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Abstract
Investigations into novel device architectures and interfaces that enhance charge transport and
collection are necessary to increase the power conversion efficiency (PCE) of antimony selenide
(Sb2Se3) solar cells, which have shown great promise as a low-cost and high-efficiency alternative
to conventional silicon-based solar cells. The current work uses device simulations to design p-i-n
and n-i-p Sb2Se3-based solar cell structures. The n-i-p configuration is investigated by comparing
distinct electron transport layer (ETL) materials to get the best performance. While certain ETL
materials may yield higher efficiencies, the J–V curve may exhibit S-shaped behavior if there is a
misalignment of the bands at the ETL/absorber interface. To address this issue, a proposed double
ETL structure is introduced to achieve proper band alignment and conduction band offset for
electron transport. A PCE of 20.15% was achieved utilizing (ZnO/ZnSe) as a double ETL and
Spiro-OMeTAD as a hole transport layer (HTL). Further, the p-i-n configuration is designed by
proposing a double HTL structure to facilitate hole transport and achieve a proper valence
band offset. A double HTL consisting of (CuI/CuSCN) is used in conjunction with ETL-free
configuration to achieve a PCE of 21.72%. The simulation study is conducted using the SCAPS-1D
device simulator and is validated versus a previously fabricated cell based on the configuration
FTO/CdS/Sb2Se3/Spiro-OMeTAD/Au.

1. Introduction

Solar cells are a key renewable energy resource that has gained significant attention in recent years due to
their potential to address the challenges of climate change, energy security, and sustainability. The energy
generated by solar cells is free, abundant, and widely available, making them an ideal solution for meeting the
growing electricity demand. In recent years, photovoltaic (PV) technology has advanced rapidly, resulting in
increased efficiency, reduced costs, and improved reliability [1, 2]. Silicon solar cells are the most commonly
employed and mature PV technology, accounting for more than 90% of the global market [3]. Silicon solar
cells have several advantages, including high efficiency, long lifespan, and low maintenance requirements.
They are also environmentally friendly [4]. In recent years, research has focused on improving silicon solar
cells’ efficiency through advanced manufacturing techniques, such as passivation and surface texturing, as
well as the incorporation of new structures [3–5]. Alternatively, thin film solar cells (TFSCs) are a type of PV
technology that uses thin layers of semiconductor materials [6]. Unlike traditional silicon solar cells, TFSCs
are flexible, lightweight, and can be produced at lower costs, making them an attractive option for many
applications. TFSCs use less material than traditional silicon solar cells, making them cheaper to produce.
They can also be produced using roll-to-roll manufacturing techniques, allowing for high-volume and
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low-cost production [7]. However, TFSCs typically have lower efficiencies than silicon solar cells, which can
limit their effectiveness in some applications.

Some thin film materials also contain toxic elements, such as cadmium or lead, which can pose
environmental risks if not handled properly [8]. One of the most promising candidates for use in TFSCs is
antimony selenide (Sb2Se3), a semiconductor material that has recently gained interest in the field of solar
cells [9]. PV devices based on Sb2Se3 have shown promising results because of their unique properties, such
as high absorption coefficient, suitable bandgap, and favorable carrier transport characteristics [10].
According to [11], the bandgap of Sb2Se3 falls within the range of 1.1–1.3 eV, while the carrier mobility has
been reported to be in the range of 50–300 cm2 (V s)−1 [12]. In addition, the carrier lifetime has been
reported to be on the order of nanoseconds to microseconds, while the optical absorption coefficient is
around 104–105 cm−1 [12]. Moreover, Sb2Se3 is an abundant and low-cost material, which makes it an
attractive option for the large-scale production of solar cells [12]. In this context, the use of Sb2Se3 as an
absorber material in solar cells has been extensively investigated by researchers worldwide, where over a few
years, the power conversion efficiency (PCE) of Sb2Se3-based solar cells has significantly increased from less
than 3% to approximately 10.57% [13–16], demonstrating the significant potential of Sb2Se3 as a material
for PV applications.

Several research works have aimed to develop Sb2Se3-based PV cells, utilizing different methods such as
close-spaced sublimation, atomic layer deposition, and hydrothermal deposition. These studies have
employed various electron and hole transport layers, resulting in a range of efficiencies from 6.5% to 9.2%
[17–19]. The transport layers are avoided in order to prevent the interface issues related to the mismatch
between the absorber and these layers. In this regard, PCEs of 6.7 and 7.6% were achieved with hole
transport layer (HTL)-free substrate and n-i-p structures, respectively [20, 21]. Recently, Chen et al provided
an effective doping strategy for optimizing the physical properties of the Sb2Se3 absorber and, therefore, the
further efficiency advancement of the Sb2Se3-based solar devices [22]. The PCEs reported in the literature of
Sb2Se3 PV cells still lag behind the theoretical PCE limit, which is almost 27% [23]. Many key cell parameters
must be explored to enhance cell performance, as the recorded PCE of Sb2Se3 PV cells is still below the
theoretical limit, indicating the need for further optimization.

