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In order to reduce current leakage and improve electron transfer in solar cells, charge transport layers (CTL), mainly hybrid
electron transport layers (h-ETL), are considered as a solution. In this research contribution, computational analysis using
SCAPS-1D software is performed to explore the output photovoltaic parameters of a Sb,S;-based solar cell with h-ETL. No
theoretical works on this configuration have been previously reported. The main objectives of the present work are to propose
a h-ETL with good band alignment with the Sb,S; absorber, high transparency, and Cd free; to mitigate the instability and cost
issues associated with using Spiro-OMeTAD HTL; and to optimize the solar cell. Thus, we calibrated the J-V characteristics
and electrical parameters of the FTO/(ZnO/TiO,)/Sb,S;/Spiro-OMeTAD/Au solar cell by numerical simulation and compared
them with those of the experiment. Subsequently, our simulations show that to replace the TiO, ETL used in the experiment
and to form the h-ETL with ZnO, IGZO is found to be a good candidate. It has better band alignment with the Sb,S; absorber
than TiO, ETL, which reduces the trap states at the ETL/Sb,S, interface; it has high transparency due to its wide bandgap; and an
intense electric field is generated at the IGZO/Sb,S, interface, which reduces the recombination phenomenon at this interface. MoO,,
MASnNBr;, Cu,0, Cul, and CuSCN HTL were also tested to replace the Spiro-OMeTAD HTL. Simulation results show that the cell
with MoO; HTL achieves higher performance due to its high hole mobility and high quantum efficiency in the visible region; it also
allows the solar cell to have better thermal stability (TC = —0.32%/K) than the cell with Spiro-OMeTAD HTL (TC = —0.53%/K). The
parameters that could improve the solar cell efficiency (1) obtained after these substitutions were also optimized. In particular, the
parameters of the Sb,S; absorber layer (thickness, defect density, and doping), ETL and HTL layer thicknesses, h-ETL/Sb,S; interface
defect density, and series and shunt resistances have been optimized. Finally, by combining high performance and thermal stability,
the results show that the thermal stability of the solar cell depends on the back contact type; thus, nickel (Ni) was found to combine
high performance and better thermal stability among the back contacts investigated. After these improvements, the efficiency of the
Sb,S,-based solar cell increased from 5.08% (Jc = 16.19 mA/cm?®, Ve =0.56 V, and FF = 55.40%) to 15.43% (Jg = 18.51 mA/cm?,
Voc =1.11V, and FF = 74.76%). This study proposes an approach to optimize the Sb,S; upper subcell for tandem solar cells.

1. Introduction

Interest in solar cells based on antimony trisulfide (Sb,S;)
is growing due to the exceptional optoelectronic properties
of this new emerging photovoltaic material. Sb,S; is a p-
type semiconductor with a high absorption coeflicient

(a>10°cm™) in visible light [1] and an appropriate band-
gap (1.7-1.8eV) for the upper subcell in double-junction
tandem solar cells [2]. Furthermore, Sb,S; is a binary
compound without secondary phases, and due to its low
melting point (~550°C), layers of high crystalline quality
can be synthesized at low temperatures (<350°C) [2]. In
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FIGURE 1: (a) Modeled structure of a solar cell based on Sb,S; [23] and (b) energy band diagram.

addition to these properties, Sb,S; has the advantage of
being composed of nontoxic elements that are abundant
on Earth, making it an ideal absorber for the design of
more environmentally friendly heterojunction solar cells.
In contrast to nanostructured films, Sb,S; thin films can be
synthesized by various deposition methods such as chemical
bath deposition [3], sputtering and thermal evaporation [4],
spin coating [5], atomic layer deposition [6], close-space sub-
limation [7], and radio frequency spraying [8].

The application of antimony trisulfide (Sb,S;) as an
absorber in planar solar cells was realized for the first time
in 1993 by Kondrotas et al. [2]. They obtained a conversion
efficiency of 5.19% for the Au-Al/p-Si(111)/Sb,S,/grid-Cu-
graphite configuration by synthesizing Sb,S; by chemical
bath deposition (CBD) on a p-type oriented (111) silicon
substrate and annealing it at 350°C. In 1994, Kondrotas
et al. also explored the possibility of fabricating Schottky-
type devices. They found that the Schottky barrier height is
virtually independent of the metal work function, despite
similar annealing conditions. For the ITO/Sb,S,/Pt configu-
ration, an efficiency of 5.5% was obtained [2]. Their findings
show that by modifying the structure and manufacturing
conditions, the performance of the devices can be improved,
opening up new perspectives for the use of Sb,S; in the field
of solar energy. However, it was only in 2009 that
researchers turned their attention back to the Sb,S;
absorber. In 2014, Kim et al. reported a conversion efficiency
of 5.77% for a FTO/c-TiO,/Sb,S;/P3HT/PEDOT:PSS/Au
planar heterojunction solar cell using atomic layer deposi-
tion (ALD) and heat treatment at 330°C [9]. The results
show that controlling the thickness, density, and purity of
the absorber can reduce the reverse recombination phenom-
ena by significantly suppressing the oxide defects in Sb,S;
sensitizers, which greatly improves the conversion efficiency.
In 2018, Jiang et al. [10] showed that doping the Sb,S; layer
with Cs* ions significantly improves the conversion effi-

ciency, carrier concentration, crystallinity, and quality of
the Sb,S; film by reducing carrier recombination. Their
FTO/TiO,/Sb,S;/Spiro-OMeTAD/Au solar cell efficiency
was 6.56%. More recently, in 2020, Han et al. [11] proposed
the surface passivation of Sb,S; films with an inorganic
SbCl; gel to reduce the surface defects and nonradiative
recombination and thus achieved a record conversion effi-
ciency of 7.1%. To date, no other Sb,S;-based planar hetero-
junction structure has been able to exceed this conversion
efficiency, which is well below the theoretical value of
28.64% predicted by the Shockley-Queisser limit for solar
cells with a 1.7 eV bandgap absorber [2].

