
Vol.:(0123456789)1 3

Applied Physics A         (2023) 129:143  
https://doi.org/10.1007/s00339-023-06428-0

S.I. : 50TH ANNIVERSARY OF APPLIED PHYSICS

Simulation and characterization of CH3NH3SnI3‑based perovskite solar 
cells with different Cu‑based hole transporting layers

Shayesteh Imani1 · Seyedeh Mozhgan Seyed‑Talebi1,2 · Javad Beheshtian1 · Eric Wei Guang Diau2,3

Received: 1 November 2022 / Accepted: 15 January 2023 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2023

Abstract
Perovskite solar cells (PSCs) are extremely attractive due to having low processing cost, easy solution processing, and 
excellent light-harvesting characteristics along with their recent rapid development. PCSs are made of different layers that 
affect the performance of the devices. Hole transporting layers (HTLs) are one of the layers that have a significant effect on 
conducting the carriers and enhancing the efficiency of PSCs. In the present study, the results of computational simulation 
using the SCAPS-1D software for devices made of the MASnI3 perovskite light absorber and different inorganic Cu-based 
HTLs, such as CuSCN, Cu2O, CuO, CuI, SrCu2O2, and CuSbS2, are presented, in comparison with the standard contain 
Spiro-OMeTAD-based device. The modification effects of the perovskite absorber layer thickness, total defect density (Nt), 
the band gap of the absorber, the thickness of HTLs, and the operational temperature on the characteristic photovoltaic 
parameters were analyzed. The highest power conversion efficiency (PCE) was obtained to be 32.13%, with a fill factor (FF) 
of 87.08%, open-circuit voltage (VOC) of 1.07 V, and short-circuit current density (JSC) of 34.35 mA cm−2, for CuI as an 
efficient HTL in comparison with the other HTLs. We believe that the current theoretical results provided profound insights 
into the development of new high-performance, low-cost, and lead-free PSCs with Cu-based HTLs.
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1  Introduction

Considering the fact of rapidly depleted fossil fuels and the 
environmental pollutions caused by them, finding clean and 
renewable sources of energy seems to be an urgent task to 
proceed. According to the research studies on solar energy, 
the most abundant and cheapest available source of renew-
able energy is electricity generated by solar irradiation, and 
it is the best option to replace fossil fuels in future [1–3]. 
Photovoltaic cells play a major role in future energy sys-
tems. Scientists have organized different kinds of solar cell. 

Among them, perovskite solar cells (PSCs) have attracted 
much attention in the solar cell research field. PSCs have 
some features that make them more significant in compari-
son with other kinds of solar cells, including unique opto-
electronic features, high absorption ability, low-cost pro-
cessing, high performance, ease of preparation, and great 
charge carrier diffusion length [4–10]. First time in 2009, 
Kojima et al. achieved an efficiency of 3.8% for PSCs [11]. 
The performance of lead-based PSCs had a sharp increase 
and in 2021, Min et al. succeeded to access efficiency of 
25.8% [12]. The formation of an interlayer between a tin 
dioxide (SnO2) layer as ETL and a halide perovskite light-
absorbing layer, made by coupling Cl-bonded SnO2 with a 
Cl-containing perovskite is reported [13]. By organizing the 
chemical bath deposition of SnO2 as ETL, Yoo et al. could 
achieve a PCE of 25.2% in lead-based PSCs with great film 
coverage, thickness, and composition. They also decoupled 
the passivation between the bulk and the interface, which 
leads to improved morphological features and minimizes 
the band-gap penalty [13]. Both of these results are related 
to experimental studies for lead-based PSCs. In theoretical 
studies, the performance may have higher values than the 
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Shockley–Queisser limit. Hosseini et al., in their research 
tried to show a new insight on the perovskite solar cells 
via simulation in non-ideal conditions using the SCAPS-
1D software. They confirmed that the theoretical studies 
using the non-ideal model would help researchers to vali-
date experimental data with the simulated results, and com-
pare the results of simulation with experimental data [14]. 
Mushtaq et al. reported modification of the thickness and 
defect density of the absorber layer, the film thickness and 
doping concentration of all ETLs and HTLs, acceptor and 
donor doping charge concentration of the absorption layer, 
back contact work function, interface defect density of the 
HTL/perovskite layer, and perovskite layer/ETL, series and 
shunt resistances using the SCAPS-1D software to achieve 
a PCE of 34.52% and a FF of 88.30% for optimized device 
[15]. Although the results of the simulation in present 
research are higher than the expected experimental outcome, 
the comparative results will give helpful insights to experi-
mentalists for utilizing Cu-based HTLs in their devices to 
attain higher device performance.

