 

19.49% to 26.62%, 21.37 to 28.47%, 21.18 to 28.22%, 21.46 to 28.54% and 21.45 to 28.55% 

for MgS, CaS, SrS, BaS, and CdS-based solar cells respectively which mainly comes from the 

combined improvement of VOC and FF values while the demise in JSC does not affect the overall 

performance of the solar cells. 
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Figure 54. (a-e) Mott-Schottky plots with respective VB, (f-j) Energy band diagram and (k-o) 

Changes in QE (magnified image) at absorber’s carrier concentration of 1012 and 1018 cm-3 in 

novel Ag2BaTiSe4 solar cells with diverse buffers.  
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6.3.3.4. Effect of absorber’s defect density  

The optoelectronic properties of solar cells are adversely affected by defects in the material 

system [116]. Therefore, the influence of the absorber’s defect density on the solar cell 

parameters is examined by tuning it from 1012 to 1020 cm-3 in all solar cells. Figure 55 (a-d) 

shows the changes in VOC, JSC, FF, and PCE as a function of absorber defect density. All the 

solar cell parameters are almost unaltered till 1015 cm-3 and dramatically falls on further 

increase in defect density. To be specific, when defect density is improved from 1012 to 1020 

cm-3, PCE sharply declines from 27.3 to 1.68%, 28.9 to 2.64%, 28.8 to 2.22%, 29.13 to 1.6% 

and 29.13 to 2.33% for MgS, CaS, SrS, BaS, and CdS-based solar cells respectively. The 

massive decline occurs due to the increase in the recombination sites at the path of 

photogenerated charge carriers with increasing defects, which shortens their diffusion length 

and lifetime[230]. Generally, the minority carrier lifetime (𝜏) is calculated using equation 27 

τ =  
1

σvthNt
                                 (27) 

Here 𝜎 is the capture cross-section of the charge carrier, vth is the thermal velocity, and Nt is 

the defect density.  

The diffusion length of charge carriers is given as 

L = √Dτ                                   (28) 

Where L is the minority carrier diffusion length and D is the diffusion coefficient. Herein, the 

L and τ are acquired from SCAPS-1D for the varying defect density of the absorber with a 

thickness of 1 µm (Figure 55 e). When the defect density is raised from 1012 to 1020 cm-3, the 

τ considerably decreased from 105 to 10-3 ns and their L drastically reduced from 160 µm to 

0.016 µm. On comparing the obtained solar cell parameters with Figure 55 e, it can be observed 

that the PCE almost remains unaffected till L of 5.1 µm, slightly decreases for L= 1.6 µm while 

firmly falls for L≥ 0.5 µm, confirming that L less than the thickness of the absorber adversely 

affects the solar cell performance. Moreover, the observed decrement in L and τ elevates the 

recombination rate of charge carriers, leading to poor solar cell performance.  

The recombination rate concerning the increasing defect density in all solar cells is shown in 

Figure 56 (a-e). As the defect density increases, the recombination rate shoots up in the 

absorber region near the absorber/buffer junction of all solar cells, giving rise to deterioration 

in solar cell performance. Interestingly, the recombination at the absorber/MoSe2 interface 

decreases with defect density. This occurs because, as the recombination in the absorber region 
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increases, the density of photogenerated carriers drastically reduces in the entire bulk region of 

the absorber and the near interface regions. This subsequently declines the number of charge 

carriers reaching the electrodes, reducing the recombination rate at the absorber/MoSe2 

interface. This is also evident from Figure 57 (a-e) where the variation in density of minority 

carriers (electrons ‘n’) in the absorber region for the defect density 1012 and 1020 cm-3 of all 

solar cells are explicitly displayed. It can be seen that the density of electrons in the absorber 

region becomes negligible at 1020 cm-3, resulting from the hiking recombination rate in the 

absorber. In addition, electrons at the absorber/buffer interface of MgS, SrS, and BaS-based 

solar cells are diminished at 1020 cm-3, indicating that there is sharp recombination at the 

absorber/buffer interface of these solar cells as witnessed in Figure 56 (a,c,d). Furthermore, 

the electric field at the interface of the absorber and buffer is minimized with increasing defects, 

as shown in Figure 57 (f-j). Thus, the separation and collection of charge carriers are 

considerably affected, worsening the performance of solar cells. Overall, the results show that 

the defect density rise greatly affects the L and τ of charge carriers, increasing the 

recombination rate in solar cells. Consequently, the density of minority carriers and built-in 

electric field at the p-n junction declined, drastically reducing the solar cells' overall 

performance. In light of the obtained results, 1015 cm-3 is selected as the optimum defect density 

of Ag2BaTiSe4 for all solar cells. 

 

Figure 55. Effect of absorber’s defect density on (a) VOC (b) JSC (c) FF (d) PCE and (e) 

diffusion length and lifetime of charge carriers of novel Ag2BaTiSe4 solar cells with diverse 

buffers. 
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Figure 56.  (a-e) Recombination rate as a function of defect density of absorber.  
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Figure 57. (a-e) Change in the solar cells' density of electrons ‘n’ with the increasing defect 

density. The inset displays the variation in ‘n’ along the absorber region. (f-j) Electric field 

corresponding to defect density of absorber.  
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In addition, it is important to study the influence of absorber’s shallow and deep level defects 

on the performance of solar cells. Hence, we have modulated the absorber’s defect location 

from -0.1eV to 1.3 eV corresponding to valence band and defect density from 1012 to 1020 cm-

3 for investigating their impact on the VOC, JSC, FF, and PCE of all solar cells. The observed 

variation in VOC and JSC are displayed in Figure 58 while the changes in FF and PCE are 

provided in Figure 59. Here, the defect levels from -0.1 to 0.1 eV and 1.1 to 1.3 eV act as 

shallow level defects as they are near/inside the valence and conduction band respectively. The 

defects in between these regions are the deep level defects due to their presence away from the 

energy bands. All the solar cell parameters are independent of the defect’s position till 1015 cm-

3 and remain unaffected. After that, they tend to decline with increasing defects. In the case of 

VOC and FF, if the defect density is larger than 1015 cm-3, they are almost unchanged at the 

shallow levels near the valence band. Whereas, they slightly decrease when the defects improve 

at the shallow levels near conduction band and drastically falls at the deep levels in all solar 

cells. On the other hand, when the defect is increased from 1015 cm-3 to 1018 cm-3, JSC nearly 

retains their maximum value at the shallow levels while it decreases for the deep levels. For 

defects >1018 cm-3, it shows a decline even at the shallow levels where the decrement is more 

pronounced at the deep levels. Similar behavior is observed for PCE in all solar cells, indicating 

that it is largely dependent on the changes in JSC than VOC and FF. On the whole, we can say 

that the PCE is less affected by shallow level defects till 1018 cm-3 as they aid in the formation 

of proper band alignment at the interface of transport layers, enriching the charge carrier 

transportation. However, shallow defects beyond 1018 cm-3 degrades the PCE. On the other 

hand, PCE is dramatically affected by the deep level defects than the shallow defects where the 

lowest PCEs of 1.71%, 2.67%, 2.24%, 0.45% and 2.35% are obtained at ~0.6 eV for 1020 cm-

3. This occurs because, as these deep level defects are present in the mid-bandgap regions, a 

large number of photogenerated electrons and holes are trapped which results in high 

recombination. This limits the separation of charge carriers to the transport layers, degrading 

the overall performance of solar cells. Thus, to obtain the highest PCE, Ag2BaTiSe4’s deep 

level and shallow level defects must be less than 1015 cm-3 and 1018 cm-3 respectively. 

 



 

130 

 

 

Figure 58. Effect of absorber’s defect energy level and density on (a-e) VOC and (f-j) JSC of 

novel Ag2BaTiSe4 solar cells with diverse buffers. 
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Figure 59. Effect of absorber’s defect energy level and density on (a-e) FF and (f-j) PCE of 

novel Ag2BaTiSe4 solar cells with diverse buffers. 
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6.3.4. Effect of MoSe2’s thickness and carrier concentration 

The presence of MoSe2 at the interface of the absorber and Mo substrate reduces the barrier for 

holes for its collection at the back contact and thus suppresses the interfacial recombination at 

the absorber/Mo junction [45]. Hence, it is vital to investigate the properties of MoSe2 for 

enhancing solar cell performance. Therefore, in the present study, MoSe2 thickness is varied 

from 0.050 to 0.2 µm in all solar cells (Figure 60). It can be noticed that the variations in VOC, 

JSC, FF, and PCE with respect to MoSe2’s thickness are insignificant, indicating that its 

contribution to the enhancement of solar cell performance is negligible. Thus, considering the 

material cost and experiments, 0.1 µm is taken as the optimum value for further simulations.  

 

Figure 60. Effect of MoSe2’s thickness on (a) VOC (b) JSC (c) FF (d) PCE of novel Ag2BaTiSe4 

based solar cells. 