Studies have shown that interdiffusion between layers,
nonideal series and shunt resistances, interfaces and nonra-
diative recombination phenomena, deep defects, etc., are
the main obstacles to achieve high efficiency in Sb,S,-based
solar cells [12]. Therefore, to improve the performance of
Sb,S;-based solar cells, major challenges regarding the prop-
erties of various materials and structures need to be over-
come. In order to reduce these limitations and to
understand how the different parameters of interest for the
solar cell affect its performance, numerical simulation seems
to be a necessary tool. This is the purpose of many modeling
and simulation studies [12-17] that have been carried out in
recent years. The results show that controlling recombination
phenomena (radiative and nonradiative) at the interfaces and
in the absorber, parasitic absorptions, resistances (series and
shunt), etc., are required to achieve high conversion efficiency.
A common solution to reduce the leakage current is to use a
double buffer layer. In fact, studies on perovskite-based solar
cells show that the use of a bilayer electron transport layer
(ETL), also called hybrid ETL [18-20], allows to reduce para-
sitic losses, improve charge injection, and reduce photocarrier
recombination phenomena, thus improving the conversion effi-
ciency [18-22]. Based on such considerations, Baron Jaimes
et al. have proposed a functional ZnO/TiO, bilayer as a hybrid
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TasLE 1: SCAPS-1D input parameters of the materials used in the simulation.

Parameters FTO ZnO TiO, Sb,S, Spiro-OMeTAD
Thickness w (um) 0.27 0.015 [23] 0.04 [23] 0.190 [23] 0.150 [23]
Bandgap E, (eV) 3.5 [27] 3.3 [23] 3.2 [23] 1.7 [23] 3 [23]
Electronic affinity x, (eV) 4.7 [23] 4.3 [23] 4.2 [23] 3.7 [23] 2.45 [23]
Dielectric constant ¢, 9 [44] 9 [44] 9 [43] 19 3 [48]
Conduction band state density N (cm™) 2.2x10' [44] 2.2x10' [44] 10" [27] 10" [40] 10" [48]
Valence band state density Ny, (cm™) 1.8x10% [44] 1.8x10% [44] 10" [27] 10" [40] 10" [48]
Electron thermal velocity v, . (cm/s) 1.1 x 107 [49] 107 [44] 107 [27] 107 [14] 107 [27]
Hole thermal velocity v, 1, (cm/s) 1.1 x 107 [49] 107 [44] 107 [27] 107 [14] 107 [27]
Electron mobility g, (cm®/Vs) 33 [44] 50 [44] 20 [43] n [47] 107 [50]
Hole mobility 4, (cm*/Vs) 8 [44] 25 [44] 1[2] 10 [47] 10 [50]
Donor density Ny, (cm™) 10'® [44] 10'® [44] 10" [2] — —
Acceptor density N, (cm™) — — — 2x 10" [47] 2x 108 [46]
Defect properties

Defect type Neutral Neutral Neutral Neutral Neutral

Capture cross-section of electrons/holes (cm?) 10" 10" 10" 1.950 x 10714 107

Energy distribution Single Single Single Single Single

Reference for defective energy level E, Above Ev Above Ev Above Ev Above Ev Above Ev

Energy level with respect to a reference (eV) 0.6 0.6 0.6 0.85 0.6

Total defect N, (1/cm”) 10" [44] 10'7 [44] 10" [43] 1.1x10% 10" [50]
TiO,/Sb,S; interface properties

Defect type Neutral

Capture cross-section of electrons/holes (cm?) 1.00x 1071

Energy distribution Single

Reference for defective energy level E, Midgap

Energy level with respect to a reference (eV) 0.6

Total defect N, (1/cm?) 2.00 x 10%°
Contact properties Front contact Rear contact

Electron surface recombination velocity (cm/s) 10° 10°

Hole surface recombination velocity (cm/s) 107 107

Metal work function (eV) 4.7 5.2 [45]

Majority carrier barrier height relative to Ep (eV) -0.03 0.25

Majority carrier barrier height relative to Ey or E.

-0.0504

0.2083

ETL in a Sb,S;-based planar solar cell [23]. It was found that
this structure has a higher efficiency (5.08%) than that based
on a monolayer of ZnO ETL and TiO, ETL, which have effi-
ciencies of 0.15% and 3.84%, respectively [23]. Among several
numerical simulation studies on Sb,S; solar cell for its perfor-
mance optimization [12-17], to the best of our knowledge,
none of these studies have analyzed this cell with a hybrid ETL.

Based on the experimental work of Baron Jaimes et al.
[23], this study focuses on the modeling and numerical anal-
ysis of a Sb,S;-based solar cell with a ZnO/TiO, hybrid
buffer layer (or hybrid electron transport layer, h-ETL) and
Spiro-OMeTAD as hole transport layer (HTL). However,
TiO, ETL has low conductivity and mobility [23, 24] and
poor band alignment with the Sb,S, absorber. In addition,
TiO, is susceptible to photocatalysis when exposed to UV
light; this reduces the long-term stability of the material

[24]. Spiro-OMeTAD HTL, on the other hand, presents
problems of instability and cost. This limits the performance
of this solar cell and makes it difficult to mass-produce.
Therefore, the main objective of this work is firstly to pro-
pose the best ETL and HTL materials that can substitute
TiO, and Spiro-OMeTAD, respectively, and that will opti-
mize such a solar cell structure. In addition, special attention
is paid to the long-term stability of the back contact. Another
interesting aspect of this study is that we want to combine the
high performance of the Sb,S; solar cell with the best possible
thermal stability. This is a new approach to solar cell perfor-
mance improvement. This approach is different from other
studies where back contact is optimized only from an effi-
ciency point of view [14, 15, 25-29]. Furthermore, the optimi-
zation of other parameters of interest such as the thickness,
doping, bulk defects of the Sb,S, absorber, the density of states
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FIGURE 2: Experimental and simulated J-V curves of a Sb,S;-based

solar cell.

TaBLE 2: Experimental and simulated performance parameters of a
Sb,S;-based solar cell.

Parameters Experimental [23] Simulation
Jsc (mA/cm?) 16.17 16.19
Voc (V) 0.58 0.56
FF (%) 53.12 55.40
1 (%) 5.08 5.08

of the ETL/Sb,S, interface, and the series and shunt resistances
will also be addressed in this work.