To conserve time and experimental work, numerical simulations are necessary to identify the key design
parameters and suggest practical solutions. However, few studies have investigated p-i-n and n-i-p structures
for Sb2Se3 cells. Numerous efforts were conducted to simulate Sb2Se3-based solar cells with different electron
and hole transport layer materials [23–28]. However, few studies have investigated p-i-n and n-i-p structures
for Sb2Se3 solar cells. For example, Cao et al proposed and simulated a p-i-n Sb2Se3 cell in an inverted
ITO/NiO/Sb2Se3/PCBM/Ag architecture and reported a PCE of 19.6% with suppressing the defect states and
an absorber thickness of 0.5 µm [25]. Further research is needed to determine the optimal structure for
Sb2Se3 cells.

In this paper, p-i-n and n-i-p Sb2Se3-based solar cells will be designed using a SCAPS device simulator
[29]. The work utilizes calibration and extraction of material parameters based on experimental studies.
Different key parameters are optimized based on technological constraints related to fabrication. The initial
validation of the simulation model is performed by comparing the simulation results with a formerly
fabricated cell based on the configuration FTO/CdS/Sb2Se3/Spiro-OMeTAD/Au [16]. Although the
short-circuit current (Jsc) of this cell is relatively high, its open-circuit voltage (Voc) is relatively low,
indicating a need for improvement in the cell design. Thus, we investigate two different Sb2Se3 cell
configurations to improve the Voc, and thus enhance the cell performance. The n-i-p configuration is
investigated to achieve a proper band alignment between the absorber and the contact through the design of
the electron transport layer (ETL). In addition, the cell performance is compared with and without HTL.
Moreover, the p-i-n structure is explored to optimize the band alignment by the design of the HTL to attain a
proper valence band offset (VBO). Also, the cell performance is compared with and without ETL. All
simulations are performed in the SCAPS-1D software platform under the illumination of 1-sun AM1.5G.

2. Simulationmethodology and device structure

2.1. Simulation approach
In this study, the SCAPS-1D simulator, researched at the electronics and information systems department of
Gent University, is exploited to design, and evaluate the Sb2Se3-based solar cell. The simulator has been
employed extensively to model and simulate thin-film solar cells [30–35]. Figure 1 depicts a flowchart of the
SCAPS simulator, illustrating the main semiconductor equations and the necessary input physical and
geometrical parameters. The simulator concurrently solves Poisson’s equation and electron and hole
continuity equations. The drift-diffusion transport model is then utilized to evaluate the current densities of
the carriers. Regarding recombination statistics, the simulator provides the option to choose the
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Figure 1. SCAPS-1D simulator flowchart indicating the involved input parameters along with the main semiconductor equations.

Shockley-Read-Hall (SRH) and/or Auger mechanisms. However, in our simulation, we solely employ the
SRH mechanism. SCPAS-1D software is well suited for thin film PV cells as it has demonstrated satisfactory
results and has been extensively validated against various types of experimental thin film cells
[31–34, 36, 37]. The definitions of primary input and output technological parameters from SCAPS-1D are
recorded in table S1 in the supplementary materials and their definitions.

2.2. Device configuration andmaterial parameters
The cell construction of the Sb2Se3-based solar cell and energy band profiles before and after contact are
exhibited in figure 2. The solar cell is composed of thin layers, as follows. A work function of 4.7 eV is set for
the FTO front contact. The back contact is Au with a work function of 5.1 eV. The ETL material is CdS, while
Spiro-OMeTAD acts as an HTL. Table 1 summarizes the major parameters of the cell layers used in this
study, which are extracted from published studies. In addition, the boundary conditions of the two contacts
were considered to satisfy thermionic emission, and the electron and hole surface recombination velocities
are specified in table S2 of the supplementary material. The thermal velocities of electrons and holes are set
to 1× 107 cm s−1 for all layers.