Thereafter, the influence of MoSe2’s carrier concentration on the characteristics of the solar 

cells is analyzed by differing it from 1012 cm-3 to 1020 cm-3. Figure 61 demonstrates the changes 

in solar cell parameters as a function of MoSe2’s carrier concentration. It can be observed that 

all solar cells’ VOC, JSC, and PCE almost remain constant till 1016 cm-3 and then improve to 

higher values. Conversely, FF drops after 1017 cm-3 in all solar cells. No change in energy bands 

is noticed for the concentrations 1012 cm-3 to 1016 cm-3, referring to the constant solar cell 
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performance till the mentioned range. This also reveals that MoSe2’s carrier concentration must 

be greater than 1016 cm-3 to contribute to the solar cell performance significantly. Interestingly, 

both EC and EV of MoSe2 shift upwards for concentrations >1016 cm-3, in consequence of which 

the barrier for holes is gradually diminished while the electron’s barrier is boosted at the 

Ag2BaTiSe4/MoSe2 interface. This facilitates the transportation of holes from Ag2BaTiSe4 to 

MoSe2 while restricting the flow of electrons. As a result, the probability of interface 

recombination declines, where the recombination rate of charge carriers at the 

Ag2BaTiSe4/MoSe2 interface as a function of MoSe2’s carrier concentration is depicted. The 

figure shows that as the carrier concentration increases, the recombination rate at the 

Ag2BaTiSe4/MoSe2 interface drastically falls in all solar cells due to the attainment of 

appropriate barriers for electrons and holes. This has led to an improvement in VOC. In addition, 

the strong built-in electric field will also be generated at the Ag2BaTiSe4/MoSe2 interface with 

increasing MoSe2’s carrier concentration, which promotes the collection of holes at the back 

contact without recombination, causing an enhancement in JSC [45]. However, the RS may 

increase at higher concentrations, resulting in FF decrement [44]. Nevertheless, the elevation 

in VOC and JSC has boosted the PCE from 26.35 to 28.07%, 28.18 to 30.04%, 27.93 to 29.96%, 

28.25 to 30.31%, and 28.26 to 30.31% in MgS, CaS, SrS, BaS and CdS-based solar cells 

respectively. Thus, MoSe2’s carrier concentration of 1020 cm-3 is the optimum value for 

achieving high PCE in all solar cells.  
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Figure 61. Effect of MoSe2’s carrier concentration on (a) VOC (b) JSC (c) FF (d) PCE of novel 

Ag2BaTiSe4 solar cells with diverse buffers. 

6.3.5. Effect of defects at Ag2BaTiSe4/buffer and MoSe2/Ag2BaTiSe4 interface 

Interface defects are inevitable in solar cells, which are formed during fabrication due to 

structural imperfections. These defects boost the interface recombination of charge carriers that 

are detrimental to solar cell performance [231]. Thus, it is crucial to analyze their influence on 

these solar cells and obtain the optimum value to fabricate them practically. So far, all the 

simulations were performed with the neutral interface defect density of 1012 cm-3 at 

Ag2BaTiSe4/buffer and Ag2BaTiSe4/MoSe2 interface where the defect levels are fixed at 0.6 

eV above EV in all solar cells. Herein, the impact of interface defect density on the solar cell 

parameters is estimated by varying it from 1012 to 1020 cm-3 at both interfaces. Figure 62 (a-d) 

demonstrates the outcomes of all solar cells regarding the Ag2BaTiSe4/buffer interface defects. 

VOC and FF are approximately the same till 1015 cm-3, 1017 cm-3, 1016 cm-3, and 1014 cm-3 for 

MgS, SrS, BaS, and CdS-based solar cells, respectively, and decline afterward. In the case of 

CaS-based solar cells, they drastically reduce beyond 1012 cm-3. In contrast, JSC remains stable 

till 1018 cm-3 in all solar cells and then decreases. However, the reduction in JSC is less 

significant compared to VOC and FF. Moreover, the PCE of all solar cells follows a similar 
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trend as VOC and FF, indicating that the overall performance of all solar cells is determined 

mainly by the changes in VOC and FF while less influenced by JSC at Ag2BaTiSe4/buffer 

interface. The level of degradation in PCE is observed to be 8.48%, 18.03%, 4.55%, 6.22%, 

and 13.86% in MgS, CaS, SrS, BaS, and CdS-based solar cells, respectively, for the defect 

density range 1012 to 1020 cm-3. This clearly reveals that CaS and CdS-based solar cells are 

more sensitive to the Ag2BaTiSe4/buffer interface defects than the other solar cells. In contrast, 

SrS-based solar cell is comparatively stable with the defects. The overall degradation in solar 

cell performance with the interface defects occurs due to the increasing trap-assisted 

recombination of photogenerated electrons at the buffer/Ag2BaTiSe4 interface, which restricts 

their flow towards the front contact [232]. Thus, the optimum defect density of 1015 cm-3, 1012 

cm-3, 1017 cm-3, 1016 cm-3, and 1014 cm-3 are selected for MgS, CaS, SrS, BaS, and CdS-based 

solar cells, respectively at Ag2BaTiSe4/buffer interface to attain maximum solar cell 

performance. These values are higher than the defect densities reported in the experiments at 

the CZTS/buffer interface, revealing the superiority of novel Ag2BaTiSe4 solar cells over their 

predecessors[233,234]. Similarly, the defect density at the Ag2BaTiSe4/MoSe2 interface is 

shifted from 1012 to 1020 cm-3 Figure 62 (e-h). Here, all the solar cell parameters start to reduce 

for defect density above 1015 cm-3 and begin to saturate at 1018 cm-3. It can be noticed that JSC 

is adversely affected than VOC and FF, i.e., it decreases from ~39 to ~34 mA/cm2 when defect 

density is raised from 1012 to 1018 cm-3. This has led to a decline in PCE by ~ 6.5% in all solar 

cells. The drop in the solar cell performance may happen because holes travelling from 

Ag2BaTiSe4 to MoSe2 have a high chance of being trapped or recombined when the defects at 

the Ag2BaTiSe4/MoSe2 interface increases [232]. The results show that defect density <1015 

cm-3 is required at the Ag2BaTiSe4/MoSe2 interface for exceptional solar cell performance. 

Overall, the investigation of interface defects suggests that it has a massive impact on solar cell 

performance. These defects are generally produced due to the structural defects between 

different layers and metal cation diffusion through the absorber during fabrication [231]. Thus, 

effective techniques must be employed for the deposition of layers, and methods such as 

etching, post-heat treatment, and inserting a passivation layer can be used to minimize the 

interface defects in solar cells [235].  
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Figure 62.  Effect of defect density at Ag2BaTiSe4/buffer and Ag2BaTiSe4/MoSe2 interface on 

the solar cell parameters of novel Ag2BaTiSe4 solar cells with diverse buffers. 
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Table 19. Solar cell parameters of novel Ag2BaTiSe4 solar cells with diverse buffers after 

optimization. 

Solar cell structure VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

AZO/IZO/MgS/Ag2BaTiSe4/MoSe2/Mo 0.840 39.51 84.28 28.00 

AZO/IZO/CaS/Ag2BaTiSe4/MoSe2/Mo 0.889 39.49 85.42 30.02 

AZO/IZO/SrS/Ag2BaTiSe4/MoSe2/Mo 0.899 39.20 84.72 29.87 

AZO/IZO/BaS/Ag2BaTiSe4/MoSe2/Mo 0.899 39.50 85.07 30.23 

AZO/IZO/CdS/Ag2BaTiSe4/MoSe2/Mo 0.883 39.50 85.06 29.68 

 

Table 19 displays the final solar cell performance of the novel Ag2BaTiSe4 solar cells with 

diverse buffers after optimization, and the corresponding J-V is displayed in Figure 63. As 

discussed in the introduction, the main problem that limits the PCE of I2-II-IV-VI4 solar cells 

is their large VOC deficit. In addition, CdS is used as a buffer in most solar cells containing the 

toxic element Cd, creating severe problems when dumped into the environment. Therefore, 

developing efficient absorbers and eco-friendly buffers is always highly interesting to the 

photovoltaic community. In this regard, for the first time, we have reported Ag2BaTiSe4 of 

group I2-II-IV-VI4 as a potential absorber and a new class of alkaline earth metal chalcogenides, 

namely MgS, CaS, SrS, and BaS as alternative buffers using SCAPS-1D. Herein, we have 

accomplished high PCEs of 28.00%, 30.02%, 29.87%, 30.23%, and 29.68% for MgS, CaS, 

SrS, BaS, and CdS-based Ag2BaTiSe4 solar cells, respectively. Surprisingly, the PCEs 

achieved in Ag2BaTiSe4 solar cells with alkaline earth metal chalcogenides buffers are 

comparable with CdS, proving their potential and suitability to be applied as alternative, non-

toxic buffers in thin-film solar cells. Moreover, the VOC loss in these solar cells is less, 

specifically 0.3V, 0.29V, 0.34V, 0.28V, and 0.29V for MgS, CaS, SrS, BaS, and CdS-based 

Ag2BaTiSe4 solar cells respectively, displaying the superior properties of Ag2BaTiSe4 as an 

alternative absorber. The low VOC deficit in alkaline earth metal chalcogenides buffer-based 

Ag2BaTiSe4 solar cells is highly possible in experiments due to the proper band alignment at 

absorber/buffer interface and low antisite defects in Ag2BaTiSe4 absorber because of the large 

atomic size difference between the constituent elements. Thus, this work would kindle the 

photovoltaic community's interest in fabricating novel efficient Ag2BaTiSe4 solar cells with 

new alkaline earth metal chalcogenides buffers and achieve high PCE. In addition, based on 

our research outcomes, we propose that these new alkaline earth metal chalcogenides buffers 
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have immense potential to be utilized in other conventional solar cells such as CdTe, CIGSSe, 

perovskites, etc.  