2. Structure of the Device and
Simulation Method

Photovoltaic researchers use several software programs to
analyze the performance of thin-film solar cells. These
include AMPS [30], SILVACO ATLAS [31], COMSOL
[32], wxAMPS [33], PC1D [34], and SCAPS-1D [35]. In this
work, we chose to use the one-dimensional simulation soft-
ware SCAPS-1D (version 3.3.10) developed at the University
of Gent in Belgium by Burgelman et al. [36]. This software
has several advantages, including the ability to analyze the
structure of up to seven different layers and perform deep
and batch analysis and an easy-to-use interface. Further-
more, the results obtained from this software are in agree-
ment with the experimental data reported by other
research groups [37-41], making it a reliable tool for analyz-
ing solar cell performance. The SCAPS-1D software is based
on the numerical solution of fundamental semiconductor
equations, including the Poisson equation (Equation (1)),
the continuity equations of electrons (Equation (2)), and
holes (Equation (3)) [39]: these are three coupled and non-
linear differential equations, so the solutions allow to obtain
the electrical parameters of the solar cell.
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Equation (1) describes the phenomena of electrostatic
nature, where vy is the electrostatic potential; #n and p are
the densities of free electrons and holes, respectively; and
N}, and N} are the concentrations of ionized donor and
acceptor, respectively. Equations (2) and (3) govern the
dynamic equilibrium condition in a semiconductor, where
G is the generation rate; U, and U, are the recombination
rates of electrons and holes, respectively; and ], and J, are

the current densities of electrons and holes, respectively;
their terms are found in literature [42].

The Sb,S;-based solar cell modeled in this study is the
FTO/(ZnO/Ti0,)/Sb,S,;/Spiro-OMeTAD/Au structure from
the experimental work of Baron Jaimes et al. [23], as shown
in Figure 1(a); it corresponds to a stack of layers of semicon-
ductor materials. Fluorine-doped tin oxide (FTO) is used as
the transparent conductive oxide; ZnO/TiO, forms the
hybrid electron transport layer (h-ETL), also known as the
hybrid buffer layer, which combines two electron transport
layers (ETL) acting as the hole blocking layer; Spiro-
OMeTAD is the electron-blocking layer or hole transport
layer (HTL), and gold (Au) is the rear contact. The p-type
Sb,S; absorber layer, which is responsible for the photovol-
taic conversion, is located between the h-ETL and HTL
materials. Series and shunt resistances are fixed at
2.7 Q-cm” and 4.35 x 10° Q-cm” [23]. Table 1 lists the input
parameters required to model our device, these values have
been taken within literature 2, 14, 23, 27, 40, 43-50], and
some are the reasonable estimation. All simulations were
carried out under the AM1.5 irradiation spectrum, the oper-
ational temperature taken at 300K (except for the effect of
operating temperature), and in the absence of polarization.

Figure 1(b) shows the energy band diagram of the solar
cell; this diagram provides information about the dynamics
of the charge carriers in the solar cell. By the mechanisms
of diffusion (due to the integrated potential) and drift (due
to the presence of electric fields at the interfaces), electrons
are attracted to the ETL layer and holes are attracted to the
HTL layer. They are collected by the front and back contacts,
respectively. The conduction band (AC,) and valence band
(AV,) offsets act as blocking barriers for minority carriers
(Figure 1(b)). These band offsets at the TiO,/Sb,S; and
Sb,S,/Spiro-OMeTAD interfaces indicate the presence of a
cliff and a spike, respectively. These mismatches of energy
bands significantly affect the performance parameters,
including J¢s, Ve, FF, and PCE [51].

3. Results and Discussion

3.1. Comparison of J-V Characteristics between Simulation
and Experiment. In order to validate our simulation
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TaBLE 3: Input parameters of the different ETL materials.
Parameter CdS [48] CdysZn, S [48] I1GZO [48] PCBM [48]
Thickness w (pm) 0.04 0.04 0.04 0.04
Bandgap E, (eV) 24 2.8 3.05 2
Electronic affinity x, (eV) 4.2 3.8 4.16 39
Dielectric constant &, 10.0 10.0 10.0 3.9
Conduction band state density N (cm™) 2.2x10" 10'8 5x 10 2.5 10%!
Valence band state density Ny, (cm™) 1.8 x 10" 10'8 5x 10 2.5 % 10%!
Electron thermal velocity v, . (cm/s) 107 107 107 107
Hole thermal velocity vy, 1, (cm/s) 107 107 107 107
Electron mobility g, (cm*/Vs) 100 100 15 0.2
Hole mobility 4, (cm*/Vs) 25 25 0.1 0.2
Donor density Np, (cm™) 10" 10" 10" 2.93x 10"
Total defect N, (cm™) 107 10'° 10'° 10"

parameters (Table 1), we compared our simulation results
obtained via the SCAPS-1D software with those experi-
mental proposed by Baron Jaimes et al. [23]. Thus, we first
compared the J-V curve of the experimental work to that
resulting from the simulation, as illustrated in Figure 2:
the J-V curves show a similar trend. Then, the solar cell
electrical parameters (open-circuit voltage (V), short-
circuit current density (J4c), fill factor (FF), and efficiency
(7)) were compared with the experimental results
(Table 2). Thus, there is a concordance between the exper-
imental values and the simulation results. The preceding
elements thus confirm the validity of our solar cell model
and the parameters listed in Table 1.

3.2. Effect of Different Electron Transport Layer (ETL)
Materials on Solar Cell Performance. An electron transport
layer (ETL) is a critical element in solar cells. It plays an
important role in the extraction and transport of electrons,
while also acting as a hole blocking layer that reduces carrier
recombination [52]. It is therefore necessary to find a mate-
rial which can best perform this function for high-efficiency
solar cells. As previously reported, the TiO, ETL used in the
solar cell (Figure 1(a)) has poor conductivity and mobility
[23, 24] and poor band alignment with the Sb,S, absorber;
and its long-term stability is reduced under UV light expo-
sure [24]. In this section, the effect of CdS, Cd,sZn, S,
IGZO, and PCBM ETL materials as potential candidates
for TiO, ETL replacement is investigated. The parameters
of these ETL materials, which can form a hybrid electron
transport layer with ZnO ETL, are listed in Table 3.
Figures 3(a) and 3(b) show the J-V and quantum efficiency
curves, respectively, associated with different ETL materials.
Table 4 summarizes the electrical parameters for different
ETL materials and shows that the solar cell achieves low effi-
ciency when TiO, is replaced with CdS ETL (4.96%), and the
maximum efficiency of 6.99% is achieved with IGZO ETL.
The performance of the solar cell with PCBM ETL (organic
material) is also remarkable, and the efficiency is 6.32%. CdS
ETL and IGZO ETL quantum efficiency curves (Figure 3(b))

are nearly identical in the visible, with maximum quantum
efficiencies of 80.67% and 81.06%, respectively. The high
Jsc is due to the high electronic mobility of CdS, which
favors carrier movement and collection.