Organic–inorganic hybrid perovskites can be expressed as 
ABX3, in which A is a monovalent inorganic or organic cat-
ion, such as methylammonium (MA), formamidinium (FA), 
or cesium (Cs+); B is a divalent cation, such as Pb2+, Sn2+, 
and Ge2+; X is a monovalent anion, such as Cl−, Br−, and 
I− [16]. In the early years, researchers developed only lead 
(Pb) for PSCs. However, Pb is not environmentally friendly 
and has deleterious effects on humans and the environment 
[17–19]. Therefore, scientists have utilized some other cati-
ons to replace Pb. The applicable cations for the formation 
of perovskite structures are Bi, Sb, Sn, Ge, and Cu [20]. 
In 2019, Weijun et al., summarized the present status and 
future prospects for lead-free perovskite materials and their 
devices, indicating that Sn is the best replacement among all 
of the other candidates [21]. Sn and Pb are in a similar peri-
odic group, and they have the same valence electronic con-
figuration (ns2np2). Furthermore, Sn-based perovskites have 
features that are comparable to lead-based perovskites, such 
as long carrier lifetimes, doping densities, long diffusion 
lengths, smaller optical band gaps, and high electron and 
hole mobilities, MASnI3 has an exceptionally low bimolecu-
lar constant to mobility ratio same as MAPbI3. Therefore, Sn 
is a good alternative for Pb to replace in the Pb-based per-
ovskite layers [22]. Numerous studies have been conducted 
for enhancing the quality of tin-based perovskite layers, and 
there is an increase in the utilization of tin halide-based 
materials as substitutes for toxic lead halide-based absorbers 
[23–26]. In 2021, Bhattarai et al. performed a comprehen-
sive simulation of organic/inorganic perovskite-based pho-
tovoltaic solar cells under the preconditioned illumination 
of AM1.5 for distinct device structures. The simulated struc-
tures for both devices validate that lead-free (MASnI3) PSC 
has a more significant performance in comparison with a 

lead-based PSC with many extensive benefits of eco-friend-
liness and stability factors because it extremely increases 
the PCE than the earlier reported amount of Noel et al., [27, 
28]. It is worth mentioning that the effect of other layers of 
tin-based PSCs on device performance was not investigated.

In 2020, Karimi et al. studied the performance of PSCs 
via the Analysis of Microelectronic and Photonic Structures 
(AMPS) and the Solar Cell Capacitance Simulator (SCAPS-
1D) simulation software programs. They reported the impor-
tance of ETL and HTL roles on the performance of PSCs. 
Both of the ETL and HTL transfer the charge ions from the 
absorber layer to the electrodes and act as separation layers 
between them [29]. HTLs are an important part of PSCs, 
and they have significant effects on the cost, performance, 
and stability of PSCs. In comparison with the organic layers, 
some inorganic HTLs have high transparency, favorable and 
tunable energy alignment with the perovskite layer, higher 
stability against moisture, light, and heat, higher hole mobil-
ity, and suitable hole collection with cost-effective processes 
[30]. The major concern with respect to the standard solar 
cell with Spiro- OmeTAD as most commonly used organic 
HTL is its expensive and complex manufacturing process. 
Furthermore, the long-term stability and its poor sustain-
ability are another important issues [31]. Hence, exploita-
tion of Spiro-OMeTAD as an organic HTL can obstruct the 
commercialization of the perovskite solar cells. It is neces-
sary to replace the costly and unstable HTM with a stable 
and cheaper HTM with high mobility. The inorganic HTLs 
are also considered desirable barrier layers for protecting 
the perovskite layer. The wide band gap of inorganic HTLs 
leads to high transition, deep valence band (VB) position, 
low conduction band (CB) edges, and high VOC to block the 
effective transportation of electrons to anodes [32]. In com-
parison to the organic HTMs, inorganic HTMs illustrate the 
benefits of great hole mobility, good chemical stability, wide 
energy gap, and low cost. The inorganic HTMs including 
Ni-based, Cu-based, V2O5, and MoO3 have been utilized in 
lead-based PSCs as hopeful next-generation of HTMs [33]. 
Among inorganic HTMs, Cu-based inorganic HTMs, such 
as CuI, CuSCN, Cu2O, and CuO, and their derivatives, are 
reported in lead-based PSCs. In addition, Cu-based inor-
ganic HTMs have some unique merits, including their scal-
able processing ability, low temperature, rich variety, and 
adjustable energy levels. These properties cause Cu-based 
inorganic semiconductors to become a promising candidate 
to use as the HTMs for future commercial PSCs [33–35].