 

Figure 63. J-V graph of novel Ag2BaTiSe4 solar cells with diverse buffers after optimization. 

Overall, after the optimization of buffer, Ag2BaTiSe4, MoSe2, and interface properties, the PCE 

incredibly improved from 18.72%, 11.65%, 15.93%, 15.47% and 14.99% to 28.00%, 30.02%, 

29.87%, 30.23% and 29.68% for MgS, CaS, SrS, BaS and CdS-based Ag2BaTiSe4 solar cells 

respectively. Further, the final solar cells where the high PCEs have been demonstrated are 

selected for the upcoming studies to investigate the impact of RS, RSH, and working temperature 

on their performance.  

6.3.6. Effect of RS and RSH 

 RS and RSH display significant impact on the performance of solar cells. RS is the sum of 

resistance at the front and back contacts and between various layers of solar cells. On the other 

hand, RSH originates from the reverse saturation current in solar cells that is produced by the 

manufacturing defects [236]. Here, the influence of RS and RSH on the solar cell parameters is 

investigated using SCAPS-1D. Figure 64 (a-d) displays VOC, JSC, FF, and PCE as a function 

of RS, where it is varied from 0.5 Ω cm2 to 6 Ω cm2 for all solar cells. It can be observed that 

VOC and JSC remain unaffected throughout the RS range. Whereas, FF drastically decreases 

from 82.12 to 59.27 %, 83.34 to 61.27%, 82.72 to 61.35%, 83.05 to 61.49 %, and 82.99 to 

60.96 % in MgS, CaS, SrS, BaS and CdS-based solar cells respectively. The massive reduction 

in FF is attributed to the colossal power loss in the solar cells with increasing RS, which 

adversely affects their performance [147]. Thus, when RS is improved from 0.5 Ω cm2 to 6 Ω 
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cm2, PCE dramatically declined by ~7.5 % in all the solar cells. Similarly, RSH is tuned from 

1000 Ω cm2 to 100000 Ω cm2 in all solar cells, as shown in Figure 64 (e-h). In this case, VOC 

and JSC are almost the same for all RSH values. On the contrary, the FF and PCE values enhanced 

with an increment in the RSH till 2000 Ω cm2 and saturate on further increase in RSH. 

Nevertheless, the rise in PCE is about 0.53%, 0.61%, 0.62%, 0.7%, and 0.6% in MgS, CaS, 

SrS, BaS, and CdS-based solar cells, respectively. This exhibits that the effect of RSH on the 

performance of these solar cells is negligible compared to RS. Therefore, a low RS of 0.5 Ω cm2 

is highly recommended for the efficient functioning of these novel Ag2BaTiSe4 solar cells. 

6.3.7. Effect of working temperature 

Long-term stability in the environment is an essential requirement for the application of solar 

cells [148]. Thus, the deterioration process of solar cells under ambient air conditions must be 

investigated. In the present study, the working temperature is varied from 300 K to 400 K for 

analyzing its influence on all solar cells. Figure 64 (i-l) demonstrates the response of solar cells 

concerning working temperature. It can be seen that VOC, FF, and PCE diminish with increasing 

temperature while JSC slightly increases in all solar cells. The temperature rise reduces the 

bandgap of the absorber, which enhances the charge carrier generation in solar cells, leading 

to enhancement in JSC [148]. However, the thermally generated electrons begin to vibrate at 

high temperatures, become unstable, and recombine with the holes before being collected at 

the contacts, reducing VOC. Moreover, the increasing temperature affects the transport 

efficiency of charge carriers, such as carrier concentration and mobility of charge carriers, 

thereby decreasing the FF of all solar cells [149]. Overall, the combined decrement in VOC and 

FF has led to a lowering of PCE from 28.0% to 21.64%, 30.02 to 24.46%, 29.87 to 24.23%, 

30.23 to 24.39%, 29.68 to 24.17% for MgS, CaS, SrS, BaS, and CdS-based solar cells 

respectively.  
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Figure 64. Effect of series resistance, shunt resistance, and working temperature on the 

performance of novel Ag2BaTiSe4 solar cells with diverse buffers. 

6.4. Cu2SrSnS4 solar cells using chalcogenide and oxide hole transport layers by SCAPS-

1D simulation  

This section comprehensively explains the outcomes of fifth and sixth objective. Here, the 

sections 6.4.1 to 6.4.6 analyzes the optimization results of buffer, absorber and HTLs essential 

parameters and interface properties in diverse HTL based Cu2SrSnS4 solar cells. On the other 

hand, the superiority of champion device structure over its counterparts are extensively 

demonstrated via comparative analyses in sections 6.4.7 to 6.4.11. Further, the outcomes of 

parasitic resistances and working temperature analyses are illustrated in sections 6.4.12.  

6.4.1.  Influence of absorber thickness 

The absorber’s thickness is crucial in deciding the solar cell's performance. Herein, the 

thickness of Cu2SrSnS4 has been varied from 0.1 to 2 µm to obtain the optimum value. Figure 
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65 displays the variation in solar cell performance as a function of Cu2SrSnS4 thickness in solar 

cells without HTL and with oxide, chalcogenide HTLs. As the thickness increases from 0.1 to 

2 µm, VOC improves up to a particular thickness and then saturates. Since a greater number of 

charge carriers are generated with the improving thickness of the absorber, the Fermi level 

splitting within the solar cells is enhanced, boosting the VOC [91]. In contrast, stabilization 

happens due to the rising dark saturation current with the absorber’s thickness [131]. Taking 

FF into consideration, it continuously reduces with thickness in without HTL solar cells as well 

as in CuAlO2 and Cu2O HTL based solar cells. Whereas, it slightly increases up to a thickness 

of 0.8 µm and then stabilizes or decreases in Sb2S3, MoS2, Cu3BiS3 and NiO solar cells. The 

increment in the RS and power dissipation of solar cells for higher thickness leads to the noticed 

decrement or saturation [131]. Despite the oscillations in FF and VOC, the PCE drastically 

enhances with increasing thickness in all solar cells. This increment stems from the large 

elevation in JSC values from 3.74 to 14.81 mA/cm2, 5.10 to 11.75 mA/cm2, 5.29 to 11.88 

mA/cm2, 7.81 to 11.86 mA/cm2, 5.01 to 11.73 mA/cm2, 3.73 to 14.94 mA/cm2 and 5.51 to 

14.49 mA/cm2 for the thickness range 0.1 to 2 µm in without HTL, Sb2S3, MoS2, Cu3BiS3, NiO, 

CuAlO2 and Cu2O solar cells respectively. In general, a thin absorber transmits most of the 

incident photons, adversely affecting the generation of charge carriers. Meanwhile, immense 

absorption of the incident photons occurs with the improvement of the absorber’s thickness, 

creating more electron-hole pairs [91,132]. This behavior can also be witnessed in Figure 66 

where QE, which is related to the thickness of the absorber, is plotted. Specifically, the QE 

surges from 16.45% to 43%, 22% to 43.1%, 20.6% to 42.5%, 28.4% to 42.3%, 31.5% to 43.4%, 

14.5% to 45.3% and 21.8% to 48.2% in without HTL, Sb2S3, MoS2, Cu3BiS3, NiO, CuAlO2 

and Cu2O solar cells respectively. This subsequently enhances the JSC and PCE. Nevertheless, 

we could notice that their increment is significant till 0.5 µm and after that, their improvement 

becomes negligible in all solar cells. The observed saturation happens because, as the 

absorber’s thickness is increased above a certain degree, the distance to be traveled by the 

photogenerated charge carriers to reach the respective contacts is longer, resulting in high 

recombination [228]. Thus, based on the results and considering material consumption, 0.5 µm 

is taken as the optimum value of Cu2SrSnS4 thickness in each solar cell to obtain high PCE.  
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Figure 65. (a) VOC (b) JSC (c) FF (d) PCE of Cu2SrSnS4 solar cell without HTL and with diverse 

oxide and chalcogenide HTLs as a function of absorber thickness. 