Furthermore, single, and neutral defects with a trap defect density of 5× 1012 cm−2 are considered for
the CdS/Sb2Se3 and Sb2Se3/Spiro-OMeTAD interfaces. The other defect factors at these interfaces are
summarized in table S3 in the supplementary material. The bulk defects within the Sb2Se3 absorber are
recorded in table 2 based on experimental reports [16]. While conducting our simulations using the SCAPS
simulator, it is important to acknowledge that the tool does not account for advanced effects related to
anisotropy, which is a unique characteristic in quasi-2D materials like Sb2Se3. The illuminated current
density–voltage (J–V) characteristics of simulated and experimental Sb2Se3 cells [16] are presented in
figure 3(a), utilizing the listed parameters. The simulated PV parameters match the experimental data as
revealed in table 3, indicating the validation of the simulation from SCAPS-1D. In addition, the external
quantum efficiency (EQE) curves of simulated and experimental Sb2Se3 cells [16] are presented in figure S1.
The absorption spectra of transport layers (CdS and Spiro-OMeTAD) are incorporated from SCAPS, where
the corresponding files for these materials are readily available in the SCAPS database. For Sb2Se3, we used
the square root model implemented in SCAPS and the absorption coefficient is computed using
equation (1),

α(λ) =

(
A+

B

f

)√
hf + Eg. (1)

Here, Eg is the material bandgap, and A (in cm−1 eV−1/2) and B (in cm−1 eV+1/2) are model parameters.
This approach is verified when comparing the measured Jsc with the corresponding simulation value. The
values of A, B and band tail are 2.967× 105 cm−1 eV−1/2, 1.095× 10−12 cm−1 eV+1/2 and 20 meV,
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Figure 2. Typical FTO/ETL/Sb2Se3/HTL/Au cell configuration: (a) main layers (CdS serves as an ETL and Spiro-OMeTAD acts as
an HTL), (b) energy band profile before contact illustrating the accompanying energy levels of each thin film, and (c) energy band
diagram after contact at short circuit current condition under AM1.5G illumination.

Table 1. Key technological parameters of the various layers of the Sb2Se3-based PV cell.

Parameters CdS Sb2Se3 Spiro-OMeTAD

t (nm) 60 260 150
Eg (eV) 2.3 1.2 3.17

χ (eV) 4.23 4.13 2.05
εr 10 10 3
µn (cm

2 V s−1) 100 5 2× 10−4

µp (cm
2 V s−1) 25 1.5 2× 10−4

Nc (cm
−3) 2.2× 1018 2.2× 1018 2.2× 1018

Nv (cm
−3) 1.9× 1019 1.8× 1019 1.8× 1019

ND (cm−3) 1× 1017 — —
NA (cm

−3) — 7.25× 1015 2× 1019

References [32] [16, 32] [34]

respectively. Also, upon slightly changing these values, a good match between our simulation and the
experimental EQE is obtained, as clarified in figure S1. It is noted that the integrated current density from
EQE curves was 30.71 mA cm−2, which was lower than the Jsc obtained from the corresponding J–V curves
(33.52 mA cm−2). This mismatching of Jsc between the EQE curves and the J–V curves can also be observed
in previous studies of Sb2Se3 solar cells [19, 38].
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Table 2. Defects parameters of the Sb2Se3 applied in device simulation [16].

Parameter Defect 1 Defect 2

Defect type Single acceptor (0/−) Single acceptor (0/−)
Energetic distribution Gaussian Gaussian
Capture cross section (cm2) 3.23× 10−17 3.3× 10−15

Energy level (eV) 0.609 (above Ev) 0.691 (above Ev)
Total density (N t) (cm

−3) 1× 1013 4.27× 1012

Electron diffusion length (Ln) (µm) 63 9.6
Hole diffusion length (Lp) (µm) 35 5.3

Figure 3. Calibration of simulation versus experimental data [16] (a) J–V curves under AM1.5G illumination, and (b) the
dependencies of Voc and Jsc on I.

Table 3. PV parameters extracted from illuminated J–V curves for experimental and simulated data [16].

PV Parameters Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

Experimental data 0.467 33.52 67.64 10.57
SCAPS simulation 0.466 33.64 67.06 10.51

In order to further confirm the model accuracy, the relationship between Voc and light intensity (I) based
on simulation against measurements [16] is exhibited in figure 3(b). Remarkably, Voc can be theoretically
formulated as a function of I using equation (2) [39],

Voc = εVT ln(I)+ constant (2)

where VT and ε are the thermal voltage and the ideality factor, respectively. As all photo-excited carriers
recombine in the absorber film at open circuit conditions, determination of the carrier recombination
mechanism is possible based on equation (2). It was found that a solar cell shows extra SRH recombination
rates if ε is greater than 1 [39, 40]. As is depicted in figure 3(b), the values of ε were computed as 1.4094 and
1.4141 for experimental and simulated solar cells, respectively.

3. Results and discussion

3.1. Sb2Se3 cell with n-i-p configuration
In this subsection, we investigate the performance of the n-i-p Sb2Se3 solar cells. The proposed cells have the
following configurations: single and double ETL. For the single ETL structures, various ETL materials are
explored with and without HTL. In addition, regarding the double ETL structures, in which two electron
transport layers are designed, some selected materials are simulated within the solar cell to provide the best
band alignment throughout the cell. The simulation is also done with and without HTL. In all investigated
devices, the top and bottom contacts are FTO and Au, respectively.