The Cu derivatives HTLs can achieve PCE comparable 
with standard organic HTMs that have been integrated so 
far. Having higher stability at a minimized expense, the well-
tuned energy levels which can conform to all of the different 
constitutions of the perovskite layer made them suitable for 
using in solar cell devices [34]. Copper iodide (CuI) is a 
wide band-gap semiconductor (3.1 eV) with three crystalline 
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phases a, b, and g. Among these crystalline phases, g-phase 
CuI acts as a p-type semiconductor. CuI has also attracted 
great attention due to its high hole conductivity, large band-
gap, solution processability, and low cost. [36]. The CuSCN 
has favorable properties as HTM for PSC, such as high hole 
mobility, wide band-gap (3.8 eV), and good thermal sta-
bility [36]. Copper oxide (CuO) and cuprous oxide (Cu2O) 
are well-known as p-type semiconductors due to the natural 
abundance of copper [36]. Low-lying VB of CuO and Cu2O 
well matches with perovskite layer, and the energy loss mini-
mizes when being used as HTM in PSCs. Cu2O exhibits high 
hole mobility (~ 90 cm2V−1 s−1) due to its tetrahedral coordi-
nation leading to larger dispersion of the VB and deep-lying 
VB owing to ~ 2 eV band-gap [36]. Inorganic p-type trans-
parent conductive oxide such as SrCu2O2 has been found to 
be good candidate to apply as a hole conductor in solar cells 
with appropriate valance and conduction band position [37]. 
The planar Sn-based Perovskite Solar Cell Design with cop-
per antimony sulfide (CuSbS2) as the Hole Transport Layer 
(HTL) is because of its ingrained properties like large open-
circuit voltage and high abundance in comparison with Spiro 
OMe-TAD, which has lack of stability and is expensive [38]. 
Utilizing CuI as an inorganic HTM in CH3NH3SnI3-based 
PSC, the excellent improvement in Fill Factor (FF) of 
82.45% and Power Conversion Efficiency (PCE) of 36.18% 
reported [38]. In 2021, Matondo et al. gave an outline of 
the organization of inorganic copper-based HTMs in normal 
and inverted PSC structures and focused on the Cu-based 
HTMs' potential to overcome the issues of using organic 
HTMs in PSCs, to increase the interest of using these mate-
rials for the improvement in the performance of the PSC 
devices [39]. In 2021, Ye et al. summarized systematically 
the research improvement in new materials and the control 
of photoelectric features of Cu-based inorganic HTMs. 
They discussed various processing methods and progress 
in interfacial engineering of the Cu-based HTLs and the 
challenges and future developments of Cu-based inorganic 
HTMs. They concluded that Cu-based inorganic HTMs cer-
tainly will take their role in PSCs with the advantages of low 
cost, great stability, and wide applications [40]. Omarova 
et al. in a study illustrated the effect of interface defects at 
the interfaces of TiO2/CH3NH3SnI3 and CH3NH3SnI3/HTL 
across the same defect densities range. Their simulations 
focus on the effect of bulk defects on the absorbing layer, 
temperature, interfacial defects, and perovskite thickness 
on the device performance. In addition, they found that the 
PSC has the most efficient at 300 K, in the absence of ionic 
contribution [41]. Shyma et al., have done a simulation of a 
planar hetero-junction Tin-based (CH3NH3SnI3) perovskite 
solar cell by SCAPS-1D software [42]. Device parameters, 
such as the thickness and the defect density of the absorber 
layer, temperature, etc., were investigated. Enhancing the 
thickness of the perovskite induced the Jsc amount. As the 