The conduction band offset (CBO or AE), defined as
the difference between the electronic affinities of two adja-
cent layers and given by Equation (4), is an important
parameter for obtaining high-efficiency solar cells as men-
tioned in Section 2. The energy band diagrams show that
for all investigated ETL materials (CdS, Cd, sZn, S, IGZO,
and PCBM), energy cliff (AE- <0) is formed at the ETL/
Sb,S; interface (Figure S1, Supporting Information). This
energy cliff does not inhibit the flow of photogenerated
electrons. However, the activation energy (E,), which is the
difference between the absorber bandgap and the absolute
AE. (Equation (5)), for carrier recombination becomes
lower than the Sb,S; absorber bandgap as the energy cliff
increases. This leads to a predominance of recombination
phenomena at the ETL/absorber interface in the solar cell
[48]. It is also reported that E, reduces V. [48]. The E,
value associated with each ETL is reported in Table 4. The
results show that the CdS ETL provides the lowest
activation energy (1.2eV) and the solar cell has the lowest
Voe» which could justify the low solar cell efficiency. This
was found to agree with Minemoto and Murata [53]. On
the other hand, the IGZO ETL (E,=1.24¢V) allows to
obtain the highest conversion efficiency. This result could
be due to its large bandgap (3.05eV), which allows it to
ensure high transparency to light and increase its
absorption by the Sb,S; active layer for better carrier
generation (Figure S2.a), while allowing efficient electron
extraction from this active layer [54]. Furthermore, the
intense electric field at the IGZO/Sb,S; interface
(Figure S3), which separates more electron-hole pairs,
coupled with the high donor concentration of IGZO ETL,
which improves its conductivity, could sufficiently reduce
the recombination phenomena at this interface
(Figure S2.b) and improve the solar cell performance.
According to Figure S1 and Table 4, a larger valence band
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offset is observed at the ETL/absorber interface with IGZO
ETL. This band offset acts as a potential barrier that
prevents holes from recombining with electrons in the ETL
material. This improves the efficiency of the solar cell. The
CdysZn, ;S ETL shows a better band alignment with the
Sb,S, absorber (Figure S1.b) compared to the other ETL
materials (Figures Sl.a, Sl.c, and S1.d). It also has a high
electron mobility (100cm?/Vs), and its activation energy
(1.6eV) is very close to the bandgap value of the Sb,S;
absorber (1.7eV). Despite these properties, low electric

field (Figure S3) and high recombination phenomena
(Figure S2.b) hinder the solar cell conversion efficiency.
Therefore, the effect of different ETL materials shows that
the solar cell achieves better performance when the TiO, ETL
is replaced by an ETL with wide bandgap, low activation
energy, intense electric field, and larger valence band offset at
the ETL/Sb,S, interface. The characteristics observed for the
different ETL materials investigated (CdS, Cd, sZn,, S, IGZO,
and PCBM) are also attributed to the hybrid ETL (ZnO/ETL)
present in the Sb,S;-based solar cell structure (Figure 1(a)).
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TaBLE 4: Simulated performance parameters and activation energy of a Sb,S;-based solar cell using different ETL materials.
Electrical parameters
ETL Jso (mA/cm?) Vo (V) FF (%) 1 (%) AE, (eV) AE, (eV) E, (eV)
CdS 16.28 0.58 52.21 4.96 -0.5 1.2 1.2
Cd, sZn, S 15.96 0.66 52.53 5.56 -0.1 12 1.6
PCBM 15.64 0.76 52.78 6.32 -0.2 0.5 1.5
1GZO 15.23 0.73 62.18 6.99 -0.46 1.81 1.24
TaBLE 5: SCAPS input parameters for HTL materials.
Parameter CuSCN [37] MoO; [37] Cu,O [27] Cul [27] MASnBr, [48]
Thickness w (pm) 0.15 0.15 0.15 0.15 0.15
Bandgap E, (eV) 3.6 3 2.17 3.1 2.15
Electronic affinity x, (eV) 1.7 2.5 3.2 2.1 3.39
Dielectric constant ¢, 10.0 12.5 7.11 6.5 8.2
Conduction band state density N (cm™) 2.2x 107 2.2x10" 2.02 x 10" 2.8x 10" 10"
Valence band state density Ny, (cm™) 1.8x 10" 2.2x10' 1.1x 10" 1.0 x 10" 10'®
Electron thermal velocity v, . (cm/s) 107 107 107 107 107
Hole thermal velocity vy, 1, (cm/s) 107 107 107 107 107
Electron mobility y, (cm®/Vs) 100 25 200 100 1.6
Hole mobility 4, (cm*/Vs) 25 100 80 439 1.6
Donor density N, (cm™) 0 0 0 0 0
Acceptor density N, (cm™) 10'® 108 10'® 10'8 10'®
Total defect N, (1/cm’) 10" 10" 10" 10" 10"

(4)

()

3.3. Effect of Different HTL Materials on Solar Cell
Performance. Organic Spiro-OMeTAD HTL is widely used
as hole transport layer (HTL) in solar cell design and fabrica-
tion but is subject to instability problems that degrade solar
cell performance over time [27]. Therefore, finding a better
HTL material to mitigate these problems is necessary. In Sub-
section 3.2, the effect of ETL material on solar cell perfor-
mance was investigated using Spiro-OMeTAD HTL. In
order to consider the combined effect of the previous ETL
materials and the following HTL materials, MoO,, MASnBr;,
Cu,O, Cul, and CuSCN, whose parameters are given in
Table 5, a total of twenty (20) configurations are simulated.
The electrical parameters Js-, Ve, FF, and 5 are given in
Tables S1, S2, S3, and S4 (Supporting Information),
respectively. This ETL and HTL material selection method
for solar cell optimization is widely reported [55-58].
Figure 4 presents the effect of all possible combinations
between these ETL and HTL materials in order to determine
the ETL-HTL pair that gives the best conversion efficiency of
the solar cell. Consistent with Table S4, Figure 4 reveals that
IGZO is the best ETL material, which is in agreement with
the results in Subsection 3.2. For all different HTL materials,
solar cell structures with IGZO ETL have better efficiency
than other ETL materials. Thus, among the simulated

AEc =X g5, ~ X ETL>

E, = Eg,SbZS3 - |AE|.

configurations, a maximum efficiency of 7.44% (J¢c =15.33
mA/cm® Voo =0.74V; FF=65.31%) is achieved with the
IGZO ETL-MoO,; HTL pair, while the minimum solar cell
efficiency with IGZO ETL-Cul HTL is 7.03%. This difference
in performance is due to the higher hole mobility of MoO,
HTL (100 cm*/Vs) compared to the other HTL materials tested.

