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Abstract: Compositional engineering is considered one of the recent interesting techniques used
in the field of perovskite solar cells (PSCs). In this method, more than one material was used in
a specific cation in the perovskite structure. This work aims to simulate the cesium-containing
triple-cation perovskite (TCP) via the SCAPS-1D simulation program with a device structure of
ITO/SnO2/TCP/Spiro-OMeTAD/Au. First, we studied the effect of interface defects on the PCSs
with respect to experimental results and found that when no interface defects occur, the power conver-
sion efficiency (PCE) reaches a value of 22.16% which is higher than the reported PCE, implying that
the fabricated cell suffers from the interface defects as a main effect on cell degradation. Incorporating
interface defects into the simulation results in a very good match between the experimental and
simulated data with a PCE of 17.92%. Further, to provide possible routes to enhance the performance
of the solar cell under investigation, impacts of absorber layer thickness, conduction band offset
(CBO), surface recombination velocity, and light intensity were explored. In addition, hole transport
layer (HTL)-free design was investigated to alleviate the instability issues associated to the organic
HTL, leading to a PCE of 18.28%, for a surface velocity of 104 cm/s, which is interestingly higher
than the initial cell. The provided study reveals the critical role of interface defects and other key
design factors and suggests potential solutions to alleviate the subsequent degradation mechanisms,
thereby enhancing the overall cell performance.

Keywords: SCAPS-1D; triple cation; perovskite solar cells; electron transport layer; hole transport
layer; interface defects

1. Introduction

The traditional approach of electricity generation using fossil fuel cannot be considered
as a prospective energy source for future use because of increasing carbon-dioxide emission
into the atmosphere [1]. Thus, the progress of other alternatives for sustainable energy
generation is required. In this context, photovoltaic (PV) solar cells have been recognized as
one of the prominent contenders to accomplish sustainable and renewable sources [2,3]. The
first-generation crystalline silicon (c-Si) solar cells have progressive efficiencies with time
where a power conversion efficiency (PCE) of higher than 25% is obtained [4]. However,
the cost-to-efficiency is not an optimum choice when considering c-Si solar cells. Although
many efforts have been devoted to lower the cost, the PCE of the developed Si-based cells
lags behind conventional solar cells [5–8]. Thus, other choices such as thin film solar cells
(TFSCs) have been investigated and have drawn interest. One of the most suitable and
attractive materials utilized in TFSCs is the perovskite material. Device structures of p–i–n
heterojunction and p–n homojunction or hybrid hetero homojunction solar cells have been
researched [9–14]. It is thought that perovskite solar cells (PSCs) are considered the greatest
favorable next-generation paradigm for PV technologies [15].

The organic–inorganic perovskite materials have been introduced thanks to their great
optical properties, adjustable bandgaps, long minority lifetimes, long diffusion lengths,
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as well as easy and low-cost fabrication processes [16]. Further, high PCEs have been
reported in the literature for PSCs that exceed 25% [17]. Notably, perovskite materials
are represented by the crystal structure of ABX3 [18]. In this formula, the A-site cation is
monovalent (including methylammonium (MA+), formamidinium (FA+), cesium (Cs+),
potassium (K+), and rubidium (Rb+)), while the B-site cation is divalent (including lead
(Pb2+), tin (Sn2+), and germanium (Ge2+)), and X-site is a halogen anion (including iodide
(I¯), bromide (Br¯), and chloride (Cl−)) [19–21]. Recently, compositional engineering was
introduced to manufacture PSCs [22–27]. Here, more than one material was used to create
the solar device. Pellet et al. fabricated a perovskite composition by mixing FA and MA
in the A-site to create a final composition of (MA)x(FA)1-xPbI3, leading to a significant
enhancement in the structural, optical, and electrical properties of the device with a PCE of
14.9% [28]. Another composition of MA0.7FA0.3Pb(I0.9Br0.1)3 was established by Yang et al.,
where they used two materials in the A and X sites that showed improved morphology
and boost carrier lifetime achieving a PCE of 17.34% [29]. Moreover, Tarek et al. showed
a mixed-cation perovskite composition containing Cs+, FA+, and MA+ in the A-site, and
mixed I and Br in the X-site creating a final composition of Cs0.05FA0.79MA0.15PbI2.45Br0.55
leading to a PCE of about 18.4% [30].