6.4.2. Influence of ETL thickness and carrier density 

The primary role of ETL is to create a strong p-n junction and transmit the majority of photons 

towards the absorber/ETL junction [237]. In our case, ZnMgO with a wide bandgap of 3.3 eV 

would transmit most of the electromagnetic spectrum to the Cu2SrSnS4/ZnMgO region, which 

assists in enormous charge carrier generation while its thickness must be optimized to obtain 

high-quality p-n junction. Thus, ZnMgO thickness has been altered between 0.05 µm and 0.2 

µm without and with diverse HTL solar cells and the respective shifts in the device parameters 

are provided in Figure 67 (a-d). The VOC, JSC, FF, and PCE vary negligibly throughout the 

thickness range in all solar cells irrespective of the presence of HTL. In experiments, it has 

been demonstrated that when the ETL thickness is very low, high leakage current and pin-hole 

effect are observed due to the uneven coverage of substrate [117]. In addition, a p-n junction 

of poor quality is formed, which deteriorates the photon absorption and generation of 

photogenerated carriers [117,127]. On the flip side, when the thickness of ETL is too large, 
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built-in potential at the p-n junction is reduced, and the RS is increased, hindering the movement 

of photogenerated charge carriers to the contact [117]. Furthermore, parasitic absorption in the 

ETL is also enhanced, which diminishes the number of charge carriers reaching the p-n 

junction, reducing the spectral response of the solar cells [128]. Thus, in the view of 

experiments, an optimum ZnMgO thickness of 0.06 µm is chosen for the present study.  

 

Figure 66. Variation in QE with respect to absorber thickness in Cu2SrSnS4 solar cells (a) 

Without HTL (b) Sb2S3 (c) MoS2 (d) Cu3BiS3 (e) NiO (f) CuAlO2 (g) Cu2O HTLs. 
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The investigation of the ETL carrier density is crucial as it modifies the band alignment and 

interface properties between the layers [118,171]. Thus, ZnMgO carrier density is changed 

from 1012 cm-3 to 1020 cm-3 and the results are provided in Figure 67 (e-h). The VOC remains 

constant at 1.21 V till 1015 cm-3 in solar cells without HTL; after that, it minutely decreases. 

Similar behavior is observed in HTL based solar cells except in Cu3BiS3 solar cells, where its 

VOC is independent of the ETL carrier density and stays the same in the entire range. The 

unaltered or minute variations in VOC imply that the quasi-Fermi levels positions stay 

unaffected by the ETL carrier density [91]. At the same time, JSC and FF do not show variations 

till 1015 cm-3. After that, they increase. The PCE also follows the same behavior where it 

increases from 12.21 to 13.81%, 11.46% to 12.58%, 12.26% to 13.19%, 9.16% to 9.89%, 

12.37% to 13.29%, 14.06% to 15.32% and 13.77% to 14.40% in without HTL, Sb2S3, MoS2, 

Cu3BiS3, NiO, CuAlO2 and Cu2O HTL based solar cells respectively. In general, ETL energy 

bands shift downwards with their increasing carrier density, affecting their energy band offset 

values with the adjacent layers. This subsequently reduces the energy barriers for the 

photogenerated electrons at the ETL/absorber and ETL/FTO interfaces, improving the solar 

cell performance [91,118]. The carrier density below the optimum value will result in 

unfavorable band alignment at the aforementioned interfaces, which obstructs the separation 

and collection of electrons at the front contact, directly influencing the performance of solar 

cells. We could also notice a saturation in PCE after 1018 cm-3. This results from the immense 

electron-electron scattering that occurs for higher ETL carrier density [120]. Therefore, 1018 

cm-3 is chosen as the optimum ETL carrier density without HTL and all HTL based solar cells.  
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Figure 67. Variation in VOC, JSC, FF, and PCE of Cu2SrSnS4 solar cell without HTL and with 

different HTLs as a function of a-d) ETL thickness, e-h) ETL carrier density 
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6.4.3. Influence of absorber’s carrier density 

The carrier density of the absorber is an important parameter that deals with the variation in 

band alignments and transportation of charge carriers [229]. Figure 68 displays the VOC, JSC, 

FF, and PCE respective to Cu2SrSnS4’s carrier density where it is varied from 1012 cm-3 to 1018 

cm-3 in solar cells without HTL, and with oxide, chalcogenide HTLs. The solar cell parameters 

are unchanged till 1015 cm-3 and show differences beyond that. Mainly, altering the carrier 

density from 1015 cm-3 to 1018 cm-3
 drastically improves the VOC from 1.14 to 1.31V, 1.37 to 

1.56 V, 1.34 to 1.62 V, 1.11 to 1.37 V, 1.44 to 1.62 V, 1.26 to 1.43 V and 1.24 to 1.43 V in 

without HTL, Sb2S3, MoS2, Cu3BiS3, NiO, CuAlO2 and Cu2O solar cells respectively. 

Typically, the rise in the absorber’s carrier density elevates the Fermi-level splitting by pushing 

the hole quasi-Fermi level (FP) towards the valence band, which boosts the VOC [91]. Also, the 

FF rises after 1015 cm-3, indicating that the RS of the solar cells has been suppressed at high 

carrier densities [229]. On the flip side, a decrement in JSC is observed with improving carrier 

density, occurring due to the shrinkage of the depletion region in the absorber for higher carrier 

densities, reducing the charge carrier generation [118]. In addition, some charge carriers could 

be created outside the depletion region, improving the need for high diffusion length and 

lifetime for the charge carriers. This affects their collection at the contacts, decreasing the JSC 

[118,129]. In all simulated devices, the PCE remains constant till 1015 cm-3. Thereafter, it falls 

from 12.80% to 10.15%, 10.84% to 8.25%, 13.12% to 10.96% and 12.89% to 10.90% in Sb2S3, 

Cu3BiS3, NiO and CuAlO2 solar cells respectively. On the flip side, the best PCE of 11.86% is 

seen at 1016 cm-3 in MoS2 solar cell. Whereas, it continuously enhances from 11.45% to 12.15% 

without HTL solar cell and 12.09% to 15.06% Cu2O solar cell when carrier density is increased 

from 1015 cm-3 to 1018 cm-3. The noticed differences can be clarified by analyzing the changes 

in the energy band diagram in reference to the absorber’s carrier density (Figure 69). In all 

solar cells, there is no modification in the energy bands observed till 1015 cm-3, witnessing the 

invariable solar cell performance. Meanwhile, when the carrier density is improved further, EC 

and EV rise in the entire region of the solar cells except at the HTLs. As a result, the barrier for 

charge carriers at the interfaces is modified in all solar cells due to the variations in the energy 

band offset for different absorber carrier densities. From this, we could infer that the maximum 

PCE has been achieved at the carrier density where suitable barriers for charge carriers are 

accomplished, resulting from the adequate transportation of charge carriers to the respective 

contacts. On this note, an optimum carrier density of 1018 cm-3 for those without HTL, Cu2O 

solar cells, 1016 cm-3 for MoS2, and 1015 cm-3 for the remaining devices are selected to attain 

perfect band alignment and achieve high solar cell performance. 
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Figure 68. (a) VOC (b) JSC (c) FF (d) PCE of Cu2SrSnS4 solar cell without HTL and with diverse 

oxide and chalcogenide HTLs as a function of absorber carrier density. 
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Figure 69. Variation in energy band diagram of Cu2SrSnS4 solar cell as a function of absorber 

carrier density (a) Without HTL (b) Sb2S3 (c) MoS2 (d) Cu3BiS3 (e) NiO (f) CuAlO2 (g) Cu2O 

HTLs. 
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6.4.4. Influence of absorber’s defect density 

Defects in the absorber destroy the film quality and negatively affect the transportation of 

charge carriers. They are usually formed due to dislocations, grain boundaries, imperfections, 

impurities, etc [180]. Herein, the influence of Cu2SrSnS4 defect density on VOC, JSC, FF, and 

PCE is studied, as displayed in Figure 70. The VOC is almost unchanged up to ~ 1016 cm-3 

without HTL, Sb2S3, MoS2, Cu3BiS3 and NiO solar cells and then drops. However, it gradually 

decreases with increasing defects in CuAlO2 and Cu2O solar cells. On the other hand, JSC is 

noticed to be unaltered till ~1016 cm-3 in all solar cells while FF declines after 1018 cm-3 in MoS2 

and ~1015 cm-3 in other solar cells. Consequently, PCE is also drastically affected by improving 

absorber defects. In particular, the best PCEs have nearly retained until the threshold range i.e., 

1014 cm-3 for CuAlO2 and Cu2O solar cells, 1017 cm-3 for Sb2S3, 1016 cm-3 for without HTL, 

Cu3BiS3 solar cells, and 1015 cm-3 for other cases. Thereafter, it dramatically diminishes to 

0.20%, 0.29%, 0.32%, 0.29%, 1.54%, 0.67% and 1.11% for 1020 cm-3 without HTL, Sb2S3, 

MoS2, Cu3BiS3, NiO, CuAlO2 and Cu2O solar cells respectively. The large drop in the solar 

cell performance results from the diminished charge carrier’s diffusion length and lifetime with 

improving defect density as shown in Table 20. Consequently, the recombination of the charge 

carriers increases, adversely deteriorating the PCE. This is evidenced in Figure 71, where the 

recombination rate for different absorber defects is depicted. The recombination of charge 

carriers primarily elevates at the absorber/ZnMgO interface for the rising absorber’s defects. 

