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A B S T R A C T

The quaternary Cu2FeSnS4 (CFTS) chalcogenide garners significant interest as a sustainable alternative in solar 
cell applications due to its abundant and non-toxic composition. This study uses SCAPS-1D simulations to 
examine the performance of CFTS solar cells (ITO/HTL/CFTS (400 nm)/CdS (200 nm)/ZnO (10 nm)/Al) using 
three distinct hole transport layers (HTLs), namely NiOx, Cu2O, and CuI. The simulations led to a deeper un
derstanding of their practical efficiency limits, considering the huge gap in the theoretical and experimental 
efficiency values reported earlier. The investigations reveal the precise mechanisms and the influence of hole 
transport layers on the device performance, specifically the bulk and interface defect densities. In addition, the 
other major aspects of CFTS solar cell performance, including the correlation between electric field, generation 
rate, and recombination rate are discussed. Our observations suggest that while identifying a suitable hole 
transport layer, it is imperative to consider these parameters, which are often overlooked in many numerical 
simulations, resulting in unrealistic theoretical efficiency values in contrast to the low efficiency observed in 
practical devices. Here, the optimized ITO/CuI/CFTS/CdS/ZnO/Al configuration demonstrated a maximum ef
ficiency of 5.05 %, with a Voc of 0.55 V, Jsc of 14.5 mA/cm2, and FF of 61.8 %, which are in accordance with 
experimental values reported. Thus, the study here emphasizes the importance of considering the defect den
sities, electric field, generation rate, and recombination rate to bridge the gap between theoretical and practical 
efficiency values, which can significantly influence the design strategies to enhance the CFTS solar cell efficiency.

1. Introduction

The increasing global energy demands and the necessity of sustain
able solutions drive the research in photovoltaic technology to achieve 
higher efficiency in low-cost devices fabricated using non-toxic mate
rials. Over the past decade, quaternary chalcogenide materials, partic
ularly kesterite-type, have garnered considerable attention due to their 
promising characteristics, including extrinsic p-type properties with an 
optimal band gap (1.2–1.8 eV), high absorption coefficients (1 × 10− 4 

cm− 1), and eco-friendly composition [1]. On the other hand, traditional 
quaternary materials such as CIGS, CdTe, and GaAs have also been 
prominent in thin-film photovoltaic technologies [2–5]. However, the 
transition to kesterite-type solar cells has been caused by the scarcity of 
Indium and Gallium, the limited availability of tellurium, and the 
toxicity of Cadmium.

1.1. Kesterite-type solar cells

Kesterite model solar cells, particularly CZTS solar cells, have 
demonstrated significant advancements, although their maximum effi
ciency remains relatively low, reaching approximately 15 %. Despite the 
potential for efficiencies up to 30 % according to the Shockley-Queisser 
limit, achieving such high efficiencies remains a challenge [6]. 
Copper-based chalcogenide has shown significant potential as a superior 
alternative to carbon-based renewable energy sources. Chalcogenide 
Cu2FeSnS4 (CFTS), which is composed of copper, iron, tin, and sulfur, 
has attracted interest for photovoltaic applications because of its energy 
band gap between 1.2 and 1.6 eV and an optical coefficient over 104 

cm− 1 [7–11]. The most widely used crystal structure of CFTS is tetrag
onal stannite, with I-42m space group, with a = b = 5.46 Å and c =
10.72 Å represented in Fig. 1. Among these quaternary materials, CFTS 
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has emerged as a versatile material with applications ranging from solar 
cells to photo-electrodes in DSSCs [7,12–15], memory switching [16], 
and more [10,11,17,18]. Various numerical studies on CFTS solar cells 
have explained the device’s performance based on different device pa
rameters [19–23]. The highest reported efficiency for a CFTS solar cell is 
2.9 % which has a device structure of ITO/Cu@
NiO/CFTS/Bi2S3/ZnO/Al fabricated through a solution-based process 
[13]. Here, Cu-doped NiO played a key role as the hole transport layer, 
while ZnO acted as an electron transport layer. The success of this design 
may be due to the unique electrical and structural properties of Cu as a 
dopant, which improved the integration of the hole transport layer, 
paving the way for further advancements in CFTS solar cell technology. 
The study’s primary goal is to better understand the impact of hole 
transport layers and improve the CFTS solar cell efficiency while 
considering practical limitations.