Figure 5 depicts the effect of different HTL materials on
the J-V characteristics and quantum efficiency curves of the
Sb,S, solar cell with ZnO/IGZO h-ETL. These curves display
a similar trend, and Table 6 provides device electrical
parameters. The determination of the valence band offset
(VBO or AE,), using Equation (6) [37], shows that for the
MoO; and MASnBr; HTL materials, an energy spike
(AE, > 0) is formed at the Sb,S;/HTL interface. In this case,
the activation energy (E,) (Table 6) for the carrier recombi-
nation is equal to the bandgap energy of the Sb,S; absorber
[53]. Furthermore, based on the hole mobility (Table 5) and
conduction band offset (AE_) at the Sb,S;/MoO; HTL and
Sb,S;/MASnBr; HTL interfaces (Table 6), the simulated
solar cell efficiencies are classified as follows: MoO;>
MASnBr; (Table 6). These results show a relationship
between the activation energy, AE_, at the absorber/HTL
interface and the simulated efficiency when AE, >0. On
the other hand, AE, <0 for Cu,O, Cul, and CuSCN HTL
materials, indicating the formation of an energy cliff at the
absorber/HTL interface; and E, (Equation (7) [48]) for car-
rier recombination becomes lower than the absorber band-
gap. This energy cliff does not impede the flow of the
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FiGUre 4: Impact of different ETL-HTL material combinations on the efficiency of Sb,S; solar cell.

holes. In the case of CuSCN HTL, the large conduction band
offset formed at the Sb,S;/CuSCN HTL interface (Table 6)
acts as an electron blocker. It prevents electrons from flow-
ing from the absorber to the HTL layer to recombine with
holes. This could justify that CuSCN HTL presents the
second-best efficiency, after that of MoO, HTL. E, values
for CuO, and Cul HTL materials are 1.67eV and 1.5eV,
respectively, and simulated efficiencies are CuO,> Cul
(Table 6). This is due to the hole mobility of CuO, HTL
(80 cm?/Vs), which is much higher than that of Cul HTL
(43.9cm*/Vs) and to the highest negative VBO for Cul HTL.
The effect of different HTL materials shows that a HTL with
both an energy spike at the Sb,S;/HTL interface and high hole
mobility achieves better solar cell efficiency. These properties
are the reason why MoO; is chosen as the best HTL material
for the rest of the Sb,S,-based solar cell optimization process.

AE, =X gy~ X_sb,s, T Eq yr = Eg g5, (6)

Ea = Eg_SbZS3 - |AEV| (7)

The effect of the operating temperature on the electrical
parameters of the initial solar cell (Figure 1(a)) and the FTO/
(ZnO/1IGZO)/Sb,S;/MoO,/Au solar cell is shown in Figure S4.
This allows us to discuss the thermal stability of these solar
cells when the temperature is varied from 300K to 390K. In
both cases, it can be seen that the electrical parameters
decrease with increasing temperature. The thermal coefficient
(TC) of the electrical parameters of each solar cell (Figure S4)
shows that our proposed FTO/(ZnO/IGZ0)/Sb,S;/MoO,/Au
solar cell, with a TC of -0.35%/K for efficiency, is more stable
than the initial solar cell (Figure 1(a)), with a TC of -0.53%/K
for efficiency. This result further justifies the need to replace
Spiro-OMeTAD HTL to improve solar cell thermal stability.

Therefore, the FTO/(ZnO/IGZO)/Sb,S;/MoO,/Au solar cell,
where h-ETL is ZnO/IGZO, will be further optimized to
improve its performance in the remainder of this work.

3.4. Design of High-Efficiency FTO/(ZnO/IGZO)/Sb,S;/
MoO,/Au Solar Cell. Optimization of a solar cell is the pro-
cess of determining the parameters where the cell is most
efficient. This process is the study of the influence of certain
parameters of the layers of the solar cell on the performance
of the device. Thus, at the end of each study, the value of the
parameter that gives the best solar cell performance is
retained and used in the next study.

3.4.1. Optimization of the Sb,S; Absorber Layer

(1) Influence of Sb,S; Absorber Layer Thickness. The thick-
ness of the absorber is an essential parameter in optimizing
the performance of solar cells. It regulates photon absorp-
tion, charge generation, and recombination mechanisms.
Figure 6 shows the evolution of the simulated solar cell per-
formance parameters as the Sb,S; absorber thickness varies
from 0.15um to 0.35um. The other parameters are kept
constant according to Tables 1, 3, and 5. It can be seen that
Jsc» Voer and efficiency increase with increasing absorber
thickness (Figures 6(a) and 6(b)). The increase in these elec-
trical parameters can be explained by the fact that as the
absorber thickness increases, more photons with longer
wavelengths are absorbed. This favors the generation of a
larger number of electron-hole pairs due to the high absorp-
tion of the Sb,S; absorber [59]. The increased V. with
absorber thickness could also be attributed to improved p-
n junction quality [60]. However, with an optimum thick-
ness of 0.28 ym, a maximum efliciency of 7.83% is achieved.
Beyond this Sb,S, absorber thickness, the efficiency starts to
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FIGure 5: Effect of different HTL materials on (a) J-V characteristics and (b) quantum efficiency of a Sb,S;-based solar cell.

decrease as shown in Figure 6(b). The reason for this
decrease is mainly due to the strong recombination of
photogenerated electrons deep inside the absorber. Due to
the very short electron diffusion length in the Sb,S,
absorber, these electrons recombine before reaching the
ETL/Sb,S; interface [61]. On the other hand, an increase
in absorber thickness also results in a decrease in the fill fac-
tor (FF) of the solar cell (Figure 6(b)). The increase in series
resistance with absorber thickness is responsible for this

reduction in FF [62]. For the rest of our simulations, we
set the Sb,S; absorber thickness to 0.28 ym.

(2) Influence of Bulk Defect Density of the Sb,S; Absorber.
The bulk defect density (N,) in the absorber layer is also
an essential factor affecting solar cell performance. It is
essential to understand how this affects performance.
Figure 7 shows the influence of the bulk defect density of
the Sb,S, absorber layer on the simulated solar cell
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TaBLE 6: Simulated performance parameters, VBO, and activation energy of a Sb,S;-based solar cell using different HTL materials.