Since a greater number of charge carriers are created at the p-n junction, the surging 

recombination at this interface deteriorates the PCE. In addition, in all solar cells with HTL, 

except for the MoS2 solar cell, recombination is also detected in the HTL or at the 

absorber/HTL interface, where it gradually decreases for higher defects. The reason is, for 

larger defects, the quantity of photogenerated carriers reaching the HTL decreases due to the 

escalating recombination at the absorber/ZnMgO interface [91]. Overall, the decrement in 

charge carrier lifetime and diffusion length with subsequent increments in the rate of 

recombination have resulted in the decline of solar cell performance for higher defects. Thus, 

defects must be maintained at their optimum value in each solar cell to get the highest PCE of 

12.15%, 12.92%, 12.17%, 12.60%, 15.04%, 16.03%, and 16.58% without HTL, Sb2S3, MoS2, 

Cu3BiS3, NiO, Cu2O and CuAlO2 respective solar cells.  
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Table 20. The charge carrier’s diffusion length and lifetime as a function absorber’s defect 

density from SCAPS-1D.   

Defect density (cm-3) 1012 1013 1014 1015 1016 1017 1018 1019 1020 

Diffusion length (µm) 160 51 16 5.1 1.6 0.51 0.16 0.051 0.016 

Lifetime (ns) 105 104 103 102 101 100 10-1 10-2 10-3 

 

 

Figure 70. (a) VOC (b) JSC (c) FF (d) PCE of Cu2SrSnS4 solar cell without HTL and with diverse 

oxide and chalcogenide HTLs as a function of absorber defect density. 
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Figure 71. Variation in recombination rate of Cu2SrSnS4 solar cell as a function of absorber 

defect density (a) Without HTL (b) Sb2S3 (c) MoS2 (d) Cu3BiS3 (e) NiO (f) CuAlO2 (g) Cu2O 

HTLs. 
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6.4.5. Influence of HTL thickness and carrier density 

The presence of HTL at the interface of the absorber and back contact could efficiently 

transport the holes and restrict the electrons to the back contact, thus suppressing the interfacial 

recombination in the solar cell [45,50]. Therefore, it is vital to examine the impact of its 

parameters on the performance of the proposed solar cells. In this study, we analyzed the effect 

of HTL thickness by tuning it from 0.050 to 0.2 µm in the simulated solar cells (Figure 72 (a-

d)). The results show that the shift in VOC with extending HTL thickness is trivial in all solar 

cells. Contrarily, JSC significantly improves from 12.45 to 16.07 mA/cm2 in Cu3BiS3 solar cells 

by enhancing the HTL thickness from 0.050 to 0.2 µm. This might occur due to minute light 

absorption by the HTL with increasing thickness originating from their lower bandgap rather 

than the absorber. Nevertheless, JSC is identified to be independent of thickness in other solar 

cells. In addition, a negligible reduction in FF is seen for the varied thickness range which 

results from the improvement in RS with the HTL thickness [82]. Further, the PCE is nearly 

unchanged with increasing HTL thickness in all cases except in Cu3BiS3 and Cu2O solar cells, 

where a minor enhancement of about 2% and 1.15% is noticed, respectively. Overall, the HTL 

thickness exhibits an insignificant influence on the solar cell’s performance. In practice, a thin 

HTL forms a Schottky barrier near the back contact, which hinders the collection of holes, 

while a very thick HTL elevates the RS of the solar cell, destroying the PCE [238]. Thus, 

considering the experiment and material usage, an HTL thickness of about 0.1 µm is selected 

for all solar cells.  

After that, to examine the effect of HTL carrier density on the photovoltaic parameters, it is 

tuned between 1012 cm-3 to 1020 cm-3 (Figure 72 (e-h)). The VOC elevates from 0.95 to 1.15V, 

1.48 to 1.60V and 1.62 to 1.67 V in Cu3BiS3, NiO and Cu2O solar cells for the varied range 

while it holds constant values in MoS2 and CuAlO2 solar cells irrespective of the HTL 

thickness. Considering JSC, a slight improvement is noted in Sb2S3, MoS2, and Cu2O solar cells 

for larger carrier density whereas the other solar cells do not portray any changes in JSC. The 

FF and PCE display a rising trend with an increase in the carrier density for all solar cells. 

Typically, when the carrier density of HTL is high, a large electric field is created at the 

absorber/HTL junction, which facilitates the effective separation of photogenerated holes from 

the absorber to the HTL [45,135]. In addition, the energy bands of HTL move upwards 

improving the electron barrier at the absorber/HTL interface which in turn reduces the 

recombination by restricting the electron flow from the absorber. Also, an ohmic contact is 

developed due to the movement of the valence band closer to the FP, which helps easily collect 

holes at the back contact [91]. On the contrary, when the HTL carrier density is low, the electric 
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field is minimal and the Schottky barrier is formed near the back contact, deteriorating the 

performance of solar cells [45,91]. On this account, maximum PCE of 12.6%, 12.9%, 13.61%, 

15.33%, 16.10%, and 18.47% is obtained for the HTL carrier density of 1020 cm-3 in Sb2S3, 

MoS2, Cu3BiS3, NiO, CuAlO2 and Cu2O respective solar cells which are taken as the optimum 

value for this simulation. 

 

Figure 72. Variation in VOC, JSC, FF, and PCE of Cu2SrSnS4 solar cell with different HTLs as 

a function of a-d) HTL thickness, e-h) HTL carrier density. 
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Table 21 displays the final solar cell parameters of Cu2SrSnS4 solar cell without HTL and with 

diverse HTLs after optimization. Precisely, after optimizing each layer’s material parameters 

and interfacial properties, the resultant PCEs are 11.43%, 12.74%, 12.24%, 13.61%, 15.34%, 

16.17% and 18.48% without HTL, Sb2S3, MoS2, Cu3BiS3, NiO, CuAlO2 and Cu2O solar cells 

respectively. The solar cells without HTL exhibited lesser PCE compared to those with HTL, 

revealing the importance of adding HTL for improving the performance of Cu2SrSnS4 solar 

cells. Moreover, the difference in PCEs between those without HTL and with Sb2S3, MoS2, 

Cu3BiS3, NiO, CuAlO2 and Cu2O HTLs are 1.31%, 0.81%, 2.18%, 3.91%, 4.74% and 7.05% 

respectively. Although the addition of HTL improves the solar cell performance, the increment 

in PCE is comparatively less with chalcogenide HTLs than oxide HTLs, revealing the necessity 

to select appropriate HTL to substantially enhance the solar cell performance. The highest PCE 

of 18.48% is obtained for the device structure FTO/ZnMgO/Cu2SrSnS4/Cu2O/Ni. It is at most 

essential to discover the reason behind the difference in the PCE between with and without 

HTL solar cells, as well as the superiority of Cu2O solar cells over their counterparts. Therefore, 

a comparative study is done between all the optimized solar cells by extracting their energy 

band diagrams, recombination rates, generation rates, electric field distribution, Nyquist plots, 

QE and J-V, which are discussed in the following sections.  

Table 21. Solar cell parameters of optimized Cu2SrSnS4 solar cell without HTL and with 

different HTLs. 

Solar cell structure VOC (V) JSC (mA/cm2) FF (%) PCE (%) 

FTO/ZnMgO/Cu2SrSnS4/Ni 1.25 10.96 83.42 11.44 

FTO/ZnMgO/Cu2SrSnS4/Sb2S3/Ni 1.39 11.13 82.37 12.74 

FTO/ZnMgO/Cu2SrSnS4/MoS2/Ni 1.53 10.18 78.80 12.24 

FTO/ZnMgO/Cu2SrSnS4/Cu3BiS3/Ni 1.15 13.81 85.51 13.61 

FTO/ZnMgO/Cu2SrSnS4/NiO/Ni 1.60 10.95 87.28 15.34 

FTO/ZnMgO/Cu2SrSnS4/CuAlO2/Ni 1.51 12.06 88.64 16.17 

FTO/ZnMgO/Cu2SrSnS4/Cu2O/Ni 1.67 12.03 91.76 18.48 

6.4.6. Energy band diagram 

The transportation of charge carriers is chiefly controlled by the energy band alignment of the 

solar cell, which directly influences the solar cell’s performance [116]. Conventionally, the 

CBO of ETL with absorber and FTO must be minimal to effectively transport the 

photogenerated electrons while their VBO should be larger to hinder the movement of holes 

towards FTO [91,134]. Contrarily, the VBO between the HTL and absorber must be low for 

the potential separation of photogenerated holes from the absorber whereas the CBO should be 

high to restrict the electron flow towards the back contact [91,134]. Thus, to investigate the 
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variations in PCEs of the without HTL and different HTL solar cells corresponding to the 

changes in the band offsets, their energy band diagrams were acquired from SCAPS-1D 