defect density of the absorber layer is enhanced, all device 
parameters decrease drastically. The temperature decreased 
the performance of the device. This may be because of more 
recombination speed and subsequent enhancement in the 
series resistance. The rise in the environment temperature 
caused decrease the performance of devices [42]. SCAPS-
1D program has been organized to design the solar cell and 
analyze its performance. Researchers at the department of 
ELIS of the University of Gent, Belgium have designed the 
numerical simulation tool SCAPS-1D [43]. In the present 
study, inorganic Cu-based p-type semiconductors are used 
as HTMs in PSCs because of their unique advantages of 
low cost, great variety, high hole mobility, good stability, 
low-temperature processing, adjustable energy levels, and 
capability of scalable processing. The Cu+-based oxychal-
cogenides, chalcogenides, and halides have high p-type con-
ductivity compared to Cu-based oxides. Since the p orbitals 
of halogens (Cl, Br, and I) and chalcogenides (Se, S, O, 
and Te) are more delocalized in comparison with oxygen 
2p orbitals, the halogens/chalcogens make more hybridiza-
tion between Cu 3d10 and chalcogenides/halogens p orbitals, 
which leads to a higher dispersive VB and more p-type con-
ductivity [44]. The parameters of other layers are constant. 
The influence of input parameters has been examined by 
simulation using SCAPS-1D software. The present research 
proposes a tin halide PSC (TH-PSC) designed with Glass/
TCO/TiO2/CH3NH3SnI3/HTL/Au structure as a normal type 
device and the effect of thickness, defect density, the band 
gap of perovskite layer, the thickness of HTL, and tempera-
tures have been investigated.

2 � Methodology

The SCAPS-1D is a solar cell simulation software program. 
In this study, Solar Cell Capacitance Simulator-one Dimen-
sion (SCAPS-1D) version 3.3.08 was used due to its advan-
tages, such as modeling in bright and dark status, control 
and facility of using, and the ability to make a seven various 
layer hetero-structure structure using SCAPS [43, 45]. The 
modeling in SCAPS-1D is based on the solution of Poisson’s 
equation and continuity equations of holes and electrons. 
This program numerically solves these equations for the 
electrostatic potentials of electron and hole concentrations 
as a function of positions x [45].

(1)

d

dx

(

�(x)
dΨ

dx

)

= q[p(x) − n(x)N+
D
(x) − N−

A
(x) + Pt(x) − nt(x)]

(2)
1

j

dJP

dx
+ RP(X) − G(X) = 0
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Here, ε signifies the permittivity, q signifies an electron 
charge, ψ signifies the electrostatic potential, n signifies the 
concentrations of electrons, p signifies the concentrations of 
free holes, nt signifies the trapped electron, Pt signifies the 
trapped hole, ND

+ signifies the ionized donor-like doping, 
and NA

− signifies the concentrations of ionized acceptor-like 
doping. Rn(x) signifies the recombination rate of electrons 
and Rp(x) signifies that of holes, and G(x) signifies the gen-
eration rate. Jn signifies the current density of the electrons 
and Jp signifies the current density of holes [46]. Input simu-
lation parameters of the simulated layers are extracted from 
previous experimental or theoretical publications. The input 
simulation parameters of the proposed layers are presented 
in Table 1.

2.1 � Simulated device structures

The normal type structure of simulated devices is formed 
from glass/TCO/ETL/ perovskite absorber/HTL/Au. As 
shown in Fig. 1, in this structure, the Cu-based layers, such 
as CuSCN, Cu2O, CuO, CuI, SrCu2O2, CuSbS2, and Spiro-
OMeTAD, are utilized as HTLs. CH3NH3SnI3 is a perovskite 
absorber layer, TiO2 is an ETL, and TCO is the transparent 
conductive oxide substrate. Glass is under the TCO and light 
falls on the glass side [52, 53]. Figure 1 demonstrates the 
schematic diagram of a planar n-i-p photovoltaic solar cell, 
which is simulated through the SCAPS-1D 3.3.08 for solving 
Poisson’s equation and continuity equations for the simula-
tion of the solar cell [45]. An AM1.5G spectrum is employed 
for illuminating the device (1000 W m−2; T = 300 K).

The location of the energy levels of the CuSCN, Cu2O, 
CuO, CuI, SrCu2O2, CuSbS2, and Spiro-OMeTAD HTLs is 
shown in Fig. 2.