In a standard perovskite solar cell, the electron transport layer (ETL) offers a proper
way to extract electrons towards the electrode; however, this extraction process is influenced
by the defects at the ETL/perovskite interface. Likewise, the hole transport layer (HTL)
provides an extraction path for the holes, but interfacial defects at the perovskite/HTL
interface can hinder this extraction process. It has been commonly reported that interfacial
defects at the interface between the ETL/perovskite or the HTL/perovskite profoundly
impact cell performance [31]. So, it is crucial to avoid interface defects by properly design-
ing the ETL/perovskite and HTL/perovskite interfaces in order to enhance the physical
mechanisms of charge transportation and extraction [32]. Numerous studies have been
published that propose practical methods to improve the interface either between the
ETL/perovskite or perovskite/HTL. These include specific doping of the ETL, inserting a
proper buffer between the HTL and the perovskite to engineer the lattice mismatch, and
defect passivation strategies [33–37]. Recently, a hydro-functional material was developed
that acts as an HTL which provides an effective hole extraction mechanism and results in
lowering the interfacial charge recombination [38]. It was also revealed that MXene-based
TiO2 as an ETL can enhance the interface quality and relieve lattice strain [39]. Other
methodologies for device improvement through the suppression of interface defects have
been reviewed in the literature [40].

Simulation studies are now indispensable for designing and expecting the performance
of TFSCs before going to fabrication attempts. Various technological parameters can be
easily optimized by employing TCAD simulation tools. In this regard, the one-dimensional
Solar Cell Capacitance Simulator (SCAPS-1D) is an extremely valuable program to design
and investigate distinctive TFSCs. The SCAPS-1D software package has been widely used
and verified against experimental studies. It was used for the simulation of lead-free
environmentally benign methylammonium tin-iodide (CH3NH3SnI3)-based solar cells for
high-efficiency performance purposes [41–43]. In addition, lead-free double perovskite
materials along with double ETL have been explored [44]. Advanced physical phenomena,
such as interface defects, graded bandgap, and new device structures, have been also inves-
tigated by utilizing SCAPS-1D [45–47]. Until now, there has been no reported research on
the numerical simulation of cesium-containing triple-cation perovskite solar cells (TCPSCs).
Additionally, as far as our literature review extends, this is the first report revealing the role
of interface defects and HTL-free for TCPSCs.

Here, to extend and understand some physical behavior beyond our previous experi-
mental work [30], we present a simulation study using the SCAPS-1D program. First, a
comparative evaluation of the model performance parameters’ values with experimental
and simulated values at room temperature in the presence of interface defects, and those
without interface defects, was performed. Based on this study, it was demonstrated that
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the role of interface defects is very critical to understand the performance of the fabricated
device. Another critical aspect is to understand the relationship between device parameters
and absorber layer thickness. Therefore, the thickness of the absorber layer was explored
with respect to PSCs performance. This method allows a comprehensive examination of
each parameter in solar cells and thus identifies the optimal conditions of operating. In
addition, the impact of light intensity was incorporated to determine the cell performance
under low-level intensities and how lower intensity can deteriorate cell performance. Fi-
nally, the solar cell device under study is designed to be free from an HTL. In this case, the
absorber, as a p-type, is considered an HTL besides its main role. Excluding HTL organic
materials is of great importance to alleviate the instability issues, thereby increasing the
feasibility of commercialized PSCs. Thus, the current research study not only reveals the
main degradation issue of a fabricated cell but also highlights possible ways to boost the
efficiency of such a promising triple-cation PSC by engineering various key design factors.

2. Modeling and Simulation Method

The SCAPS-1D package is based on physical models that are formulated mathemati-
cally to simultaneously simulate the optical and electrical properties of a TFSC. The software
was developed at ELIS, University of Gent [48]. The SCAPS-1D code solves the three pri-
mary solar cell equations (using the Newton–Raphson Method): Poisson’s Equation (1),
and the continuity equations for electrons and holes (Equations (2) and (3)), respectively:

d
dx

(
ε(x)

dψ

dx

)
= q

[
p(x)− n(x) + N+

D (x)− N−
A (x) + pt(x)− nt(x)

]
(1)