The carrier lifetime, measured in seconds (τ), denotes the average 
time required for a minority carrier to recombine, which significantly 
influences the performance of photovoltaic cells. In the fabrication of 
photovoltaic cells, the minority carrier lifetime stands as a crucial 
parameter for solar cell characterization. It is intricately linked to the 
recombination rate, expressed as 

τ =△n
R

(1) 

Where ‘τ’ represents the minority carrier lifetime, ‘R’ signifies the 
recombination rate, and ‘Δ’ denotes the excess minority carrier 
concentration.

1.2. Hole transport layers in kesterite solar cells

Proper selection of the hole transport layer (HTL) can mitigate the 
rollover effect, lower the barrier height of the back contact, and mini
mize recombination losses of minority carriers at the back contact [24,
25]. The primary role of HTL is to extract holes from the absorber layer 
and transfer them to the appropriate electrodes, so it is critical to 
comprehend the practical implications of selecting hole transport layers. 
Nickel oxide (NiOx) materials are frequently used in perovskite-based 
devices, CdTe, and organic solar cells due to their p-type characteris
tics, high transmittance, and wide band gap of 3.5–3.9 eV. Their band 
structure aligns well with band edge levels of CZTS/CZTSe-type mate
rials, minimizing recombination losses and enhancing charge carrier 
separation and transport which results in better open-circuit voltage and 
overall power conversion efficiencies. Besides, NiOx offers advantages 

such as high conductivity, chemical stability, flexibility, high storage 
capacity, and low cost [26–30]. Similarly, cost-effective and eco-friendly 
Cu2O exhibits high hole mobility and good band alignment for p-type 
quaternary chalcogenide absorber layers such as CZTS. The performance 
of oxide thin films can be enhanced by employing suitable deposition 
techniques. Incorporating oxide buffer layers such as Cu2O and NiOx 
reduces carrier recombination and serves as an efficient 
electron-blocking layers by introducing an intermediate energy band 
that promotes hole extraction and transport. Furthermore, the chemical 
stability of these oxides helps protect the underlying CFTS layer from 
oxidation. These are more resilient to environmental deterioration than 
organic buffer layers. NiOx and Cu2O have been deposited using sput
tering methods, especially as it is used as the hole transport layers for 
chalcogenide solar cells, organic solar cells, as well as perovskite solar 
cells [29–32]. Numerous reports describe the utilization of RF and DC 
sputtering to produce thin films using NiOx and Cu2O, which will pro
vide good adhesion and allow for appropriate tuning [33]. Oxide thin 
films are deposited by regulating the development conditions by maxi
mizing appropriate variables such as oxygen partial pressures, temper
atures, and deposition rates.

Their suitable valence band position, which aligns well with the 
CZTS layer reduces the energy barrier, facilitating effective hole 
extraction and lower interface recombination to yield enhanced power 
conversion efficiency [34]. This alignment enhances photovoltaic per
formance by minimizing energy and recombination losses at interfaces. 
Similarly, the cheap and non-toxic p-type CuI semiconductor has a larger 
band gap of 3.1 eV, offering excellent optical transmittance of 86 %, low 
cost, eco-friendliness, low extinction coefficient, and high hole mobility 
(0.5–2 cm2/V⋅s) [26,34–36]. Importantly, it has an ideal band alignment 
with the CZTS absorber layer [34] for the fabrication of the CFTS solar 
cells. CuI is deposited via thermal evaporation, a technique that, when 
conducted under vacuum conditions, minimizes the risk of oxidation. 
This method enhances the adhesion of CuI to glass substrates, and 
subsequent post-annealing further mitigates defect formation and im
proves the stability of the CuI thin films. CuI has been used as a hole 
transport layer in kesterite solar cells as well as perovskite solar cells, 
which improved the performance of photovoltaic devices [31,37–40].