3.1.1. Single ETL versus double ETL
To achieve high-performance n-i-p Sb2Se3-based solar cells, the materials used in the ETL design must
possess specific properties. These properties include a high value for the work function to match the energy
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Table 4. Fundamental physical parameters of various inorganic ETL materials.

Parameters Zn0.8125Mg0.1875O ZnO IGZO WS2 ZnSe

t (nm) 60 60 60 60 60
Eg (eV) 3.65 3.2 3.05 1.8 2.81
χ (eV) 4.21 4.26 4.16 3.95 4.09
εr 9 9 10 13.6 8.60
µn (cm

2 V s−1) 50 200 15 100 400
µp (cm

2 V s−1) 20 5 0.1 100 110
Nc (cm

−3) 1× 1016 2× 1018 5× 1018 1× 1018 2.2× 1018

Nv (cm
−3) 1× 1017 1.8× 1019 5× 1018 2.4× 1019 1.8× 1018

References [43] [44] [34] [45] [46]

Figure 4. Illuminated J–V curves of n-i-p Sb2Se3 cell with various single and double ETL structures.

level of the Sb2Se3 layer and FTO, transparency to allow for better light absorption in the photoactive film,
high electron mobility to ease electron transportation and reduce charge accumulation and recombination,
and a wide bandgap to block hole carriers. While conventional CdS meets most of these criteria, its low
bandgap and negative conduction band offset (CBO) result in lower Voc, as previously noted. The
heterojunction interface also plays a critical role in controlling recombination, electric field, and current flow
on both sides of the heterojunction. Therefore, extra research is necessary to identify suitable ETL materials.
CBO is essential in determining Voc and cell efficiency, as defined in [41, 42] (see equation (3)), making it a
crucial factor to consider in ETL analysis,

CBO = ∆Ec = χ absorber − χETL. (3)

According to a previous study [41], the optimal CBO for a perovskite solar cell ranged from 0 to 0.3 eV.
However, we do not believe that this choice provides a universal solution for other TFSCs. The numerical
study was conducted with a high interface trap concentration, which may result in other effects being
overshadowed by interface recombination. Table 4 displays the fundamental parameters of various ETL
materials, selected to cover a range of CBO values. Figure 4 depicts the various ETL materials and their
associated J–V characteristic curves under AM1.5G illumination.

The results show that ZnSe is the most suitable ETL material, owing to its favorable band alignments and
high conductivity. Yet, the barrier height of the majority carriers between the ETL and front FTO contact is
also critical and should not be overlooked. Table 5 presents the values of the majority barrier height (φn) for
the various ETL materials. It should be noted that the S-shape behavior happens because of the band
misalignment between the ETL and FTO contact, which can be explained by the value of φn. This
misalignment creates an electric field that blocks electron transportation to the contact, resulting in more
kink behavior. ZnSe has a lower S-shape trend, despite having the largest φn compared to other ETL
materials, because it has the highest electron mobility. The barrier height and electron mobility dictate
electron transport from the ETL to the front contact, with ZnSe showing the lowest kink effect overall.

6
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Table 5. Band and PV parameters for n-i-p Sb2Se3 cell with various single and double ETL materials.

Cell configuration ETL φn CBO Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

CdS/Sb2Se3/Spiro

Single

0.47 −0.1 0.466 33.64 67.06 10.51
CdS/Sb2Se3/HTL-free 0.47 −0.1 0.467 33.15 65.97 10.23
WS2/Sb2Se3/Spiro 0.75 0.18 0.405 32.40 64.24 8.42
Zn0.8125Mg0.1875O/Sb2Se3/Spiro 0.49 −0.08 0.500 35.95 66.29 11.93
IGZO/Sb2Se3/Spiro 0.54 −0.03 0.478 35.78 66.18 11.32
ZnSe/Sb2Se3/Spiro 0.61 0.04 0.506 35.65 67.18 12.13
ZnSe/Sb2Se3/HTL-free 0.61 0.04 0.511 35.22 65.29 11.76

(ZnO-ZnSe)/Sb2Se3/Spiro Double
0.44 0.04 0.720 36.46 76.72 20.15

(ZnO-ZnSe)/Sb2Se3/HTL-free 0.44 0.04 0.675 36.22 74.91 18.34

Figure 5. Energy band profile at short circuit current condition under AM1.5G illumination for n-i-p Sb2Se3 cell with different
ETL architectures (a) single ETL (CdS & ZnSe), and (b) double ETL (ZnO/ZnSe).