1
q

(
dJn

dx

)
= −Gop(x) + R(x) (2)

1
q

(
dJp

dx

)
= Gop(x)− R(x) (3)

where the ε is the permittivity and q is the magnitude of the charge of an electron, ψ is
the electrostatic potential, and n, p, nt, and pt are the free electron, free hole, trapped
electron, and trapped hole, respectively. N+

D is the ionized donor-like doping concentration
and N−

A is the ionized acceptor-like doping concentration. Jn and Jp are the electron and
hole current densities, respectively. Gop is the optical generation rate and R(x) is the net
recombination rate. The recombination through deep traps inside the energy gap is treated
by Shockley Read Hall (SRH) recombination model [49]. The SRH recombination bulk
defects are characterized by bulk electron and hole lifetimes (τn and τp). Moreover, the
interface recombination can be defined between any two adjacent layers. The interfacial
recombination is modeled by Pauwels–Vanhoutte theory [50], where thermionic emission is
involved in its implementation. Here, the interface recombination defects are characterized
by interface recombination velocities (Sn and Sp).

Two additional equations are also incorporated to relate the electron and hole quasi-
Fermi levels (EFn, and EFp) to the electron and hole current densities as provided in
Equations (4) and (5):

Jn = −nµn

q
∂EFn

∂x
(4)

Jp = +
pµp

q
∂EFp

∂x
(5)

here µn and µp are the electron and hole mobility, respectively. The involved equations as
well as inputs to and outputs from the simulator are illustrated in a simplified flowchart
in Figure 1. The solar spectrum chosen is the standard AM1.5G (1000 W/m2), and the
absorption coefficient is α, which is defined as a function of energy according to the well-
known square root relationship [48]. For each layer involved in the simulation, some basic
parameters are inputted such as thickness, relative dielectric permittivity (εr), bandgap (Eg),
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electron affinity (χ), conduction band effective density of state (DOS) (NC), valence band
effective DOS (NV), µp, and µn. Additionally, information about the acceptor concentration
(NA) or the donor concentration (ND) is provided. Both bulk and interface defects are also
defined. The output from the simulator, shown in Figure 1, can be physical quantities such
as energy band diagram, recombination rates, electric field, etc., or terminal characteristics
such as J-V, C-V, EQE, etc. [48].

Figure 1. A simplified flowchart representing the simulation procedure, inputs and outputs of the
SCAPS-1D simulator.

3. Device Structure and Material Parameters

The triple-cation perovskite solar cell device is designed as shown in Figure 2a where
the main material parameters and layer specifications are extracted from our previous
experimental work [30]. Moreover, a cross-section SEM image showing the different layers
of the TCPCS is displayed in Figure 2b [30]. The absorber layer is the Cs-FA-MA-Pb(I-Br)3
(500 nm) with tin oxide (SnO2) (20 nm) and spiro-OMeTAD (200 nm) as ETL and HTL,
respectively. The front and back electrical contacts are respectively indium tin oxide (ITO)
and gold (Au), characterized by work functions −4.4 eV and −5.1 eV, respectively [51,52].
Furthermore, the simulated energy band diagram under the dark condition with no bias
is displayed in Figure 2c. The general device parameters used in simulation are provided
in Table 1 [30,53–57]. The simulations were carried out at temperature of 300 K under
standardized conditions of illumination (air mass of AM1.5G).

Table 1. Physical parameters used in simulations for each layer of the device.

Material Properties Spiro-OMeTAD
[30,53,54]

TC Perovskite
[30,55,56]

SnO2
[30,57]

εr 3.06 6.6 9
χ (eV) 2.2 3.9 4.0
Eg (eV) 2.9 1.6 3.5

µn/p (cm2 V−1 s−1) 2 × 10−4/2 × 10−4 2.0/2.0 20/10
NA (cm−3) 2 × 1019 1015 0
ND (cm−3) 0 0 2.2 × 1017

NC (cm−3) 2.2 × 1018 1018 2.2 × 1016

NV (cm−3) 1.9 × 1019 1018 1019
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Figure 2. (a) Schematic representation of the planer structure of the triple-cation perovskite solar cell
with configuration ITO/SnO2/perovskite/Spiro-OMeTAD/Au showing the various thicknesses of
the basic layers, (b) a cross-section SEM image of TCPCS (reproduced from Ref. [30] with permission
from the Royal Society of Chemistry), and (c) energy band diagram at dark condition and zero bias.