According to the plotted schematic diagram in Fig. 2, 
and the listed valence band offsets (VBOs) for CuSCN, 
Cu2O, CuO, CuI, SrCu2O2, CuSbS2, and Spiro-OMeTAD 
in Table 2 are 0.08, − 0.1, − 0.1, 0.03, 0.03, 0.31 and 
− 0.17 eV, respectively. Whenever VBO is negative, there 
is no obstacle for photo-generated holes to flow toward the 
HTLs; therefore Jsc becomes constant [54]. The positive 
value of the VBO makes a barrier that prohibits photo-
generated holes from the perovskite to the HTLs. However, 
a large negative value of VBO results in an increase in the 
concentration of holes at the interface of the perovskite 
and the HTL, which leads to a recombination process at 
the interface of the absorber and the HTL. Hence, to have 
a good efficiency of the device, layers with a proper VBO 
should be considered to improve band alignment [15]. 
In the present study, VBO for Cu2O, CuO, and Spiro-
OMeTAD is negative, so hole transport would be easier 

(3)−
1
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for these layers. Spiro-OMeTAD has larger negative VBO 
which leads to an increase in the recombination process 
at the interface of the absorber and the HTL and reducing 
the Voc value.

3 � Results and discussion

Utilizing HTL in the structure of PSCs impacts on the 
performance of devices by blocking electrons, facilitat-
ing holes moving from the absorber layer to the back 
contact layer, and decreasing the recombination rate of 
electron–hole. The HTM possess positive charge car-
rier mobility, proper band-gap, optimized doping charge 
concentration, and optimized thickness [15]. In theoreti-
cal studies because of ideal situations, the photovoltaic 
parameters may be calculated to be higher than the real 
values. The simulated results of present research calcu-
lated by varying the HTL material and keeping fixed the 
ETL and perovskite layers are summarized in Table 3. The 

photovoltaic parameters of different simulated devices 
were obtained by running the SCAPS-1D software.

3.1 � Current density–voltage (J–V) characterization

The current density–voltage curves of our simulated devices 
using the input parameters provided in Table 3 are shown in 
Fig. 3. The fill factor (FF) explains the square form of the 
current–voltage (J–V) curve and the rate of photo-generated 
carriers in a photovoltaic device. When the J–V curve is a 
rectangle, the ideal value for the FF is 100%. In case there 
is no match between the mobility of electrons and holes, the 
carriers with lower mobility will be accumulated in the solar 
cell. This will cause an additional electric field in the PSC, 

Fig. 1   The planar structure of the PSC

Fig. 2   Energy diagram, band 
edges, HOMO and LUMO lev-
els for regular n-i-p-based PSCs 
[27, 47–61]

Table 2   The various HTLs 
valence band offset (VBO) with 
perovskite absorber

HTL VBO (eV)

Cu2O − 0.1
CuI  + 0.03
SrCu2O2  + 0.03
CuO − 0.1
CuSbS2  + 0.31
CuSCN  + 0.08
Spiro-OMeTAD − 0.17

Table 3   The photovoltaic parameters simulated using SCAPS-1D 
software for varied hole-transfer layer (HTL)

HTL JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Cu2O 34.33 0.97 85.23 28.33
CuI 34.35 1.07 87.08 32.13
SrCu2O2 34.33 0.96 84.90 27.94
CuO 34.42 0.93 83.61 26.63
CuSbS2 34.39 1.06 78.48 28.73
CuSCN 34.34 0.97 85.17 28.32
Spiro-OMeTAD 34.32 0.93 83.88 26.77
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blocking the extraction of the carriers, and thus decreasing 
FF and PCE. A significant imbalance in mobility will lead 
to an S-shaped J–V curve and very low FF. According to the 
J–V characteristics shown in Fig. 3, in comparison to other 
solar cells, the solar cell with CuI as HTL shows more cur-
rent and less shunt resistance. CuI is an inorganic HTL that 
has high electron–hole mobility. Hence, the FF will increase 
for a solar cell with CuI as HTL. The absorption coefficient 
of CuI is higher compared to those of other HTLs, so it is 
capable of harvesting photons that were not absorbed by 
the perovskite layer and generating more carriers. The small 
band gap of CuO (1.3 eV) in comparison with the band gap 
of CuI (3.4 eV) might be the reason for poor performance in 
VOC of the PSC using CuO as HTL. However, the PSC with 
CuSCN as HTL has the same band gap as CuI but it has a 
smaller FF value because of the additional electric field in 
the PSC [60].