Therefore, in this study, NiOx, CuI, and Cu2O were selected as suit
able HTL materials to investigate their impact on the performance of 
CFTS solar cells, as they are composed of non-toxic elements and 
encompass both oxide and non-oxide materials. This study aims to 
enhance the efficiency of CFTS solar cells by incorporating suitable HTL 
and addressing fabrication challenges. In particular, surface passivation 
and surface imperfections due to material composition, and the presence 
of impurities, which also show deviation from the stoichiometry of 
CFTS, deposition temperature, as well as humidity, affect the fabrication 
process, which deteriorates the performance of CFTS solar cells. This 
detailed analysis ensures that potential defects and their impacts on 
device performance are accounted for, providing a realistic assessment 
of the solar cell’s efficiency and reliability. The SCAPS-1D simulation 
framework relies on several simplifying assumptions, notably that all 
absorber layers are laterally homogeneous and free of structural defects. 
It does not account for lateral carrier transport or material in
homogeneities. Conductive secondary phases like Cu2S, which could 
create shunting paths due to their unique electronic characteristics, are 
excluded from the model [41,42]. Instead, it assumes a uniform 
single-phase material with no representation of secondary phase ge
ometry or interfacial effects. Defect states are considered to be evenly 
distributed throughout each layer, and interfaces are idealized, lacking 
interdiffusion, secondary phase formation, or potential drops caused by 
grain boundaries or conductive inclusions.

Similar efforts in CZTS-based solar cells have shown performance 
improvements [34,35], prompting further investigation into the impact 
of HTL on CFTS-based solar cells and their potential to increase effi
ciency using numerical simulations [35].

Fig. 1. Stannite structure of Cu2FeSnS4.
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maximum efficiency was determined to be 50 nm with interface defect 
concentrations of 1ˣ1010 cm− 2 and shallow acceptor densities of 1ˣ1018 

cm− 3. The findings provide useful direction for further research and 
practical applications, emphasizing the need for precise material and 
structural changes to achieve optimum solar cell performance. The re
sults highlight the necessity of HTL and structural modifications to 
attain maximum solar cell efficiency and offer helpful guidance for 
future research and real-world applications.
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investigations and analysis of Cu2ZnSnS4 based solar cells by SCAPS-1D, Int. J. 
Photoenergy 2016 (2016), https://doi.org/10.1155/2016/2152018.

[46] M.N.H. Riyad, A. Sunny, M.M. Khatun, S. Rahman, S.R. Al Ahmed, Performance 
evaluation of WS2 as buffer and Sb2S3 as hole transport layer in CZTS solar cell 
by numerical simulation, Eng. Rep. 5 (2023) 1–17, https://doi.org/10.1002/ 
eng2.12600.

[47] N. Doumit, K. Soro, A. Ozocak, N. Batut, A. Schellmanns, E. Saintaime, 
E. Ntsoenzok, Boosting the efficiency of CZTS/Si tandem solar cells using In2O3 
layer in CZTS top cell, Adv. Theory Simul. 4 (2021) 1–7, https://doi.org/ 
10.1002/adts.202100099.

[48] Y.H. Khattak, F. Baig, S. Ullah, B. Marí, S. Beg, K. Khan, Effect of Cu2O hole 
transport layer and improved minority carrier life time on the efficiency 
enhancement of Cu2NiSnS4 based experimental solar cell, J. Renew. Sustain. 
Energy 10 (2018), https://doi.org/10.1063/1.5037471.

[49] H.T. Ganem, A.N. Saleh, Enhancement of the efficiency of the CZTS/Cds/Zno/ITO 
solar cell by back reflection and buffer layers using SCAPS -1D, Iraqi J. Sci. 62 
(2021) 1144–1157, https://doi.org/10.24996/ijs.2021.62.4.11.

[50] A. Haddout, A. Raidou, M. Fahoume, A review on the numerical modeling of CdS/ 
CZTS-based solar cells, Appl. Phys. A Mater. Sci. Process. 125 (2019), https://doi. 
org/10.1007/s00339-019-2413-3, 0.

[51] D.A.R. Barkhouse, O. Gunawan, T. Gokmen, T.K. Todorov, D.B. Mitzi, Yield 
predictions for photovoltaic power plants:empirical validation,recent advances 
and remaining uncertainties, Prog. Photovoltaics Res. Appl. 20 (2015) 6–11, 
https://doi.org/10.1002/pip.

[52] M. Jamil, M. Amami, A. Ali, K. Mahmood, N. Amin, Numerical modeling of AZTS 
as buffer layer in CZTS solar cells with back surface field for the improvement of 
cell performance, Sol. Energy 231 (2022) 41–46, https://doi.org/10.1016/j. 
solener.2021.11.025.

[53] M.H. Azar, S. Aynehband, H. Abdollahi, H. Alimohammadi, Photonics-10-00271- 
V2, Pdf, 2023.