4. Results and Discussion

In this section, we provide the simulation results of various case studies. First, we
present a calibration step to verify the modeling methodology applied in SCAPS-1D. Next,
the impact of the absorber thickness variation is investigated to determine the most suitable
thickness to achieve a maximum PCE. Then, the impact of conduction band offset (CBO) and
surface recombination velocity between the ETL/absorber interface is thoroughly explored.
The change in intensity is also explored. Finally, the HTL-free design is introduced as a
recommendation for minimizing the instability issues related to the organic HTL.

4.1. Calibration of Device Models and Parameters

The original experimental work describing the current density–voltage (J-V)characteristics
is adopted from our previous published work [30]. Based on the parameters provided in
Table 1 and taking the thickness of the perovskite layer to be about 500 nm, in addition to
tunning some parameters such as electron (hole) mobility, and optical band gap energy, the
illuminated cell can be simulated to obtain the calculated J-V curves, where the simulated
characteristics were performed in the light of 1 Sun (AM 1.5G). When neglecting the interface
defects, a higher performance is observed as indicated in Figure 3. The higher open-circuit
voltage and short-circuit current with respect to the measured data suggest that the original
cell suffers from interface defects. Now, when involving interface defects with an interface
recombination velocity of 1 × 105 cm/s, a very good agreement with the experimental data
was achieved as shown in Figure 3. The main optoelectronic parameters of the experimental
and simulated cells are listed in Table 2. The average experimental values are recorded from
a minimum of 17 cells per testing condition with a champion device PCE of 17.99% [30]. As
indicated from the table, when interface defects are disabled, a PCE of 22.16% is obtained
which is much higher than the experimental value as expected. On the other hand, when
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tuning the interface defects parameters, the simulated PCE is just 17.92% which is very near
the measured value, implying the important role of interfacial traps.

Figure 3. J-V for experimental work and simulation for two cases: without interface defects and with
tuned interface defects to fit the experimental data.

Table 2. Comparative evaluation of the model performance parameters’ values with experimental
and simulated values at room temperature.

Experimental
Data [30]

Simulation
(No Interface Defects)

Simulation
(Tuned Interface Defects)

Voc (V) 1.08 ± 0.01 1.2313 1.0755
Jsc (mA.cm−2) 22.33 ± 0.41 23.041 22.297

FF (%) 75.68 ± 1.32 78.13 74.75
PCE (%) 17.51 ± 0.48 22.16 17.92

4.2. Impact of Absorber Layer Thickness

To design efficient solar cells, it is so essential to carefully choose the absorber’s layer
parameters as well as the correct parameters for the ETL and HTL to maintain proper
band alignment. For this purpose, we first investigated many thicknesses of the absorber
layer while keeping the other parameters unaltered. The performance of the designed
solar cell is tested by simulating different perovskite thicknesses ranging from 100 nm to
1200 nm. The results are shown in Figure 4a. As illustrated in Figure 4a, the variations
in the Voc, Jsc, FF, and PCE were all examined as functions of absorber layer thickness.
The simulated parameters revealed that the device’s Jsc increases with the increase in the
absorber thickness. Note that the rise in Jsc is substantial, up to about 600 nm absorber’s
thickness, after that the gain in current is almost insignificant. The PCE behaves the same
as it is clear from the simulated results shown in Figure 4a that PCE increased within the
mentioned range of perovskite thickness from 8.74% at 100 nm thickness up to 18.38% at
600 nm. Of course, this is expected since Jsc is the main reason for the improvement in the
PCE. One notices that the increase in the PCE when the thickness exceeded 600 nm is almost
negligible. This is eventually attributed to the charge carrier recombination process [58,59].
Figure 4a also shows the decreasing behavior of Voc in the range of 100 nm up to 600 nm
after which Voc saturates. The reduction in the Voc values is attributed to the increase in
the saturation currents caused by charge carrier recombination losses [16]. In addition, the
maximum value of the FF is obtained at nearly 600 nm thickness. The simulation results
suggested that the optimum thickness for the absorber can be higher than the experimental
value (500 nm).