3.2 � Quantum efficiency (QE)

Figure 4 shows the QE curve of simulated perovskite solar 
cells. When the wavelength increases and becomes more 
than 700 nm, the efficiency of the solar cell will decrease 
slowly. In the range of visible light, electrons and holes 
are transferred perfectly. Therefore, the major reason that 
leads to the decreasing efficiency of the solar cells is spec-
tral non-concurrence, the input energy of photons with the 
band gap of the solar cell. Photons with lower energy in 
comparison to band-gap cannot be absorbed by the solar 
cell and then the excess energy of these photons’ changes to 
the kinetic energy of electron–hole pair, then change to heat. 
The ideal quantum efficiency of 100% for light absorption 
is in the range of 400–700 nm for the perovskite layer. Less 
absorption or recombination between TCO and TiO2 and 

that between TO2 and HTL layers leads to a decrease in the 
quantum efficiency in short and long wavelength regions. 
Because of recombination in HTL in long wavelengths with 
less diffusion length, the absorption QE decreases. There 
is a stable electric field inside the perovskite layer that in 
the HTL and ETL edges in the beginning and end of the 
diagram is limited to zero. The recombination rate in the 
perovskite layer is low while it is higher between TCO, TiO2 
and HTL and back contact layers than inside the perovskite 
absorber. The band gap of the perovskite layer is appropriate 
to absorb light and good band alignment of the energy levels 
in the visible spectral region lead to the feasible transfer of 
electrons and holes from the perovskite layer, but at near-IR 
spectral region, QE will decrease in comparison to the ideal 
value (~ 100%) because of the reflection and low diffusion 
length [61, 62].

3.3 � Effect of the thickness modification 
of perovskite layer

The thickness of the perovskite layer is one of the impor-
tant parameters in optimizing the performance of the PSC. 
There is an optimum absorber thickness corresponding to 
the best PCE. It should be optimized for the solar cell simu-
lation of the photo-generated holes and electrons by their 
absorption and recombination [63]. According to an article 
by Hima et al., the thickness of the absorber layer has a 
great effect on the electrical properties, optical properties, 
energy characteristics, and morphology of solar cells [64]. 
The layer thickness of the absorber changes from 0.5 μm 
to 1 μm while keeping other parameters constant. As the 
layer thickness of the perovskite increases, the longer wave-
length of illumination will produce an optimum number of 

Fig. 3   Variation in the current–voltage curve of tin-based PSC with 
different HTL layers

Fig. 4   The QE curves of simulated perovskite solar cell with different 
HTLs
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electron–hole pairs. Photovoltaic parameters (VOC, JSC, FF, 
and PCE) are demonstrated in Fig. 5. If the thickness of the 
absorber layer increases, more electron–hole pairs will be 
created. Thus, JSC will increase and the solar cell will have 
more excess carrier concentrations [65]. As the thickness of 
the absorber layer rises, the chances of recombination also 
increase because the charges have to travel a long distance 
for diffusion [66, 67]. According to Eq. 4, the VOC can be 
expressed as follows—

here, k signifies the Boltzmann constant, T signifies the 
operating temperature, Jsc signifies the short-circuit current 
density, Jo signifies the reverse saturation current, and e sig-
nifies the electron charge [68, 69]. The FF decreases with 
the increasing thickness of the adsorbent layer. This is due 
to the increased series resistance and recombination in the 
perovskite layer. There is a sharp increase in efficiency at an 
optimum thickness of the absorber layer which is 0.75 μm 
because of increasing charge carriers and more charge move-
ment [52]. Generally, PCE depends on JSC, FF, and VOC. 
In Fig. 5, it can be seen that through more absorption of 

(4)VOC =
kT

e
In

[

Jsc

J
0

+ 1

]

light, as the thickness of the absorber layer increases, the 
generation of electron–hole pair increases. Hence, the PCE 
increases at first because of increasing the exciton genera-
tion [65]. Recombination at the interface of layers decreases 
the photo-current of a solar cell and it causes a significant 
reduction in VOC [32].

3.4 � Effect of defect density (Nt) modification 
on photovoltaic parameters

The process of doping in the absorber layer and reducing 
the quality of doping levels is due to the formation of the 
defects and the impact of Nt upon the performance of the 
PSC [70]. According to the article by Akbulatov et al., defect 
density depends on the doping process and the quality of 
perovskite and the doping substance utilized and the fabri-
cation [71]. Figure 6 demonstrates the impact of Nt of the 
absorber layer upon the PSC with different HTLs. In this 
article, we calculate the photovoltaic parameters by chang-
ing the Nt of the perovskite layer from 105 to 1012 cm−3. 
According to the diagrams shown in Fig. 6, the low quality 
of the absorber layer, the increase in the defect densities 
and the recombination lead to a decrease in the diffusion 
length of charge carriers, thus decreasing the lifetime of 