[54] M.M. Salah, A. Zekry, A. Shaker, M. Abouelatta, M. Mousa, A. Saeed, 
Investigation of electron transport material-free Perovskite/CIGS tandem solar 
cell, Energies 15 (2022), https://doi.org/10.3390/en15176326.

[55] Y. Nouri, B. Hartiti, A. Batan, H. Labrim, S. Fadili, P. Thévenin, Cu2XSnS4 (X =
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T. Yokosawa, E. Spiecker, J. Bachmann, P.J. Dale, S. Siebentritt, Post-deposition 
annealing and interfacial atomic layer deposition buffer layers of Sb2Se3/CdS 
stacks for reduced interface recombination and increased open-circuit voltages, 
Prog. Photovoltaics Res. Appl. 31 (2023) 203–219, https://doi.org/10.1002/ 
pip.3625.

[96] S.R. Biswal, D. Pradhan, A. Gartia, K.K. Sahoo, S. Sabat, J.P. Kar, Dependence of 
microstructure of thermally evaporated CuI films on the flow rate of argon gas, 
J. Mater. Eng. Perform. 33 (2024) 5331–5339, https://doi.org/10.1007/s11665- 
023-08756-x.

[97] M. Zi, J. Li, Z. Zhang, X. Wang, J. Han, X. Yang, Z. Qiu, H. Gong, Z. Ji, B. Cao, 
Effect of deposition temperature on transparent conductive properties of γ-CuI 
film prepared by vacuum thermal evaporation, Phys. Status Solidi Appl. Mater. 
Sci. 212 (2015) 1466–1470, https://doi.org/10.1002/pssa.201532015.

[98] B. Shi, J. Jia, X. Feng, G. Ma, Y. Wu, B. Cao, Thermal evaporated CuI film 
thickness-dependent performance of perovskite solar cells, Vacuum 187 (2021) 
110076, https://doi.org/10.1016/j.vacuum.2021.110076.

[99] S. Shi, J. Sun, J. Zhang, Y. Cao, A novel application of the CuI thin film for 
preparing thin copper nanowires, Phys. B Condens. Matter 362 (2005) 231–235, 
https://doi.org/10.1016/j.physb.2005.02.019.

[100] C. Moditswe, C.M. Muiva, P. Luhanga, A. Juma, Effect of annealing temperature 
on structural and optoelectronic properties of γ-CuI thin films prepared by the 
thermal evaporation method, Ceram. Int. 43 (2017) 5121–5126, https://doi.org/ 
10.1016/j.ceramint.2017.01.026.

[101] D.K. Kaushik, M. Selvaraj, S. Ramu, A. Subrahmanyam, Thermal evaporated 
Copper Iodide (CuI) thin films: a note on the disorder evaluated through the 
temperature dependent electrical properties, Sol. Energy Mater. Sol. Cells 165 
(2017) 52–58, https://doi.org/10.1016/j.solmat.2017.02.030.

[102] L.K. Dintle, P.V.C. Luhanga, C. Moditswe, C.M. Muiva, Dependence of structural 
and optoelectronic properties on thickness of γ-cui thin films deposited by 
vacuum thermal evaporation, MRS Adv. 3 (2018) 2627–2642, https://doi.org/ 
10.1557/adv.2018.317.

[103] Z.H. Li, J.X. He, X.H. Lv, L.F. Chi, K.O. Egbo, M. De Li, T. Tanaka, Q.X. Guo, K. 
M. Yu, C.P. Liu, Optoelectronic properties and ultrafast carrier dynamics of 
copper iodide thin films, Nat. Commun. 13 (2022), https://doi.org/10.1038/ 
s41467-022-34117-8.

[104] N.A. Mala, S. Sivakumar, K.M. Batoo, M. Hadi, Design and fabrication of iron- 
doped nickel oxide-based flexible electrode for high-performance energy storage 
applications, Inorg. Chem. Commun. 131 (2021) 14–19, https://doi.org/ 
10.1016/j.inoche.2021.108797.

[105] S. Saleem, A.H. Jabbar, M.H. Jameel, A. Rehman, Z.H. Kareem, A.H. Abbas, 
Z. Ghaffar, S.A. Razzaq, R.A. Pashameah, E. Alzahrani, E.P. Ng, S.M. Sapuan, 
Enhancement in structural, morphological, and optical properties of copper oxide 
for optoelectronic device applications, Nanotechnol. Rev. 11 (2022) 2827–2838, 
https://doi.org/10.1515/ntrev-2022-0473.