For a comprehensive design of the investigated cell, it is desirable to eliminate the S-shape curve
possibility resulting from the misalignment of the ETL material with the work function of the front FTO
contact. Additionally, CBO engineering have to be pursued to accomplish the highest feasible PCE. This part
explores the utilization of a dual ETL system, consisting of ZnSe as an adjacent layer to the Sb2Se3 absorber
and ZnO as an additional ETL. Defect parameters at the ZnO/ZnSe interface are the same as for the
ETL/absorber interface. Furthermore, the performance of the double ETL cell is analyzed both with and
without an HTL, and the J–V curves of their output under illumination are depicted in figure 4. The
outcomes indicate that the anticipated reduction of the S-shaped curve phenomenon has been achieved.
Both variations of the double ETL design exhibit significant enhancements over the single ETL structure,
which utilizes ZnSe as the ETL. The configuration that incorporates ZnO as the additional ETL displays
greater improvement owing to its advantageous band alignments and elevated conductivity, in contrast to
the structure that utilizes ZnSe as the sole ETL. The PV parameters of all the analyzed ETLs have been
established and are presented in table 5.

3.1.2. Physical interpretation of the results
In order to provide a physical explanation for the observed trends when using either a single ETL or a double
ETL, the energy band profiles have been created for three distinct cases: single ETL using CdS and ZnSe, and
double ETL using ZnO/ZnSe, as illustrated in figure 5. Based on figure 5(a), it can be deduced that though
ZnSe presents stronger hole blocking than CdS, its misalignment with the FTO contact creates a barrier that
hinders electron transport due to its high φn. However, it exhibits a favorable band alignment with the
absorber, resulting in an almost flat band. Conversely, figure 5(b) demonstrates that the combination of two
ETLs aids in facilitating electron transport towards the FTO contact, as well as providing hole-blocking
capabilities.

Furthermore, in order to offer a physical description for the decrease in performance parameters
observed when utilizing a double ETL configuration with HTL-free, the recombination rate profile across the
device distance at the illuminated short-circuit condition has been generated, as depicted in figure 6(a). The
figure demonstrates that choosing a double ETL configuration is advantageous in terms of minimizing
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Figure 6. (a) Recombination rate profiles, and (b) electric field distribution plotted under illuminated short-circuit condition for
n-i-p structure with double ETL with and without HTL.

recombination losses. However, when utilizing a double ETL configuration with HTL-free, the
recombination rate in the absorber layer increases. The distribution of the electric field along the device
structure, from HTL to ETL direction, at the illuminated short-circuit situation provides further support for
the concept of recombination behavior. This distribution is displayed in figure 6(b). The figure reveals that
the interface between the back contact and the HTL experiences the highest electric field in the case of a
double ETL configuration. This is attributed to the HTL’s heavily doped concentration which hinders the
capture of free negative charge carriers at the back contact, leading to an increase in total current density.
Moreover, there exists a negative peak at the interface between the HTL and absorber which aids the
extraction of photogenerated holes from the absorber layer to the back contact. Consequently, the use of a
double ETL configuration enhances the solar cell performance.

3.2. Sb2Se3 cell with p-i-n configuration
In this subsection, the performance of the p-i-n Sb2Se3 solar cells is studied. The proposed cells have the
following structures: single and double HTL. For the single HTL cells, various HTL materials are assessed
with and without HTL. Additionally, concerning the double HTL configurations, in which two hole
transport layers are designed, some chosen materials are simulated to arrange for the best band alignment
throughout the investigated cells. The simulation is also done with and without ETL. In all presented cells,
the top and bottom contacts are FTO and Ag, respectively.

3.2.1. Single HTL versus double HTL
In order to produce high-performance p-i-n Sb2Se3-based cells, the materials utilized in the HTL design
must possess specific characteristics. These characteristics include a high value of the work function to match
the energy level of the Sb2Se3 layer and FTO, transparency to enable better light absorption in the absorber,
higher hole mobility to make hole flow easier and reduce charge carrier recombination, and a large bandgap
to prevent undesirable electron flow. Although conventional Spiro-OMeTAD fulfills most of these
requirements, its low hole mobility and negative VBO result in lower Voc, as previously stated. The VBO is
vital in determining Voc and cell efficiency, as described in [41] (equation (4)), rendering it a critical factor to
consider in HTL analysis,

VBO =∆Ev = (Eg +χ)HTL − (Eg +χ)absorber. (4)

A prior investigation [41], indicated that the optimal VBO for a perovskite solar cell was between 0 to
0.2 eV. Nonetheless, we do not believe that this selection offers a universal solution for other TFSCs as we
explained here before. Table 6 showcases the essential parameters of various HTL materials that were chosen
to encompass a range of VBO values. Figure 7 illustrates the distinct HTL materials and their respective J–V
characteristics under illumination.

The findings indicate that the conventional HTL material (Spiro-OMeTAD) displays S-shape behavior
because of the band misalignment between the HTL and FTO contact, attributed to the majority barrier

8
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Table 6. Fundamental parameters of different inorganic HTL materials.