Fig. 5   Effect of thickness 
modification of perovskite 
absorber layer on photovoltaic 
parameters. a Impact of the 
thickness of the perovskite upon 
JSC. b Impact of the thickness 
of the perovskite upon VOC. c 
Impact of the thickness of the 
perovskite upon FF. d Impact of 
the thickness of the perovskite 
upon PCE
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carriers. As the defect densities were lower than 106 cm−2, 
there was no significant variation in efficiency. Increasing 
carrier recombination can be described by Nt in the per-
ovskite layer which increases the recombination process of 
photo-generated carriers. Hence, J0 increases, and diffusion 
length, JSC, and VOC decrease, which leads to a decrease in 
the PCE [70, 71]. With increasing Nt of solar cells, carri-
ers are difficult to move [72]. So, the band bending in the 
absorber layer decreases, thus decreasing the effective bar-
rier and consequently decreasing VOC, which also decreases 
the performance of the device [73, 74]. The availability of a 
larger Nt leads to an increase in the recombination rate that 
causes a reduction in the number of charge carriers for the 
CB, thereby decreasing PCE, FF, JSC, and VOC [18].

3.5 � Effect of band gap modification on photovoltaic 
parameters of devices

In this section, the photovoltaic parameters will be checked 
in a special situation where all of the parameters of lay-
ers stay constant and the band gap only changes. In a PSC, 
the band gap of the perovskite layer effects on the light 
absorption. Hence, its changes affect the efficiency of the 

devices. The good band matching of HTL, perovskite layer 
and ETL is necessary for raising the efficiency of the solar 
cell. According to Eq. 5, the band gap of a semiconductor, 
in case the VBO becomes zero, is the least amount of energy 
required for the stimulation of a connective electron to a free 
and transfer state.

The layers with low band gap energy can take the most 
photons in the solar spectrum, which results in a large 
number of excited charge carriers. Increasing interatomic 
spacing results in a decrease in the potential of the elec-
tron, so, the energy of the band gap decreases. Layers with 
wide band gaps endure more heat and radiation without 
losing their electrical feature. The perovskite layer has a 
considerable impact on Voc. With increasing the band gap 
of the perovskite layer, JSC decreases due to the decrease 
in the optical absorption of the photons with lower energy 
compared to the band gap energy [75]. The VOC relies 
upon the band gap, and because of the higher band gap, 
VOC increases, and radiative recombination decreases. 

(5)Ea = Eg − |VBO|

Fig. 6   Effect of defect density 
modification of perovskite 
absorber layer on photovoltaic 
parameters. a JSC, b VOC, c FF, 
and d PCE
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According to Fig. 7b, as the band gap of the perovskite 
layer increases too much, recombination increases, leading 
to a gradual reduction in the VOC, and a band gap of 1.8 eV 
is the optimum amount. As the band gap of the perovskite 
layer in the solar cell increases, the absorption of photons 
decreases which leads to a reduction in the efficiency of 
the PSC and the FF decreases because of the mismatch 
between the absorber layer and the HTL. According to 
Fig. 7, when the band gap of the perovskite increases from 
1.2 to 2.5 eV, the photovoltaic parameters, such as the FF, 
JSC, and PCE, decrease, but the VOC slightly increases [76]. 
The best amount of band gap in a simulated solar cell is 
about 1.3 eV. The absorption coefficient in semiconductors 
is largely a function of photon energy or wavelength. In a 
semiconductor, light that is less than the absorption level 
does not have enough energy for stimulating electrons 
from the valence band (VB) to the conduction band (CB), 
so, this photon will not be absorbed [77]. Figure 7 depicts 
the impact of the band gap of the absorber layer upon the 
photovoltaic parameters. In this article, the lead-free per-
ovskite possesses a band gap between 1.2 and 2.5 eV. In 
solar cells with CuO and CuSbS2, as band gap and resist-
ance increase, due to high electron affinity, FF has a sharp 
decrease. Electrons and holes have less mobility which 
leads to creating a thick interface, so, electrons and holes 
are absorbed to back and front contact for recombination 
and the FF decreases quickly.