As the spectral response of the solar cell is very much dependent on the thickness of the
absorber layer, the absorber thickness was further tested with the J-V profile. Figure 4b shows
the J-V characteristics at varying values of the absorber thickness (200, 400, and 600 nm). One
notices that Jsc increases with the thickness of the perovskite layer (17.19 mA.cm−2 at 200 nm
thickness, and then reaches a saturation of 22.88 mA.cm−2 at 600 nm).



Energies 2023, 16, 2717 7 of 14

Figure 4. (a) Variations in open-circuit voltage, short-circuit current, fill factor, and PCE of the device
as a function of the absorber layer thickness and (b) J-V curves of the device simulated with three
different values of the absorber thickness.

4.3. Impact of CBO and Interface Defects

To design a proper band-aligned cell, it is mandatory to engineer the conduction band
offset (CBO) between the absorber layer and the ETL. The CBO is defined as the difference
between the affinity of the absorber film (χabs) and that of the ETL (χETL). So, it can be
formulated as:

CBO = χabs − χETL (6)

A cliff band occurs for negative values of CBO which does not inhibit photogenerated
electron transport; nonetheless, the activation energy for recombination is lower than
the absorber bandgap. So, in this case, interface recombination is prevalent [60,61]. For
small positive values of the CBO, a low spike band occurs which does not obstruct the
transportation of carriers. In this case, the dominant recombination happens inside the
absorber film instead of the interfaces [60]. However, when the spike band offset is high,
the flow of carriers is blocked because of the high barrier faced at the interface.

In the following simulation, we studied the impact of the CBO on PCE while varying
the surface recombination velocity at the absorber/ETL interface. Here, it is assumed that
Sn = Sp = S. A variety of ETL materials along with their main physical parameters are
shown in Table 3 to facilitate the selection of ETL according to the most suitable designed
CBO [62–66]. The simulation results are displayed in Figure 5a. For S = 1 × 104 cm/s,
a wide range of CBO (−0.15 to 0 eV) can achieve higher efficiencies. This range of CBO
(−0.15 to 0 eV) corresponds to the range of χETL from 4.05 to 3.9 eV. So, in this case, a variety
of ETL materials can be selected as suitable candidates such as WS2 and TiO2 along with
SnO2 (see Table 3). On the other hand, for the higher value of S = 1 × 105 cm/s, a CBO of
+0.05 eV provides the optimum choice which corresponds to χETL = 3.85 eV. So, ZnO0.3S0.7
can be a suitable candidate in this case instead of SnO2. Moreover, other choices such as
WO3 and ZnO can be appropriate with a little reduction in efficiency. When S is reduced to
1 × 103 cm/s, the change in PCE is not significant when compared with S = 1 × 104 cm/s.

Now, the J-V curves for three cases are provided in Figure 5b. The first case is for the initial
cell for which the ETL is SnO2 with a CBO of −0.1 eV. For the initial cell,
S = 1 × 105 cm/s. Regarding the second case, the ETL is replaced with ZnO0.3S0.7 while
keeping the same S value. Moreover, the ETL in the third case is SnO2, but with a lower
S value of 1 × 104 cm/s. For the second and third cases, the obtained PCEs are 20.02%
and 21.94%, respectively. A higher efficiency can be obtained when decreasing the interface
recombination. Moreover, higher Voc and Jsc can be obtained for lower surface recombination
although the CBO is not well-tuned. So, it is observed that improving the quality of the
interface between the absorber and the ETL is more advantageous than replacing the ETL
with other alternatives.
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Table 3. Physical parameters of some ETL candidates.

Zn0.85Mg0.15O
[62]

WO3
[63]

ZnO0.3S0.7
[64]

ZnO
[63]

WS2
[65]

TiO2
[66]

Eg (eV) 3.55 2.6 3.07 3.3 1.8 3.2
χ (eV) 3.75 3.8 3.84 3.9 3.95 4

CBO (eV) +0.15 +0.1 +0.06 0 −0.05 −0.1
εr 9.0 4.8 9.0 9.0 13.6 9.0

µn/p (cm2/Vs) 50/20 30/30 100/25 50/5 100/100 20/10
Nc (cm−3) 9 × 1016 2.2 × 1021 2.2 × 1018 1.0 × 1019 2.2 × 1017 2 × 1018

Nv (cm−3) 9 × 1017 2.2 × 1021 1.8 × 1018 1.0 × 1019 2.2 × 1016 1.8 × 1019

Figure 5. (a) Impact of CBO on PCE for three different values of surface recombination velocities.
(b) J-V characteristics for initial, ZnOS, and SnO2 cells.