Parameters CuSCN NiO CuI CuO

t (nm) 75 75 75 75
Eg (eV) 3.6 3.8 3.1 2.1
χ (eV) 1.7 1.46 2.1 3.2
εr 10 10.7 6.5 7.11
µn (cm

2 V s−1) 100 12 100 3.4
µp (cm

2 V s−1) 25 2.8 43.9 3.4
Nc (cm

−3) 2.2× 1019 2.8× 1019 2.8× 1019 2.2× 1018

Nv (cm
−3) 1.8× 1018 1× 1019 1× 1019 1.8× 1018

References [45] [45] [45] [47]

Figure 7. Illuminated J–V characteristics of p-i-n Sb2Se3 cell with different HTL layers.

Table 7. Band and PV parameters for p-i-n Sb2Se3 cell with various single and double HTL materials.

Cell configuration HTL φp VBO Voc (V) Jsc (mA cm−2) FF (%) PCE (%)

Spiro/Sb2Se3/CdS

Single

0.52 −0.11 0.511 35.46 51.47 9.33
Spiro/Sb2Se3/ETL-free 0.52 −0.11 0.579 35.90 56.11 11.67
CuO/Sb2Se3/CdS 0.60 −0.03 0.537 34.93 67.71 12.71
CuSCN/Sb2Se3/CdS 0.60 −0.03 0.625 38.33 61.13 14.65
NiO/Sb2Se3/CdS 0.56 −0.07 0.627 37.82 68.67 16.31
CuI/Sb2Se3/CdS 0.50 −0.13 0.624 36.29 73.42 16.64
CuI/Sb2Se3/ETL-free 0.50 −0.13 0.691 36.64 75.28 19.08

(CuI-CuSCN)/Sb2Se3/CdS Double
0.50 −0.03 0.629 38.12 78.66 18.87

(CuI-CuSCN)/Sb2Se3/ETL-free 0.50 −0.03 0.698 38.12 81.55 21.72

height (φp) value. Furthermore, Spiro-OMeTAD has low conductivity and a high negative VBO. Hence, the
alignment of the band on both sides of the HTL is critical and should not be passed over. Table 7 provides the
φp and VBO values for various HTL materials. CuI demonstrates the most exceptional performance, despite
having the largest negative VBO among the HTL materials, due to its high conductivity and favorable band
alignment with the front contact. The barrier height and hole mobility determine hole flow from the HTL
towards the front electrode, with CuI showing the least kink effect overall.

To ensure the optimal design of the PV cell being studied, it is crucial to avoid the existence of the
S-shape J–V behavior, resulting from the misalignment of the hole transport material with the FTO, as well
as to pursue VBO engineering to achieve the highest possible PCE. To address these concerns, this study
explores the utilization of a double HTL, consisting of CuI as an adjacent layer to the contact and CuSCN as
an additional HTL, and investigates the double HTL cell performance with and without an ETL layer. The
defect parameters at the CuI/CuSCN interface are the same as those for the HTL/absorber interface. The J–V
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Figure 8. Energy band profile at short circuit current condition under AM1.5G illumination for p-i-n Sb2Se3 cell with various
HTL architectures (a) single HTL (Spiro & CuI), and (b) double HTL (CuI/CuSCN).

Figure 9. (a) The recombination rate profiles, and (b) the electric field distribution plotted under illuminated short-circuit
condition for p-i-n configuration with double HTL with and without ETL.

curves under illumination for these configurations are depicted in figure 7, and the results show significant
improvement over the single HTL structure. Additionally, table 7 presents the PV parameters of all the
investigated HTLs.

3.2.2. Physical interpretation of the results
To explain the observed trends when using a single HTL or a double HTL, the energy band profiles were
created for three cases: single HTL using Spiro and CuI, and double HTL using CuI/CuSCN, as shown in
figure 8. From figure 8(a), it can be inferred that although CuI has larger hole mobility and deeper electron
barring properties than Spiro, its misalignment with the absorber creates a cliff-like band offset that deters
the transport of holes. Although the cliff band case does not hinder the extraction of photoexcited holes from
the photoactive film to the front electrode, it influences the activation energy related with charge carrier
recombination, and thus interfacial recombination losses become the chief recombination mechanism
within the PV cell [41, 42]. On the other hand, figure 8(b) demonstrates that using two HTLs results in a
favorable band alignment with the absorber, creating an almost flat band that facilitates hole transport
towards the FTO contact while also providing electron-blocking capabilities.

Moreover, to elucidate the observed improvement in performance parameters when utilizing a double
HTL configuration with ETL-free, the recombination rate profile across the device distance at the
illuminated short-circuit condition was created, as displayed in figure 9(a). The figure illustrates that using a
double HTL configuration with ETL-free results in a decrease in the recombination rate in the Sb2Se3
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Table 8. Comparison between the PV metrics for Sb2Se3 solar cell after various optimization steps.