Electrical parameters

HTL Jsc (mA/cm?) Voe (V) FF (%) 1 (%) AE_ (eV) AE, (eV) E, (eV)
MoO, 15.33 0.74 65.31 7.44 1.2 0.1 1.7
CuSCN 15.29 0.74 64.54 7.39 2 -0.1 1.6
MASnBr; 15.02 0.74 65.09 7.26 0.31 0.14 1.7
Cu, O 15.02 0.74 64.56 7.24 0.5 -0.03 1.67
Cul 15.17 0.76 60.59 7.03 1.6 -0.2 1.5
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FIGURE 6: Solar cell performance versus Sb,S; absorber thickness: (a) Jg- and Vi and (b) FF and efficiency.
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FIGURE 7: Variation of solar cell electrical parameters as a function of absorber bulk defect density: (a) Js- and Vo and (b) FF and efficiency.

performance (J. 56 Voer FF, and efficiency). It varies in the
range from 10'°cm™ to 10" cm™. The analysis of the
results obtained reveals two trends: (i) on the one hand,
the performance parameters vary very little when the bulk
defect density is between 10'°cm™ and 10" cm™, and (ii)
on the other hand, decreasing sharply for defect densities
above 10°cm? (Figures 7(a) and 7(b)). In fact, the effi-
ciency goes from 8.91% at 10'°cm™ bulk defect density
to 0.04% at 10" cm™ bulk defect density (Figure 7(b)).
Equations (8) and (9) [42, 50] show that an increase of
the bulk defect density (N,) leads to a decrease of the car-
rier lifetime and thus to a decrease of their diffusion

length (Equation (10) [42, 50]), which leads to an increase
in the absorber recombination rate [62]. The results show
that Sb,S;-based solar cells perform best when the
absorber bulk defect density is less than 10'°cm™. There-
fore, in this study, we choose a bulk defect density of
10"°cm™ for the Sb,S, absorber for our further work.
These results are in good agreement with those obtained
by Odari et al. [40].

1
T =
n bl
GnvthNt

(8)
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1
TP B GpvthNt ’ (9)
KT
I=+/Dr, with D = “T. (10)

(3) Influence of the Acceptor Concentration of the Sb,S,
Absorber. To evaluate the effect of the Sb,S; absorber
acceptor concentration (N,) on the solar cell performance
(Jso>» Voo FF, and efficiency), a variation from 10'°cm™
to 10"°cm™ was performed; the results are shown in
Figures 8(a) and 8(b). The performance parameters show

almost constant values when the N, concentration is less than
or equal to 10"*cm™. Above this value, the performance
increases, except for V. (Figure 8(a)), which decreases with
increasing N, concentration; this would be associated with a
shift of the Fermi levels towards the center of the bandgap
and would facilitate the excitation of the charge [40]. These
results are in agreement with those of Odari et al. [40]. Increas-
ing N, reduces the trapping of photogenerated charges in the
Sb,S; absorber layer and thus improves their collection [40].
A maximum efficiency of 8.99% is obtained for an absorber
acceptor concentration of 10'®cm™. Thus, we set the doping
of the Sb,S, absorber layer at 10'®cm™.
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3.4.2. Optimization of ETL and HTL Layer Thicknesses. The
focus of this section is on the influence of the thickness of
the IGZO ETL and MoO; HTL materials. Thus, the thick-
nesses of the IGZO ETL and MoO, HTL layers vary simul-
taneously in the range of 0.01 ym to 0.1 ym and 0.1 ym to
0.19 ym, respectively, under the consideration of the previ-
ously optimized parameters. Figure 9 shows that the MoO,
HTL thickness has no effect on the solar cell performance,
regardless of the IGZO ETL thickness. The reason is that this
layer does not affect the generation and recombination pro-
cesses in the absorber layer. This result is in agreement with
the results of Gamal et al. [63]. The thickness of the ETL layer
greatly affects the electrical parameters of the solar cell. Jg
decreases with increasing ETL thickness (Figure 9(a)), as fewer
photons reach the absorber layer, reducing the photocurrent
and J¢. On the contrary, a thicker ETL layer increases the

space charge region width, which induces an increase in the
electric field at the ETL/absorber interface, thus allowing good
carrier separation at this interface. Hence, there is an increase
in V5 (reduction in surface recombination) (Figure 9(b)), FF
(Figure 9(c)), and efficiency (Figure 9(d)). This study shows
that HTL thickness has no effect on solar cell performance;
conversely, thicker ETL increases the width of the space charge
region, which causes an increase in electric field at the ETL/
absorber interface. For IGZO ETL and MoO; HTL thicknesses
of 0.03 ym and 0.1 ym, respectively, the solar cell achieves an
efficiency of 9.00% (Jsc =17.32mA/cm?, Ve =0.7422V,
and FF = 69.93%).

3.4.3. Influence of IGZO/Sb,S; Interface Defect Density on
Solar Cell Electrical Parameters. The quality of the metallur-
gical interface also affects the productivity of a solar cell. In
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FIGURE 10: Variation of Sb,S; solar cell electrical parameters as a function of IGZO/Sb,S; interface defect density: (a) Jgc, (b) Ve, (c) FF,

and (d) efficiency.

this subsection, the effect of defect density at the IGZO/Sb,S,
interface on device performance is investigated. This defect
density is varied from 10°cm™ to 10'°cm™. Figure 10
depicts the evolution of the simulated electrical parameters
(Jsc» Voo, FE, and efliciency) as a function of the defect den-
sity at the IGZO/Sb,S; interface. The results clearly show
that the defect density at the metallurgical junction ETL/
absorber interface significantly affects the solar cell perfor-
mance. In indeed, the short-circuit current density (J5c)
remains stable (around 18.4mA/cm?) for defect densities
in the range of 10°cm™ to 10 cm™ (Figure 10(a)). Above
10" cm™, the defect density increases the carrier recombina-
tion rate at this interface. This leads to a rapid decrease of
the Jgc [64]. This increase in the rate of carrier recombina-

tion at the interface is also responsible for the rapid decrease
in V¢ [65], as shown in Figure 10(b). The fill factor (FF)
decreases from 74.48 to 69.21% (Figure 10(c)). This is due
to the high heterojunction resistance of the solar cell, caused
by the increased defect density at the main junction interface
[65]. It then increases slightly when the defect density
exceeds 10> cm™. Due to its dependence on J¢c, Ve, and
FF, the solar cell efficiency (Equation (11) [66]) is also
affected by this defect density variation at the main junc-
tion interface. Indeed, solar cell efficiency drops from
15.40% to 9.00% as main junction defect density increases
(Figure 10(d)). Xiao et al. [15] considered a value of
10°cm™ for the defect density at the ETL/Sb,S, and
Sb,S;/HTL interfaces in their simulation work. The defect
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density at the ETL/Sb,S, interface is set to 10°cm™ for
further simulations.