3.6 � Effect of temperature on photovoltaic 
parameters of simulated devices

The working temperature has a key role in the efficiency of 
a device. In this article, the temperature is changed from 300 
to 480 K for determining the impact of working temperature 
on JSC, VOC, FF, and PCE for the optimized temperature 
as demonstrated in Fig. 8. In a solar cell, at the installed 
conditions, the temperature is higher than 300 K, but gen-
erally, the temperature of a solar cell is 300 K. Increasing 
the temperature of the solar cell leads to more stress and 
deformation in interfacial defects. So, interconnectivity 
between the layers decreases [78]. Increasing Nt results in 
a rise in recombination and a reduction in diffusion length. 
Because of decreasing diffusion length, series resistance 
increases. So, the PCE and FF of the device decrease [66, 
76]. The performances of solar cells depend on temperature 
because different temperatures cause different band gaps. 
As temperature increases, because of absorbing more solar 
spectrum photon components, the band gap of the major-
ity of the semiconductor layer decreases. By increasing the 
temperature of the solar cell, parameters, such as mobility of 
carriers, are affected and because of changing the resistance, 
stress and deformation increase, and SRH recombination 
increases, which results in a decrease in PCE and FF [78]. 
JSC has slightly increased because of a reduction in the band 
gap energy. The band gaps, carrier density, and electron and 
hole mobilities of the device would be also impacted by 

Fig. 7   Band gap modification 
of perovskite absorber layer. a 
Impact of the band gap of the 
perovskite on JSC. b Impact of 
the band gap of the perovskite 
on VOC. c Impact of the band 
gap of the perovskite on FF. d 
Impact of the band gap of the 
perovskite on PCE of simulated 
devices
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the change in the temperature, decreasing the efficiency of 
the device [79]. Decrease in the recombination by generat-
ing more charge carriers at the interface of layers causes an 
increase in the photo-current and JSC of devices.

Decreasing VOC will affect the performance of PSCs. 
Equation 6 shows the relation between VOC, T, and Eg of 
perovskite in a solar cell:

where T signifies the operating temperature, Eg signifies the 
band gap, and q signifies the electric charge [79].

3.7 � Effect of the thickness modification of HTLs

The effect of thickness of HTL on the photovoltaic perfor-
mance of TPSCs was verified by varying the values of film 
thickness from 0.04 to 0.4 μ m. The differences between effi-
ciency of the devices as a function of HTL film thickness 
are shown in the Fig. 9. The photovoltaic parameters for 
different HTLs with varied film thicknesses are almost iden-
tical. For TPSC with CuSbS2 as HTL, due to less mobility 
of electrons and holes, increasing of the thickness of HTL 
creates a thick interfacial barrier. Therefore, electrons and 
holes are absorbed to back and front contacts, for this reason, 

(6)d(VOC)

dT
=

(VOC −
Eg

q
)

T

FF decreases but VOC increases substantially to lead to the 
PCE almost constant as film thickness varied. CuI is selected 
as the best HTL because of great Voc and FF values. As a 
result, CuI-based device has the best performance due to 
its high carrier mobility and a proper VBO aforementioned 
[15].

4 � Conclusions

In this study, the glass/TCO/TiO2/CH3NH3SnI3/Cu-based 
(HTL)/Au solar cell (THPSC) structure was designed and 
simulated by means of the SCAPS-1D software program. 
Cu-based substances, such as Cu-based halides, oxides, and 
chalcogenides, were used as HTL in PSCs in this study due 
to properties such as proper band alignment, low cost of 
production, and great hole mobility. In addition, due to the 
high p-type conductivity of the Cu+-based chalcogenides, 
and especially halides HTLs have better performance com-
pared to Cu-based oxides. Therefore, it affects the efficiency 
and other PV parameters of perovskite solar cells, which is 
in good alignment with experimental results [44, 80, 81]. 
The structure was optimized by changing the thickness, Nt, 
and Eg of the absorber layer, the thickness of HTL, and the 
temperature of the device with different Cu-based HTLs. 
The maximum PCE, FF, VOC, and JSC achieved for the solar 

Fig. 8   Effect of temperature 
on photovoltaic parameters. a 
Effect of the temperature on JSC. 
b Effect of the temperature on 
VOC. c Effect of the temperature 
on FF. d Effect of the tempera-
ture on PCE
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cell with CuI as HTL were 32.13%, 87.08%, 1.07 V, and 
34.35 mA cm−2, respectively. According to the results, this 
work can provide profound insights into designing non-
toxic, cost-effective, easy processing, and high-efficiency 
tin halide PSCs.
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