Cell configuration

Transport layers

Voc (V) Jsc (mA cm−2) FF (%) PCE (%)ETL HTL

n-i-p

CdS
Spiro

0.466 33.64 67.06 10.51
ZnSe 0.506 35.65 67.18 12.13
ZnO-ZnSe 0.720 36.46 76.72 20.15

CdS
HTL-free

0.467 33.15 65.97 10.23
ZnSe 0.511 35.22 65.29 11.76
ZnO-ZnSe 0.675 36.22 74.91 18.34

p-i-n

CdS
Spiro 0.511 35.46 51.47 9.33
CuI 0.624 36.29 73.42 16.64
CuI-CuSCN 0.629 38.12 78.66 18.87

ETL-free
Spiro 0.579 35.90 56.11 11.67
CuI 0.691 36.64 75.28 19.08
CuI-CuSCN 0.698 38.12 81.55 21.72

Figure 10. Efficiency advancements for various cases of Sb2Se3 cells with (a) n-i-p and (b) p-i-n configurations.

absorber, which enhances the cell performance. Additionally, the distribution of the electric field along the
device structure, from ETL to HTL direction, at the illuminated short-circuit condition offers further
evidence of the recombination behavior. This distribution is depicted in figure 9(b), where it can be observed
that the electric field is greatest at the front contact/HTL interface for both configurations due to the HTL
layer’s high doping concentration. Also, a negative peak located at the CuI/CuSCN interface promotes the
extraction of photogenerated holes from the absorber towards the front contact.

3.3. Final optimization
Table 8 presents the performance parameters of the Sb2Se3 solar cell after various optimization steps, and
figure 10 shows the corresponding PCE values and the percentage improvement over the previous step. The
results demonstrate that for the n-i-p structure, the dual ETL system of (ZnO-ZnSe) with Spiro-OMeTAD
HTL achieved the highest PCE of 20.21%, with a relative enhancement of 92.29% in comparison with the
initial calibrated Sb2Se3 cell. Conversely, for the p-i-n cell, the utilization of (CuI-CuSCN) as a dual HTL
system without ETL resulted in the highest PCE of 21.72%, with a relative improvement of 86.12% in
comparison with the initial inverted cell. This highlights the importance of utilizing dual transport layers and
engineering the absorber-transport layer interface to reduce interface recombination and improve cell
performance. Additionally, figure 11 illustrates the illuminated J–V characteristics and EQE spectra for the
initial calibrated Sb2Se3 cell, the best n-i-p configuration cell (ZnO-ZnSe), and the best p-i-n configuration
cell (CuI-CuSCN-ETL-free).

To gain physical insights into the observed outcomes, we performed simulations of the J–V dark
characteristics to get the reverse saturation current (Jo) and the ideality factor (n). Figure 12 displays the J–V
dark characteristics for the calibrated (initial), the best n-i-p configuration (ZnO-ZnSe double ETL), and the
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Figure 11. A comparison of (a) the J–V characteristics and (b) quantum efficiency concerning the initial calibrated Sb2Se3 cell,
the best n-i-p configuration cell (ZnO-ZnSe), and the best p-i-n configuration cell (CuI-CuSCN-ETL-free).

Figure 12. J–V dark characteristics of (a) calibrated Sb2Se3, (b) best n-i-p Sb2Se3 (ZnO-ZnSe), and (c) best p-i-n Sb2Se3
(CuI-CuSCN) cell (including ETL).

Table 9. Reverse saturation current and ideality factor of calibrated, best n-i-p (ZnO-ZnSe), and best p-i-n (CuI-CuSCN) (with ETL)
Sb2Se3 cells.

Jo (A cm−2) n

Calibrated Sb2Se3 5.31× 10−5 1.32
n-i-p (ZnO-ZnSe) Sb2Se3 1.93× 10−10 1.08
p-i-n (CuI-CuSCN) Sb2Se3 1.98× 10−8 1.13

best p-i-n configuration (CuI-CuSCN double HTL) cells. To ensure a fair comparison, all three cells are
considered with their respective carrier transport layers. Table 9 presents the extracted values of their reverse
saturation current and ideality factor. It is evident that the n-i-p configuration cell exhibits the lowest reverse
saturation current and ideality factor, while the initially calibrated cell shows the highest reverse saturation
current and ideality factor.