(11)

3.4.4. Influence of Series and Shunt Resistances on Device
Performance. Series resistance (Rg) and shunt resistance
(Rgy;) have a significant impact on solar cell performance.
R is a combination of several resistances, including those
associated with the interface between the layers and the
metal contacts (the front and back contacts). It also
includes those encountered by the current flowing through
the emitter and base of the solar cell. In contrast, Rgy is
caused by leakage current [65]. The effect of varying Rg
and Rgy in the ranges 0-28 Q-cm” and 100-1500 Q-cm?,
respectively, on the simulated performance parameters

(Jse> Voe» FF, and efficiency) of the device is depicted in
Figure 11. For a fixed value of Rgy, Jgo decreases as Rg
increases (Figure 11(a)) due to an increase in internal
resistance. This impedes the transport of charge carriers
to the electrodes [67]. Conversely, Jg- increases as Rgy
increases for a fixed value of Rg. Figure 11(b) shows that R¢
has no significant effect on V5. On the contrary, an increase
in Rgyy leads to a slight increase in the open-circuit voltage.
Indeed, increasing Rgy; reduces the saturation current J,
which increases Vo (Equation (12) [68, 69]).

VOC = —

KT {]SC N 1}. (12)

0

Figure 11(a) shows that FF decreases as Rg increases. This is
consistent with Equation (13) [70]. In reverse, the increase in FF
with the resistance Rgy is due to low recombination rates [71].
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(13)

OoC

FF = FF (1 —R, %)

where FF . is the reference fill factor of the solar cell for a given
Rs.

Solar cell conversion efficiency (Figure 11(d)) follows
the same trend as the fill factor (Figure 11(c)). It can be
seen that increasing Rg negatively affects solar cell effi-
ciency, while increasing Rgy; significantly increases the effi-
ciency (positive effect). These simulation results show that
when designing solar cells, the layers should be arranged

to minimize Ry and maximize Rgy. The experimental
results show that the Ry and Rgy values of Sb,S;-based
solar cells are in the ranges of 4.71-40 Q-cm” and 49.9-
856.35 Q-cm’, respectively [12]. The optimum values of
Rq and Ry are set at 4Q-cm” and 800 Q-cm?, respectively,
for this simulation.

3.4.5. Effect of Rear Contact Extraction Energy and Operating
Temperature. Another important factor in improving the
efficiency of a solar cell is the metal work function (MWEF)
or the extraction energy of the back contact. To study the
effect of this energy on the performance of the simulated
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FiGURrk 13: Normalized electrical parameters of a Sb,S; solar cell as a function of the operating temperature for different types of rear metal

contacts: (a) Jgc» (b) Ve, (c) FF, and (d) efficiency.

solar cell, several back contacts such as iron (Fe), copper
(Cu), molybdenum (Mo), nickel (Ni), gold (Au), palladium
(Pd), and platinum (Pt) were tested, all derived from the
work of Derry et al. [72]. Figures 12(a) and 12(b)show that
the solar cell electrical parameters increase with increasing
extraction energy. Indeed, increasing the extraction energy
decreases the potential barrier ¢, (Equation (14) [39]) at
the HTL/back contact interface, leading to improved solar
cell electrical parameters (Table S5).

P, =Eg+ X = 0> (14)

where E, and y are the HTL bandgap and electron affinity,
respectively, and ¢, is back contact extraction energy.

In order to combine thermal stability and high perfor-
mance in the selection of the best back contact, we also eval-
uate the operating temperature effect on solar cell
performance for these previous back contacts. In fact,
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FIGURE 14: J-V characteristics of experiment (red), simulation (black), optimization (blue), and idealized (pink) structures.

TaBLE 7: Optimized parameters of the Sb,S; solar cell.

Optimized parameters Values

Absorber thickness 0.28 ym
Absorber bulk defect density 10"°cm™
Absorber acceptor concentration 10" cm™

Thickness of IGZO ELT and

MoO; HTL materials 0.03 pm and 0.1 ym

IGZO/Sb,S; interface defect density 10°cm™
Rg and Rgy; resistances 4 0-cm” and 800 Q-cm”
Back contact extraction energy (nickel) 51eV

operating temperature is an essential parameter in solar cell
design. Figure 13 depicts the effect of operating temperature,
which ranges from 298 K to 378 K (25°C to 105°C), on solar
cell electrical parameters for different contacts.

The short-circuit current density (J¢-) is not sensitive
to the temperature gradient and the extraction energy of
the back contact (Figure 13(a)). In fact, the Jg is propor-
tional to the number of photogenerated carriers, which
increases with temperature [73]. However, the more
photogenerated carriers, the more collisions occur, increas-
ing the probability of recombination. These opposing phe-
nomena tend to keep the J¢- constant [74]. These results

TaBLE 8: Electrical parameters of experimental, simulated, and
optimized solar cells.

Solar cell Jsc (mA/cm®) Voo (V) FF (%) 7(%)
Experimental 16.17 0.58 53.12 5.08
Simulated 16.19 0.56 55.40 5.08
Optimized 18.51 1.11 74.76 15.43

are consistent with those reported by Abena et al. [37]
and Jhuma et al. [74].