(Figure 73). The CBO and VBO at the interfaces that are directly determined from Figure 73 

are provided in Table 22. Herein, the negative (-) sign indicates the cliff-like barrier, and the 

positive (+) sign represents the spike-like barrier for the respective charge carriers at the 

interfaces. It can be noticed that the solar cells without HTL and chalcogenide HTLs display 

large bending of energy bands throughout the layers of the solar cell. As a result, a spike-like 

barrier is observed at the conduction band of the ZnMgO/FTO interface, hindering the transport 

of electrons. On the flip side, in oxide HTL solar cells, a cliff-like CBO is obtained at the 

ZnMgO/FTO interface, facilitating the collection of electrons at the contact. Moreover, in all 

solar cells, a small spike of 0.16 eV is observed at the conduction band of the absorber/ZnMgO 

interface as the affinity of ZnMgO is slightly lower than Cu2SrSnS4. In general, a moderate 

spike-like barrier at the interface of ETL and absorber is advantageous for solar cells as it 

suppresses the VOC deficit by preventing interface recombination [136,137]. Thus, the 

photogenerated electrons can successfully cross the barrier of 0.16 eV without affecting the 

device's performance. Also, the VBO at absorber/ZnMgO and ZnMgO/FTO interfaces hold 

large positive values, revealing that there is a vast spike-like barrier for the photogenerated 

holes to restrict their movement from the absorber to the front contact. However, though the 

CBO values at the absorber/ZnMgO interface are the same in all solar cells, the alignment of 

bands is not identical, as seen in Figure 73. In without HTL and chalcogenide HTL solar cells, 

a downward bending of EC at the absorber/ZnMgO interface is noticed, enhancing the 

accumulation of charge carriers, leading to their recombination. Notably, the bending of bands 

at the p-n junction is comparatively larger without HTL solar cells, leading to large stagnation 

of photogenerated charge carriers and high recombination compared to solar cells with HTL. 

On the other hand, in oxide HTL solar cells, the energy bands appear to be flat so that the 

electrons can efficiently cross the spike of 0.16 eV without accumulating at the 

absorber/ZnMgO interface. Furthermore, it can be noticed that the chalcogenide HTLs 

demonstrate poor band alignment with the absorber when compared to the oxide HTLs. To 

elaborate, the Sb2S3 and MoS2 exhibit a cliff at the absorber/HTL interface with CBO of -0.04 

eV and -0.5 eV, respectively, revealing no barrier for the photogenerated electrons. Hence, they 

can easily recombine with the holes, adversely affecting their solar cell performance. In the 

case of Cu3BiS3, though it displays a spike-like electron barrier, it shows a large barrier for 

holes with VBO of -0.73 eV, impeding the collection of photogenerated holes from the 

absorber. On the other hand, all oxide HTLs have huge spike-like electron barrier and 
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comparatively less hole barrier at the interface of absorber and HTL with CBO (VBO) of 2.1 

eV (-0.27 eV), 1.72 eV (-0.19 eV) and 0.46 eV (-0.04 eV) for NiO, CuAlO2 and Cu2O 

respectively. Therefore, these HTLs could efficiently restrict the electrons and collect the holes 

from the absorber, attributing their superior solar cell performance to chalcogenide HTLs. It is 

important to analyze that although the absorber, ETL, and TCO are identical in all devices, the 

band alignment and offset values at their interfaces are at variance in each solar cell, which 

mainly originates from the material characteristics of the diverse HTLs. This reveals that the 

material properties of HTLs considerably alter the band alignment of all the layers in solar 

cells. Overall, the without HTL solar cells demonstrate comparatively low performance 

compared to their counterparts due to the large energy band bending at the ETL/absorber 

interface and throughout the entire region of solar cells, leading to unfavorable band offsets 

between the layers. Considering solar cells with HTL, oxide HTL solar cells demonstrated 

enhanced PCE compared to the chalcogenide HTLs due to their proper band alignment at the 

interfaces. Among the oxide HTL devices, the dominant PCE of 18.48% has been obtained for 

Cu2O solar cells, which originates from the lowest hole barrier at the junction of HTL and 

absorber than all the simulated solar cells.  
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Figure 73.  Energy band diagram of optimized Cu2SrSnS4 solar cell (a) Without HTL (b) Sb2S3 

(c) MoS2 (d) Cu3BiS3 (e) NiO (f) CuAlO2 (g) Cu2O HTLs. 
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Table 22. Energy band offset values at the interfaces of each layer. 

6.4.7. Generation and recombination rate 

The generation rate in solar cells is an important parameter to be analyzed for attaining high 

PCE. It is a function of position and wavelength. Hence, it provides the number of charge 

carriers generated in each point of the solar cell owing to the absorption of photons at a specific 

wavelength [239]. In SCAPS-1D, the generation rate of electron-hole pairs is estimated by 

using the following equation [240] 

G(λ, x) = α (λ, x). Nphot(λ, x)                                                          (22)  

Where G(λ,x), α(λ,x) and Nphot(λ,x) are the generation rate, optical absorption constant, and 

incident photon flux, respectively, which are given as a function of wavelength and distance.  

Figure 75 displays the generation rate of all the optimized solar cells without HTL and with 

different HTLs. It can be seen that a maximum generation rate occurs at the ZnMgO/absorber 

interface, revealing that generation of photogenerated carriers is greater on the surface of the 

absorber due to the enormous amount of photon absorption. In addition, we notice that the 

highest generation rate of about 2.5×1021 cm-3s-1 is obtained without HTL solar cells, while it 

is comparatively larger (6×1021 cm-3s-1) in all solar cells with HTLs. This firmly confirms the 

critical role of HTL addition in improving the quantity of photocarrier generation in solar cells. 

Notably, in MoS2 solar cells, a similar amount of charge carriers is also produced at 0.1 µm, 

i.e., in the MoS2 layer. As the MoS2’s bandgap is lower and its affinity is higher than the 

absorber, low energy photons that are transmitted from Cu2SrSnS4 would get absorbed by 

MoS2. Similarly, in other chalcogenide HTL-based solar cells, minute carrier generation has 

been observed in the HTL region due to their comparatively lower bandgap than the absorber. 

However, the electrons generated at the HTL have to travel long distances to reach FTO. Thus, 

those with less diffusion length and lifetime have a high probability of getting recombined, 

deteriorating the solar cell performance. Meanwhile, no electron-hole pairs are created in 

Solar cell structure Absorber/HTL 

interface 

Absorber/ZnMgO 

interface 

ZnMgO/FTO 

interface 

CBO VBO CBO VBO CBO VBO 

FTO/ZnMgO/Cu2SrSnS4/Ni - - 0.16 1.20 0.35 0.58 

FTO/ZnMgO/Cu2SrSnS4/Sb2S3/Ni -0.04 -0.4 0.16 1.25 0.36 0.6 

FTO/ZnMgO/Cu2SrSnS4/MoS2/Ni -0.5 -0.28 0.16 1.25 0.33 0.57 

FTO/ZnMgO/Cu2SrSnS4/Cu3BiS3/Ni 0.23 -0.73 0.16 1.29 0.32 0.57 

FTO/ZnMgO/Cu2SrSnS4/NiO/Ni 2.1 -0.27 0.16 1.06 -0.41 0.6 

FTO/ZnMgO/Cu2SrSnS4/CuAlO2/Ni 1.72 -0.19 0.16 1.06 -0.45 0.6 

FTO/ZnMgO/Cu2SrSnS4/Cu2O/Ni 0.46 -0.04 0.16 1.18 -0.4 0.57 
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oxide-based HTLs due to their wider bandgap and lower affinity values than the absorber. 

Hence, they act as potential HTL and the photogenerated charge carriers at the p-n junction can 

be efficiently collected at the corresponding metal electrodes with less recombination in these 

solar cells.  

Recombination rate is the reverse phenomenon of generation rate where the photogenerated 

electron-hole pairs combine and annihilate, declining the potential of solar cells [239]. In 

general, the recombination in solar devices is directly influenced by the density of charge 

carriers, their lifetime, and the defects present in the system [239,240]. Figure 75 displays the 

recombination rate of all the optimized solar cells without HTL and with different HTLs. 

Without HTL solar cells, the recombination primarily occurs at the absorber/ZnMgO interface 

with a rate of 1023 which is exceptionally high compared to solar cells with HTL. In addition, 

the amount of recombination is more significant than the generation rate. This occurs due to its 

larger band bending and charge carrier accumulation at the absorber/ZnMgO interface than 

other solar cells (Figure 73), resulting in its inferior PCE. On the other hand, in MoS2 and 

Sb2S3 solar cells, maximum recombination occurs around 0.6 µm, indicating that the 

recombination rate is large in the absorber area near the p-n junction. Since the majority of 

carrier generation occurs near or at the absorber/ZnMgO interface, the recombination rate 

should be minimal at this region to achieve high PCE. Also, the amount of recombination is 

higher than the generation rate in the aforementioned solar cells. This occurs due to the large 

accumulation of electrons at the p-n junction, originating from the high conduction band 

bending at the absorber/ZnMgO interface (Figure 73). This has led to their lower solar cell 

performance than the other HTL solar cells. Whereas, for the solar cell with Cu3BiS3 as HTL, 

greater recombination is observed near the HTL region due to its large VBO of -0.45 eV at the 

HTL/absorber interface. In addition, in chalcogenide HTL solar cells, minor recombination is 

also observed at the ZnMgO/FTO interface. This happens due to a spike of >0.3 eV (Table 22) 

at the mentioned interface, which blocks the flow of electrons from the ZnMgO to FTO, 

resulting in recombination. Considering the oxide HTL solar cells, the recombination rate is 

extended in the absorber region where it is lower than the generation rate in Cu2O solar cell, 

attributing to its superior PCE. In NiO and CuAlO2 solar cells, recombination at the 

absorber/HTL interface is also observed, which is the reason for their lower PCE than Cu2O. 