M.K. Jyolsna Raj et al.                                                                                                                                                                                                                        Journal of Physics and Chemistry of Solids 208 (2026) 113193 

14 

https://doi.org/10.3390/cryst11121468
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref62
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref62
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref62
https://doi.org/10.1016/j.ijleo.2020.164743
https://doi.org/10.1038/s41598-024-82309-7
https://doi.org/10.4236/mnsms.2019.94006
https://doi.org/10.4236/mnsms.2019.94006
https://doi.org/10.20508/ijrer.v7i4.6182.g7270
https://doi.org/10.20508/ijrer.v7i4.6182.g7270
https://doi.org/10.21272/jnep.9(3).03041
https://doi.org/10.1016/j.egypro.2015.07.788
https://doi.org/10.1016/j.egypro.2015.07.788
https://doi.org/10.1039/c7cp08177d
https://doi.org/10.1038/s41467-021-23592-0
https://doi.org/10.1038/s41467-021-23592-0
https://doi.org/10.1007/s10825-022-01900-1
https://doi.org/10.1016/j.spmi.2015.02.020
https://doi.org/10.1016/j.spmi.2015.02.020
https://doi.org/10.1016/j.solener.2020.08.049
https://doi.org/10.1016/j.solener.2020.08.049
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref74
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref74
https://doi.org/10.1038/s41598-020-75686-2
https://doi.org/10.1038/s41598-020-75686-2
https://doi.org/10.1016/j.ijleo.2019.163245
https://doi.org/10.1002/9781118437865.ch16
https://doi.org/10.1002/9781118437865.ch16
https://doi.org/10.1038/s41598-023-28506-2
https://doi.org/10.1038/s41598-023-28506-2
https://doi.org/10.1016/j.ijleo.2023.171214
https://doi.org/10.1016/j.ijleo.2023.171214
https://doi.org/10.1080/10667857.2020.1793092
https://doi.org/10.1021/acs.jpclett.5b02052
https://doi.org/10.1021/acs.jpclett.5b02052
https://doi.org/10.1016/j.ijleo.2019.163245
https://doi.org/10.1016/j.cap.2020.06.005
https://doi.org/10.1016/j.cap.2020.06.005
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref84
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref84
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref84
https://doi.org/10.1103/PhysRevB.81.245204
https://doi.org/10.1103/PhysRevB.81.245204
https://doi.org/10.1103/PhysRevB.93.165207
https://doi.org/10.1103/PhysRevB.93.165207
https://doi.org/10.1103/PhysRevB.96.134115
https://doi.org/10.1103/PhysRevB.96.134115
https://doi.org/10.1039/c5ra00069f
https://doi.org/10.1039/c5ra00069f
https://doi.org/10.1016/j.solener.2020.01.077
https://doi.org/10.1016/j.solmat.2013.05.031
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref91
http://refhub.elsevier.com/S0022-3697(25)00646-8/sref91
https://doi.org/10.1039/c3ee41981a
https://doi.org/10.1016/j.solmat.2014.01.005
https://doi.org/10.1016/j.solmat.2015.05.052
https://doi.org/10.1002/pip.3625
https://doi.org/10.1002/pip.3625
https://doi.org/10.1007/s11665-023-08756-x
https://doi.org/10.1007/s11665-023-08756-x
https://doi.org/10.1002/pssa.201532015
https://doi.org/10.1016/j.vacuum.2021.110076
https://doi.org/10.1016/j.physb.2005.02.019
https://doi.org/10.1016/j.ceramint.2017.01.026
https://doi.org/10.1016/j.ceramint.2017.01.026
https://doi.org/10.1016/j.solmat.2017.02.030
https://doi.org/10.1557/adv.2018.317
https://doi.org/10.1557/adv.2018.317
https://doi.org/10.1038/s41467-022-34117-8
https://doi.org/10.1038/s41467-022-34117-8
https://doi.org/10.1016/j.inoche.2021.108797
https://doi.org/10.1016/j.inoche.2021.108797
https://doi.org/10.1515/ntrev-2022-0473

	Optimization of hole transport layers for Cu2FeSnS4 solar cells via SCAPS-1D simulation: Investigating the impact of interf ...
	1 Introduction
	1.1 Kesterite-type solar cells
	1.2 Hole transport layers in kesterite solar cells

	CRediT authorship contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