On the one hand, Figure 13(b) shows that when the
extraction energy is greater than or equal to 5.1eV, the
Voc decreases linearly with increasing operating tempera-
ture. This decrease is due to the fact that the saturation
current J, (Equation (15) [66]) increases with temperature,
which reduces the V. (Equation (12)). On the other
hand, when ¢, is less than 5.1eV, the V increases with
the temperature gradient and the decrease in the metal
work function. Indeed, as the temperature increases, the
bandgap decreases (Equation (16) [68]), which reduces
the recombination current (Equation (15)) and induces
the increase in V- (Equation (12)). Furthermore, the
low metal work function (less than 5.1eV) induces low
potential barriers, which allows good carrier collection.
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TaBLE 9: Performance parameters of Sb,S;-based solar cells reported in the literature and those obtained in this work.
Search type Proposed cell structure Isc (mA/cm?) Voc (V) FF (%) n (%)
FTO/(ZnOJ/TiO,)/Sh,S; (E, = 1.7 €V)/Spiro-OMeTAD/Au [23] 16.17 0.58 53.12 5.08
ITO/CdS/Sb,S; (E, = 1.7 eV)/Au [76] 10.8 0.71 455 35
Experimental FTO/CdS/Sb,S, (Eg =1.7eV/Au [77] 10.92 0.588 46.77 3.01
FTO/CAS/Sb,S; (E, =1.61 V)/Au [78] 9.14 0.54 47.48 2.20
SLG/Mo/Sb,S, (E, = 1.75 €V)/Cds/i-ZO/AZO/Ni:Al [79] 5.96 0.574 37.78 1.29
FTO/ZnS/Sb,S, (E, = 1.62 €V)/Cu,0/Au [15] 24.41 1111 84.04 2278
FTO/CdZnS/Sb,S,/carbon [16] 21.99 1.192 85.37 22.39
FTO/TiO,/Sb,8; (E, = 1.7 V)/Cu,0/Au [75] 24.44 0.948 7996 2143
Simulation AZO/ZnO/CdS/Sb,S; (E, =1.62eV)/Au [13] 20.15 123 83.1 20.60
CdS/Sb,S, (Eg =1.62¢eV)/Pt [14] 19.04 1.31 85.90 18.52
ZnO:Al/i-ZnO/CdS/Sb,S; (E, = 1.62 €V)/Mo [12] 15.98 0.723 83.23 9,51
Glass/TCO/TIO,/Sb,S; (E, = 1.7 eV)/P3HT/Ag [40] 15.23 0.75 73.55 8.41
Glass/FTO/(ZnO/IGZO)/Sb,S, (Eg =1.7eV)/MoO,/Ni (this work) 18.51 1.11 74.76 15.43
Ideal case (Rg = 00-cm% Rgyy = 00) (this work) 18.60 1.12 85.10 17.73

qE
Jo=A X exp (—g>, (15)
0 kg T
where A =1.5x 108 mA/cm?.
a-T?
E(T)=E(0) - 7, gy (16)

where E,(T) is the bandgap, T is the absolute tempera-
ture, E,(0) is the bandgap at T~0K, and « and B are
the constants that characterize the semiconductor material.

Figure 13(c) shows that the fill factor (FF) decreases with
increasing temperature. However, this trend is not followed
by devices with metal work functions of 5eV and 5.1eV.
This can be explained by the fact that at these values, less
recombination is generated in the device and therefore does
not cause the FF to decrease.

The evolution of solar cell efficiency (Figure 13(d)) is
imposed by V. (Figure 13(b)), since both curves follow the
same trend. In addition, the temperature-dependent efficiency
of each device shows that there are three ranges of thermal sta-
bility for the different back contacts used (Table S6):

(i) The first range corresponds to devices with a back
contact extraction energy below 5.1eV. These
devices are characterized by good thermal stability

(ii) The second is devices with extraction energies above
5.1eV. These are devices with low thermal stability

(iii) The devices with MWF of 5.1 eV are the third series.
The thermal stability of this series is intermediate
between the two previous series

Therefore, based on the above analysis, we conclude that
the Sb,S;-based solar cell that combines high performance

(15.43%) and the best thermal stability (-0.043%/K) is the
structure with the back contact extraction energy of 5.1eV
(Table S6).

3.4.6. Optimized Solar Cell Structure and Comparison.
Figure 14 shows the J-V characteristics of the Sb,S;-based
solar cell experimentally reported by Baron Jaimes et al.
[23], the one we simulated using the SCAPS-1D software
for model validation, the one optimized by simulation con-
sidering the optimal parameters obtained in the previous
sections (Table 7), and the one for the ideal case (when
Rq is neglected and Ry is very large). Table 8 summarizes
the electrical parameters of the different structures and
shows how the performance differs. As a result, the effi-
ciency of the Sb,S;-based solar cell increased from 5.08%
(Jsc = 16.19mA/cm?, Vo =0.56V, and FF=55.40%) to
1543% (Jsc =18.51mA/cm®, Voo =111V, and FF=
74.76%). Furthermore, to compare our results, some per-
formance parameters of Sb,S; solar cells reported in the lit-
erature are shown in Table 9. The performance of the solar
cell is affected by a small change in the Sb,S; absorber
bandgap. It should be noted that the devices with a Sb,S;
absorber bandgap of 1.7eV, e.g., the work of Chen et al.
[75], show a considerable difference. This can be due to dif-
ferent configurations (interfaces, resistors, etc.), optimiza-
tion parameters, and the optimization process.

4. Conclusion

In this work, the experimental Sb,S;-based solar cell, with
hybrid electron transport layer (ZnO/TiO,), was designed
and simulated using SCAPS-1D software. To solve the sta-
bility problems of using the Spiro-OMeTAD HTL and to
find better h-ETL (hybrid electron transport layer) material
that can improve the electron transport, the effect of differ-
ent ETL (CdS, Cd,sZn, S, IGZO, and PCBM) and HTL
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(CuSCN, MoO,, CuO,, and MASnBr,;) materials on the
performance of the modeled solar cell was first investi-
gated. The effect of ETL materials shows that the solar cell
performs better when the ETL material has a wide band-
gap, low activation energy, and an intense electric field at
the ETL/Sb,S, interface. The HTL material effect results
show that HTL with both energy spike at Sb,S;/HTL
interface and high hole mobility achieves better solar cell
efficiency. Thus, cell efficiency and thermal stability were
improved by selecting IGZO ETL and MoO; HTL mate-
rials to replace TiO, ETL and Spiro-OMeTAD HTL,
respectively. Subsequently, the optimization of the new
FTO/(ZnO/IGZO)/Sb,S;/MoO,/Au solar cell shows that
the greater thickness and bulk defect density in the Sb,S;
absorber and the greater defect density at the main junc-
tion interface increase the recombination rate in the solar
cell. However, by reducing the number of recombination
centers, higher acceptor concentrations compensate for
these negative effects on cell performance. The HTL thick-
ness has no effect on cell performance; conversely, thicker
ETL material increases the width of the space charge
region and the electric field at the ETL/absorber interface.
In addition, it was found that higher shunt resistances
overcome the negative effects of higher series resistances
on performance parameters. For the higher efficiency, the
optimum values obtained are 0.280 um, 10'°cm™, and
10" cm™ for the thickness, bulk defect density, and doping
of the Sb,S; absorber, respectively; 0.03 ym for the thick-
nesses of the IGZO ETL; 10°cm™ for the defect density
of the h-ETL/Sb,S; interface; and 40-cm? and 400 Q-cm?
for the series and shunt resistances, respectively. The com-
bination of high performance and thermal stability of the
device shows that three ranges of thermal stability exist
for different metal work function. Finally, an efliciency of
15.43% and a temperature coefficient of -0.043%/K are
obtained for the proposed FTO/(ZnO/IGZO)/Sb,S,/
MoO,/Ni device.
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