On the whole, the generation rate without HTL solar cells is extremely low, while the 

recombination rate is remarkably higher than the solar cells with HTL. This strongly exhibits 

the crucial role of HTL in enhancing the generation of charge carriers while minimizing the 
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recombination rate, thereby leading to enhancement in solar cell performance. Further, the 

superior PCE of Cu2O solar cells originates from its high generation rate, which is accompanied 

by a lower recombination rate than other HTL based solar cells. 

6.4.8. Electric field and electron density 

It is essential to investigate the electric field distribution of the solar cell to achieve excellent 

PCE. Figure 76 shows the electric field produced at each position of all the optimized solar 

cells. It can be seen that electric fields are created at the interface of each layer. Typically, when 

the electric field is higher in the negative direction, a large number of charge carriers can be 

efficiently shifted to the transport layers. Meanwhile, when the electrons accumulate at the 

interface, they generate their electric field in the positive direction, completely opposed to that 

of the heterojunctions, declining the efficiency [138]. Hence, to witness the electron 

accumulation according to the electric field distribution, the electron density in the entire region 

of the solar cells is also extracted from SCAPS-1D (Figure 77). Notably, without HTL and all 

the chalcogenide HTL solar cells, a large positive electric field is observed at the ZnMgO/FTO 

interface. This happens due to the spike-like barrier at the conduction band, as seen in Figure 

73, which blocks the transfer of electrons from the ZnMgO to FTO, resulting in their 

accumulation. This is also evident in Figure 77, where the electron density is high at the 

ZnMgO/FTO interface in all these solar cells. Contrarily, in NiO and CuAlO2 devices, a 

positive electric field is observed at the HTL/Cu2SrSnS4 interface, occurring due to the piling 

up of electrons at this region, as seen in Figure 77. Consequently, the interface recombination 

in these solar cells dramatically increases, which can also be witnessed in Figure 75. 

Surprisingly, among all the solar cells, a high negative electric field is obtained for the Cu2O 

solar cell at the HTL/absorber interface, and no positive electric field is observed at any of its 

interfaces. This strongly reveals that the photogenerated charge carriers have been potentially 

collected at the corresponding contacts without accumulating at the interfaces, ascribing to its 

highest PCE.  
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Figure 74. Generation rate of optimized Cu2SrSnS4 solar cell (a) Without HTL (b) Sb2S3 (c) 

MoS2 (d) Cu3BiS3 (e) NiO (f) CuAlO2 (g) Cu2O HTLs. 
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Figure 75. Recombination rate of Cu2SrSnS4 solar cell (a) Without HTL (b) Sb2S3 (c) MoS2 

d) Cu3BiS3 (e) NiO (f) CuAlO2 (g) Cu2O HTLs. 



 

163 

 

 

Figure 76. Electric field of Cu2SrSnS4 solar cell (a) Without HTL (b) Sb2S3 (c) MoS2 (d) 

Cu3BiS3 (e) NiO (f) CuAlO2 (g) Cu2O HTLs. 
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Figure 77. Electron density (n) of Cu2SrSnS4 solar cell (a) Without HTL (b) Sb2S3 (c) MoS2 

(d) Cu3BiS3 (e) NiO (f) CuAlO2 (g) Cu2O HTLs.  

6.4.9. Nyquist plots  

The Nyquist or impedance plot offers qualitative insights into the transport and recombination 

mechanism in solar cells [145]. Figure 78 (a) displays the Nyquist plots of optimized solar 

cells with and without HTL. The magnified image is given in Figure 79. In all devices, 



 

165 

 

semicircular plots reveal the high quality of the depletion region formed at the 

absorber/ZnMgO interface. Basically, two semicircles at various frequency regions are 

observed in solar cells, referring to the RT and RR within the device [146]. The RT should be 

extremely low for the easy transfer of charge carriers, while RR must be high to collect the 

charge carriers without recombination. In our results, the entire frequency region depicts just 

one semi-circle in all cases. The displayed semicircle would possibly represent the RR and the 

non-existence of other semicircle exhibits that the RT is negligible in these solar cells. In the 

figure, the width of the Nyquist plot without an HTL solar cell is smaller than those devices 

with HTLs, indicating lower RR, which leads to high recombination, as witnessed in Figure 

75. In addition, the champion Cu2O solar cell displays the largest semicircular plot compared 

to the other HTL based devices. The high RR in Cu2O solar cells aids in the movement of 

photogenerated carriers toward contact with less recombination. This is also evident in Figure 

75, where the recombination rate in all cases is greater than the Cu2O solar cell. Thus, the large 

RR of about 9.4×105 Ωcm2 in Cu2O solar cells has contributed to its superior performance. 

6.4.10. J-V and QE 

Figure 78 (b) displays the J-V of the optimized solar cells without HTL and with different 

HTLs, while their corresponding VOC, JSC, FF, and PCE are given in Table 21. The maximum 

JSC of about 13.80 mA/cm2 is seen in Cu3BiS3 solar cells, whereas it is slightly low in other 

cases. Typically, the JSC is related to the light absorption and carrier generation in solar cells. 

Since QE is the proportion of the quantity of charge carriers generated to the number of incident 

photons, the difference in the JSC of these devices is analyzed in the view of the QE plots 

(Figure 78 (c)). The average QE is estimated to be 37.9%, 40.5%, 38.1%, 47.5%, 40.04%, 

40.9% and 42.6% without HTL, Sb2S3, MoS2, Cu3BiS3, NiO, CuAlO2, and Cu2O respective 

solar cells. Thus, it is apparent that the greater JSC of Cu3BiS3 solar cells originated from the 

larger QE than their counterparts. Nevertheless, the highest PCE is accomplished for Cu2O 

solar cells. This mainly stems from its larger VOC and FF than other HTL based solar cells. It 

exhibited VOC, JSC, FF and PCE of 1.67 V, 12.03 mA/cm2, 91.76% and 18.48% respectively 

which are 1.34, 1.1, 1.09 and 1.62 times higher than without HTL solar cell.  
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Figure 78. (a) Nyquist plot (b) J-V (c) QE of optimized Cu2SrSnS4 solar cell without HTL and 

with different HTLs. 

 

Figure 79. Magnified image of Nyquist plot of optimized Cu2SrSnS4 solar cell without HTL 

and with different HTLs.  

Overall, the above discussions demonstrate that the solar cell without HTL suffers from poor 

band alignment, low RR, large recombination rate, and low generation rate than the solar cells 

with HTLs disclosing the priority of adding HTL to the device structure for elevating the 

performance of Cu2SrSnS4 solar cell. Further, the outcomes reveal that the proper energy band 

offsets at the interface of the layers, high generation rate with low recombination, large 

negative electric field, less accumulation of minority carriers, and maximum RR have led to the 

extraordinary PCE of Cu2O solar cells compared to the other HTL solar cells. Also, as 

discussed earlier, VOC deficit is the major issue in Cu2SrSnS4 solar cells due to improper band 

alignment between the layers. Notably, in our work, a high VOC of about 1.67 V is obtained for 

Cu2O solar cells equivalent to the Shockley-Queisser limit of ~2.0 eV bandgap absorber, 

indicating the potential of FTO/ZnMgO/Cu2SrSnS4/Cu2O/Ni device structure. Such a low VOC 

deficit could also be practically achieved due to the proper band offsets of the absorber with 
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the transport layers and low antisite defects in Cu2SrSnS4 due to large mismatch elements. 

Thus, our work's research findings would captivate the research community's attention in 

fabricating potential emerging Cu2SrSnS4 solar cells with high PCE. 

6.4.11. Effect of RS, RSH, and operating temperature 

RS and RSH are important parameters that largely influence the performance of solar cells. An 

ideal solar cell must have a zero RS and infinite RSH, which is not practically possible. 

Generally, RS is produced between the layers and at the contacts, whereas leakage current and 

recombination due to defects lead to RSH [91,241]. Thus, checking their effect on the solar cell 

working is essential. Herein, RS and RSH are altered for Cu2O solar cells between 0.5 - 6 Ω cm2 

and 1000 Ω cm2 -100000 Ω cm2, respectively and the relevant modifications in the solar cell 

parameters are given in Figure 80 (a-d). It is observed that VOC and JSC are found to be 

independent of both resistances. Whereas, FF and PCE are considerably affected. When RS is 

increased from 0.5 to 6 Ω cm2, the FF significantly decreases from 91.40% to 87.55%, 

occurring due to the enormous reduction in the output power of the solar cell related by the 

equation 16. This has resulted in the decrement of PCE from 18.40% to 17.64% for the RS 

range of 0.5 to 6 Ω cm2. Contrarily, FF and PCE demonstrate a forward trend with increasing 

RSH. They elevate till 20000 Ω cm2 and then stabilize. The improvement is attributed to the 

decline in the leakage current for high RSH which enhances the output power of the solar cell. 