To gain a physical view of the behavior of the different studied cells, we plot the
energy band diagrams of these cases under illumination. Concerning the initial cell, shown
in Figure 6a, for which the CBO is −0.1 eV, the cliff band results in an activation energy for
recombination of 1.5 eV which is lower than the absorber bandgap (1.6 eV), implying that
the interface recombination dominates in this case. When concerning ZnO0.3S0.7, the CBO
is well-designed at +0.06 eV, and a small spike band is indicated as shown in Figure 6b
with an activation energy of 1.6 eV. On the other hand, for the third case, a cliff band is
encountered in the initial case. However, the band bending shown in Figure 6c suggests
a higher electric field than the two other cases. This high electric field, resulting from
the lower surface recombination velocity, facilitates the transport of the photogenerated
carriers which, in turn, enhances the performance of the cell.

Figure 6. Energy band diagrams under illumination for (a) initial cell (SnO2 and S = 105 cm/s),
(b) modified CBO cell (ZnO0.3S0.7 and S = 105 cm/s) and (c) modified S cell (SnO2 and S = 104 cm/s).
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4.4. Impact of Light Intensity

In general, perovskite solar cells tested under laboratory conditions are strongly
competitive candidates in photovoltaic technology. Yet, it is known that the laboratory
measurements do not resemble outdoor or indoor testing since the temperature and irradi-
ance change continuously. To obtain a clear picture of the performance of the device for
more realistic conditions, a series of simulations of the device is carried out in view of light
intensity change subjected to the device.

The light intensity (I) simulation part is performed at different illumination intensities
in the range of 1%AM1.5G to 100%AM1.5G, where at AM 1.5 G condition, 1 sun is defined
as equal to 100 mW.cm−2 of irradiance. The calculated photovoltaic parameters of the
investigated cells obtained from the simulation are shown in Figure 7. The investigated
cells consider (SnO2 and S = 1 × 105 cm/s), (ZnO0.3S0.7 and S = 1 × 105 cm/s), and (SnO2
and S = 1 × 104 cm/s). The simulation indicates the approximate linear trend of Voc in the
semi-log scale for the three cases (see Figure 7a). The linearity of the Jsc on the log–log scale
reveals that the monomolecular recombination is the dominant mechanism at short-circuit
conditions for the three cell cases [67]. Further, the FF as a function of light intensity is
very sensitive to the changes in interface defects as displayed in Figure 7c. Finally, the
PCE variation is shown in Figure 7d. The maximum variation according to the change in
intensity is observed for the optimized surface recombination case where the PCE varies
from 19.14% at I = 1 mW.cm−2 to 21.94% at I = 100 mW.cm−2.

Figure 7. PV parameters of triple-cation perovskite solar cell at various light intensities (a) Voc,
(b) Jsc, (c) FF, and (d) PCE.

4.5. HTL-Free Design Proposal

To relieve the instability issues related to the organic HTL, we propose here to omit
the HTL, so the structure is an HTL-free-based cell. It was revealed from both experimental
and simulation studies that the absorber can work as an HTL in addition to its main role as
a photoactive layer [68–72]. To test our cell performance when eliminating the HTL, we
performed the simulation of three cases to investigate the effect of the HTL-free design
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on them. The three cells are as in the previous studies (SnO2 with S = 1 × 105 cm/s,
ZnO0.3S0.7 with S = 1 × 105 cm/s, and SnO2 with S = 1 × 104 cm/s). Figure 8 shows the
comparison between the three cases in terms of the illuminated J-V characteristics, while
Table 4 summarizes the main performance metrics. As expected, the performance of the
HTL-free is degraded when keeping SnO2 with the high value of S (giving a PCE of 15.41%
instead of the initial PCE of 17.92%); however, when utilizing an appropriate CBO for
the same value of S (by using ZnO0.3S0.7), it is observed that the performance is slightly
deteriorated as the PCE becomes 16.14%. More interestingly, the PCE pushes to 18.28%
(which is higher than the initial cell with an HTL) when reducing the surface recombination
velocity to 1 × 104 cm/s. Again, the results confirm the crucial role of the interface defects
for both HTL-based and HTL-free design solar cell architectures.