The observed differences in the reverse saturation current and ideality factor among the three cells have
significant physical consequences that directly influence their overall performance. The lower Jo and n values
in the n-i-p configuration cell indicate reduced recombination and improved charge carrier collection
efficiency at the contacts. This suggests that the n-i-p configuration cell has better electron-hole separation
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Figure 13. Current components of (a) calibrated Sb2Se3, (b) best n-i-p Sb2Se3 (ZnO-ZnSe), and (c) best p-i-n Sb2Se3
(CuI-CuSCN) cell (including ETL).

and less non-radiative recombination, leading to enhanced open circuit voltage and higher fill factor. On the
other hand, the higher Jo and n values in the initially calibrated cell imply increased recombination and a less
efficient charge carrier collection process. This results in reduced Voc and FF, leading to lower overall PCE.
Regarding the p-i-n structure, although the values of Jo and n are less than those for the initial cell, they are
larger than the n-i-p cell values. As a result, the p-i-n structure exhibits reduced Voc and PCE as
quantitatively indicated in table 8.

Moreover, to distinguish between the different recombination mechanisms appearing in these solar cells,
we provide a comparison between the interface-type and SRH-type recombination current densities.
Figure 13 illustrates recombination current components at the interface (Jrec,int) and the bulk (Jrec,bulk) versus
voltage up to Voc for the three cases. The total generation (Jgen,tot) and recombination (Jrec,tot) current
densities are also plotted. The figure indicates that Jrec,int for the initial cell is higher than that for the
optimized cases, whereas Jrec,bulk is slightly higher for the two optimized cases when compared to the initial
case.

Regarding interface recombination, it occurs at the contact interfaces between different layers of the solar
cell, where charge carriers recombine before contributing to the overall photocurrent. Higher Jrec,int indicates
higher rate of recombination at these interfaces. The initial calibrated case shows the highest Jrec,int,
suggesting that there is a higher loss of charge carriers at the interfaces. This leads to a reduced contribution
of charge carriers to the overall current, resulting in a lower photocurrent. The p-i-n structure has the lowest
Jrec,int, confirming the highest Jsc amongst the three cases (which is 38.12 mA cm−2; see table 4). Optimized
cell configurations (p-i-n and n-i-p) may have slightly higher bulk recombination compared to the initial
cell, contributing to minor reduced Voc, but other factors, such as improved charge extraction at the
interfaces, lead to an overall enhancement in device performance. In addition, the higher Jrec,bulk of p-i-n cell
compared to n-i-p cell explains its lower Voc.
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The differences in the recombination current densities between the initial calibrated and optimized cases
indicate that the optimizations have successfully reduced recombination losses, particularly at the interfaces,
leading to improved charge carrier collection and higher photocurrent. These physical insights provide
valuable information for understanding and enhancing the performance of the Sb2Se3 solar cells.

4. Conclusions

This study involved the design and simulation of p-i-n and n-i-p Sb2Se3-based solar cell structures using the
SCAPS-1D device simulator. The simulation model, executed in the simulator, along with the physical and
geometrical parameters are validated against a previously manufactured solar cell with the configuration
FTO/CdS/Sb2Se3/Spiro-OMeTAD/Au that accomplished a PCE of 10.57%. We have examined the n-i-p
configuration of the Sb2Se3 cell to determine the primary effects of the barrier height between the ETL and
the front FTO contact and the CBO between the ETL and the absorber. We have also investigated the
influence of different ETL materials. Our findings indicate that the inorganic material ZnSe is the most
appropriate option, achieving a PCE of 12.13%. Further, a double ETL configuration was suggested, in which
ZnO is positioned as the ETL adjacent to the FTO electrode to achieve an appropriate barrier height and
facilitate electron transport towards the contact. Another ETL material in contact with the absorber is added
to achieve a suitable CBO for electron flow. The system incorporating ZnO/ZnSe exhibits the best
performance, with a PCE of 20.15%.

Furthermore, we investigated the p-i-n configuration by substituting the organic HTL material with
different inorganic alternatives. The outcomes revealed that inorganic CuI material is the optimal choice,
achieving a PCE of 19.08% with an ETL-free configuration. We also proposed a double HTL structure, in
which CuI is an HTL adjacent to the FTO layer to achieve an appropriate barrier height and facilitate the
transport of holes to the electrode. Further, the additional HTL adjacent to the CuI is put in contact with the
Sb2Se3 layer to attain a proper VBO for hole transportation. The numerical results demonstrated that the
CuI/CuSCN system, with an ETL-free configuration, exhibits the highest performance, with a PCE of
21.72%.

The results of the study suggest that the use of a p-i-n configuration with CuI/CuSCN as a double HTL
and ETL-free holds great promise in creating a low-cost, highly efficient, and simple Sb2Se3 solar cell. As a
next step, we aim to analyze the effect of altering the doping and thickness of cell layers, in order to further
optimize the design. The current simulation work presents a possible means of increasing the efficiency of
Sb2Se3-based solar cells, and as such, it could offer useful design recommendations for future experimental
endeavors.
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