As a result, when RSH is varied between 1000 Ω cm2 and 100000 Ω cm2, FF increases from 

79.82% to 91.64%, leading to the rise in PCE from 16.03% to 18.45%. Thus, less RS of <0.5 

Ω cm2 and a high RSH of >5000 Ω cm2 are needed to obtain high PCE.  

Furthermore, the temperature of the surroundings affects the charge carrier generation, 

recombination, and stability of the solar cells [231,242]. Thus, the temperature varies from 290 

K to 400 K to investigate their impact on the performance of Cu2O solar cells (Figure 80 (e,f)). 

As the temperature increases, the JSC slightly improves from 11.87 to 12.38 mA/cm2. The 

bandgap of the absorber is decreased with the enhancement of temperature, which elevates the 

generation rate of charge carriers, leading to an increment in JSC. VOC reduces from 1.67 V to 

1.61 V when the temperature is enhanced from 290 K to 400 K. The photogenerated electrons 

are more energized at high temperatures. Thus, they vibrate and recombine with the holes at a 

faster rate. In addition, the reverse saturation current improves with the temperature, resulting 

in a reduction in VOC [148,149]. Furthermore, parameters such as the charge carrier mobility, 

bandgap, carrier concentration, etc, are adversely affected at the elevated temperature, which 

mitigates the movement of charge carriers, directly decreasing the FF [148,149]. As a 
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consequence of VOC and FF reduction, PCE drops from 18.67% to 17.88% due to the variation 

in temperature from 290 K to 400 K. Overall, it is clear that the solar cell performance degrades 

with improving temperature. 

 

Figure 80. Variation in VOC, JSC, FF, and PCE of Cu2SrSnS4 solar cell with Cu2O HTL as a 

function of a,b) Series resistance, c,d) Shunt resistance and e,f) Working temperature. 

7. Conclusion  

In this thesis, we thoroughly examined the performance of various emerging I2-II-IV-VI4 

(where I = Cu/Ag; II = Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells using SCAPS-

1D. We conducted three detailed analyses, proposing non-toxic buffers alternatives to CdS. 

These alternatives include transition metal dichalcogenides such as TiS2 for Cu2MSnS4 (M= 
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Co, Mn, Fe, Mg) solar cells, ZrS2 for Cu2BaSn(S,Se)4 solar cells, and alkaline earth metal 

chalcogenides for Ag2BaTiSe4 solar cells. Additionally, we explored the impact of inorganic 

HTL on the performance of Cu2SrSnS4 solar cells. In these studies, the performance of the solar 

cells was analyzed in terms of the properties of the buffer, absorber, and interfaces, along with 

the optimization of their key parameters. Additionally, the effects of RS, RSH, and temperature 

were investigated. The main results of these four comprehensive studies are detailed 

individually below. 

• In the first study, we conducted a comprehensive evaluation of the potential of TiS2 as 

an alternative buffer for various emerging solar cells, including CCoTS, CMnTS, 

CFeTS, and CMgTS. We compared its properties with those of conventional CdS 

buffers. The PCEs of 27.02%, 27.04%, 30.04%, and 30.26% were achieved for CCoTS, 

CMnTS, CFeTS, and CMgTS solar cells, respectively, using the TiS2 buffer. In 

contrast, the corresponding PCEs for CdS-based counterparts were 19.79%, 15.30%, 

24.30%, and 26.30%, which were significantly lower. This comparative analysis 

highlighted the superior characteristics of solar cells with TiS2 buffers compared to 

those with CdS. One key advantage is that TiS2 exhibits a reduced cliff or spike-like 

barrier for electrons at both the TiS2/absorber and TiS2/i-ZnO interfaces. This feature 

promotes favorable band alignment, enhancing the extraction of photogenerated charge 

carriers at the contacts. Additionally, we observed lower charge accumulation at higher 

voltages, indicating reduced buildup of charge carriers at the interfaces. This was 

further evidenced by a less positive electric field distribution and negligible electron 

stagnation at the junctions of each layer. Moreover, we estimated a large VB greater 

than 1.2 V from M-S plots for all TiS2 solar cells. This contributed to WD and higher 

LP compared to CdS. We achieved a VOC loss of less than 0.35 V, along with a high RR, 

leading to PCEs exceeding 27% for all TiS2 based emerging solar cells. 

• In the second study, we examined how the properties of ZrS2 influence the performance 

of Cu2BaSn(S,Se)4 thin-film solar cells. It was unexpectedly found that at higher ZrS2 

carrier concentrations (>1E17 cm3), degenerate behavior and Burstein–Moss shift 

occurred, leading to enhanced conductivity. Consequently, the PCE increased by 

4.88%. This improvement was mainly associated with increased W and VB, which 

enhanced light absorption and diminished the recombination rate of charge carriers, 

respectively. However, it is important to note that the defect density in the midgap 

region (0.2–0.8 eV) at the absorbers/ZrS2 interface had a negative impact on the solar 
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cell performance. These defects served as deep traps for the excited charge carriers, 

which increased the recombination rate at their interface. Ultimately, a final PCE >32% 

was achieved, accompanied by minimal VOC loss (0.1 V), revealing the potential of ZrS2 

as a suitable buffer for Cu2BaSn(S,Se)4 solar cells. 

• In the third study, a comprehensive investigation was conducted on the performance of 

novel Ag2BaTiSe4 solar cells with new alkaline earth metal chalcogenides as alternative 

buffers to CdS. Upon optimizing buffer properties, maximum PCEs of 18.84%, 

17.17%, 20.65%, 20.87%, and 18.66% were obtained for MgS, CaS, SrS, BaS, and 

CdS-based solar cells, respectively, which mainly originated from the variation in ND 

buffer. The energy bands shifted downwards for ND buf > NA abs, which reduced the barrier 

height at the absorber/buffer interface. This change ultimately suppressed the 

recombination rate and enhanced both the VB and W of solar cells. Additionally, by 

optimizing the absorber’s electron affinity (4.4 eV) and thickness (1 µm), the PCE of 

CaS-based solar cells improved by 5.33%, while other solar cells displayed a ~ 2% 

increase. This improvement was attributed to enhanced RR and light absorption, as 

evidenced by Nyquist plots and QE measurements. Importantly, the absorber’s carrier 

concentration of 1018 cm-3 drastically escalated the performance of all solar cells, while 

its defect density> 1015 cm-3 declined the PCE owing to the dramatic decrease in the τ 

and L of charge carriers. Furthermore, by tuning the parameters of MoSe2 and 

interfacial properties, the highest PCE reached were 28%, 30.02%, 29.87%, 30.23%, 

and 29.68%, with minimal VOC loss. 

• In the fourth study, the significance of HTL on the performance of Cu2SrSnS4 solar 

cells was systematically investigated. Solar cells were designed without HTL and with 

various chalcogenide and oxide HTLs, such as Sb2S3, MoS2, Cu3BiS3, NiO, CuAlO2, 

and Cu2O. The final PCEs obtained were as follows: 11.44%, 12.74%, 12.24%, 13.61%, 

15.34%, 16.17% and 18.48% for without HTL, Sb2S3, MoS2, Cu3BiS3, NiO, CuAlO2 

and Cu2O solar cells, respectively. The results indicated that the solar cells with HTLs 

significantly outperformed those without an HTL, underscoring the critical role of HTL 

in enhancing the performance of Cu2SrSnS4 solar cells. In addition, the best PCE was 

achieved with the device configuration of FTO/ZnMgO/Cu2SrSnS4/Cu2O/Ni. A 

comparative study was carried out between all the optimized solar cells without HTL 

and those with different HTLs. The findings revealed that the superior performance of 

the Cu2O solar cells can be attributed to their appropriate energy band alignment, high 
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generation rate coupled with low recombination of charge carriers, large electric field 

at the interfaces with minimal accumulation of minority carriers, high RR and less VOC 

deficit. 

Briefly, this thesis provides valuable guidelines for the global photovoltaic community to 

understand key parameters of emerging I2-II-IV-VI4 absorbers at their optimal levels, as well 

as their inherent characteristics. It also identifies suitable buffer layers and HTLs to ensure 

proper band alignment and reduce recombination. We believe that these simulation results offer 

essential insights and a valuable roadmap for experimental scientists aiming to minimize the 

VOC deficit and attain the highest possible PCEs in emerging I2-II-IV-VI4 (where I = Cu/Ag; II 

= Ba/Sr/Co/Mn/Fe/Mg; IV = Sn/Ti; VI = S/Se) solar cells.  
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