Figure 8. Comparison of J-V curves for various HTL-free design case studies vs. initial cell.

Table 4. Comparative evaluation of the HTL-based and HTL-free simulated design.

Initial Cell HTL-Free
(SnO2 ETL)

HTL-Free
(ZnOS ETL)

HTL-Free
(SnO2 ETL)

S (cm/s) 1 × 105 1 × 105 1 × 105 1 × 104

Voc (V) 1.0755 1.0333 1.055 1.054
Jsc (mA.cm−2) 22.297 22.085 22.167 22.861

FF (%) 74.75 67.51 68.99 75.84
PCE (%) 17.92 15.41 16.14 18.28

Finally, to provide a comparative analysis, some reported triple-cation PSC PV per-
formance parameters along with our main work are provided in Table 5. The reported
state-of-the-art solar cells are based on recent experimental studies [24,30,32,35,37,73]. All
solar cells are constructed as p–i–n with organic HTLs which may have stability issues.
Regarding our proposed HTL-free structure, its design can significantly improve stability.
Moreover, the ETL/perovskite interface is optimized which is a crucial factor to boost cell
performance. It is also noted that the interface quality in terms of the surface recombination
velocity is more important to be optimized than changing the ETL material itself. Higher
performance can be observed when S = 1 × 104 cm/s for SnO2 than in the case of ZnO0.3S0.7
and S = 1 × 105 cm/s. Additionally, an HTL-free design can provide a good practical
stability solution, while maintaining relatively high efficiency. Remarkably, to boost the
efficiency of triple-cation PSCs, more experimental work should be conducted in order to
improve the quality of the interface by the appropriate design of the ETL material through
engineering the CBO to minimize non-radiative recombination.
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Table 5. State-of-the-art comparison between typical PV performance of triple-cation PSCs reported
in the literature and our work.

Triple-Cation Perovskite Voc
(V)

Jsc
(mA.cm−2) FF (%) PCE (%) REF

Guay(FAMA)1-yPbIxCl3-x 1.14 23.80 78.00 21.30 [24]
FA0.8Cs0.16MA0.04Pb(I0.5Br0.5)3 1.22 17.64 73.00 15.70 [32]

Cs0.05FA0.79MA0.16Pb(I0.90Br0.10)3 1.098 22.40 85.00 20.80 [35]
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 1.145 23.78 77.89 21.15 [37]

Cs(MAFA)Pb(IBr)3 1.054 22.16 79.78 18.63 [73]
Cs0.05FA0.79MA0.15PbI2.45Br0.55

(ZnO0.3S0.7 and S = 1 × 105 cm/s) 1.128 21.70 78.83 20.09 This work

Cs0.05FA0.79MA0.15PbI2.45Br0.55
(SnO2 and S = 1 × 104 cm/s) 1.147 23.02 83.15 21.94 This work

Cs0.05FA0.79MA0.15PbI2.45Br0.55
(HTL-free cell) 1.0540 22.861 75.84 18.28 This work

5. Conclusions

In this study, the SCAPS-1D program was utilized to investigate the optimal per-
formance of a cesium-containing triple cation perovskite solar cell at a temperature of
300 K and standard illumination of AM1.5G. SnO2 and spiro-OMeTAD were used as the
electron and hole transport layers, respectively, for the initial calibrated cell which was
based on our previous experimental work. For the optimal values of input parameters
and after engineering the interfacial defect properties between the ETL/absorber inter-
face, the simulation provided Voc = 1.0755 V, Jsc = 22.297 mA.cm−2, FF = 74.75%, and
PCE = 17.92% in accordance with the experimental data. The influence of absorber thick-
ness was explored indicating a reasonable choice of 600 nm that provided the maximum
PCE. In addition, investigating the significance of various values of CBO and surface
recombination velocities is reflected in the enhancement of the PV device performance.
Moreover, the light intensity simulation was introduced. Finally, the HTL-free design was
proposed and presented. A PCE of 18.28% was obtained for the cell utilizing SnO2 as an
ETL and a value of S = 1 × 104 cm/s.
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