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Abstract-- This work presents a novel CHsNH3Pbls-based
perovskite solar cell structure with low-cost and widely available
CuzBaSnSs (CBTS) and ZnO materials as charge transport layers
(CTLs). A comprehensive analysis was conducted on the
performance of the standard CH3NHsPbls cell, which comprises
FTO/TiO2/CH3NH3Pbls/Spiro-OMeTAD/Au structure, and the
suggested structure of FTO/ZnO/CHsNHsPbls/CBTS/Ni. We
evaluated the characteristics of perovskite cells (PCs) by assessing
the effect of the bulk defect density of the CH3sNHsPbls layer and
the thicknesses of different layers. Moreover, we examined the
impact of interface defects at the CTLS/CH3NH3sPbls interfaces.
The thickness and defect of the CHsNH3Pbls layer are fine-tuned
to 900 nm and 7x10%2 cm3, respectively, resulting in an optimized
efficiency of 26.38%. This research demonstrates that
incorporating CBTS as a positive charge-transport layer (PCTL)
and ZnO as a negative charge transport layer significantly
enhances Jsc by establishing proper band alignment with the
CHsNHsPDbls absorber. This enhancement improves cell efficiency
by reducing interface carrier recombination. Finally, we assessed
the variation of operating temperature, cell parasitic resistances,
and rear electrode work function on the efficiency. These results
suggest that CBTS and ZnO materials have the potential to serve
as CTLs for the production of economical, exceptionally effective
solar devices based on CH3sNH3sPbls material.

Keywords — CH3NH3sPbls perovskite solar cell, Charge transport
layer, Cu2BaSnSs, ZnO, Efficiency.
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. INTRODUCTION

Today, there is a growing focus on technologies powered by
renewable energies, as the use of fossil fuels continues to
pollute the environment and contribute to climate change. One
of the best and cleanest renewable energy sources is solar
energy, which has been exploited in various ways over the past
few decades [1,2]. One of the most popular and efficient ways
to harness solar energy is through solar cells. Silicon-based cells
are among the best-known and most common solar cells;
however, manufacturing them at very high temperatures is a
challenge [3].

In recent times, perovskite cells (PCs) have gained significant
attention due to their exceptional electronic and optical
characteristics, which have facilitated their large-scale
production at relatively low cost. Its high flexibility makes it a
versatile material that can be easily adapted for different
applications. It is considered an alternative material for silicon
[4]. Lately, there has been a significant advancement in PCs
efficiency, which has now reached an impressive 26.1%, and in
this regard, these cells can compete with silicon cells [5]. The
naturally occurring perovskite compound, CaTiOs, serves as a
model for producing synthetic perovskite materials, ABXs,
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which are utilized in the manufacturing of solar cells. A is a
large positive ion, B is a small positive ion, and X is a halogen
negative ion. From 2009 to 2016, perovskite cells were made
with an absorber layer of CH3sNH3PbX, where X is either Br, I,
or CI [6].

In perovskite cell structures, TiO- is among the most frequently
used materials as the negative charge-transport layer (NCTL).
The need for high-temperature annealing, at 500 °C, is one of
the drawbacks of this material [7]. In addition, TiO, exhibits
low electron mobility and is susceptible to degradation by UV
radiation [8]. Zinc Oxide (ZnO) has been identified as a
promising and effective alternative to conventional NCTLs,
demonstrating excellent PC efficiency as reported by Pandey et
al. in 2021 [9]. This material has shown great potential to
enhance the performance of perovskite solar cells, making it a
noteworthy alternative for NCTLs. Also, Liu and Smith
achieved an efficiency of 15.7% by employing a low-
temperature solubility-based procedure [10]. These reports and
studies show that ZnO can serve as a good alternative, while
also enhancing the power conversion efficiency (PCE) of PCs.
Another substance, zinc oxide indium gallium (1GZO), has
several advantages as an NCTL, such as good electron mobility,
low resistance, good optical transparency, and compatibility
with low-temperature processing. In addition, 1GZO can be
used in a variety of ways, such as sputtering, atomic layer
deposition, or solution processing, which facilitates the
flexibility and scalability of the cell [11,12].

The conventional perovskite cells face issues with the organic
Spiro-OMeTAD as a PCTL, requiring doping also additives
such as Hygroscopic LiTFSI salt. These factors contribute to
the instability of perovskite cells.

A substantial portion, approximately 33.9% of the total cell
costs, is allocated to the Spiro-OMeTAD PCTL compound and
the Au electrode, typically employed as the back metal
electrode layer [13]. In the search for a suitable replacement for
Spiro-OMeTAD that is both weather-resistant and stable,
copper-based materials have appeared as hopeful candidates.
For instance, the inorganic material CuO is an excellent choice
because of its desirable properties, including high hole
mobility, an ultra-thin layer, and a good energy-level (EL)
match with CH3sNH3sPbls [14]. In addition, the use of suitable
inorganic materials in the hole-transport layer can lower the cell
cost and increase stability. Cu,BaSnSs (CBTS) is another
inorganic material that exhibits advantageous attributes,
including high carrier mobility, high stability, and high
transparency in the visible range. The CBTS exhibits excellent
thermal stability, optimal conductivity, and favorable energy
level alignment (ELA) with the PCs. The unique characteristics
of the CBTS make it a promising candidate for enhancing the
efficiency of perovskite solar cells [15].

In this study, we investigate different positive and negative
charge-transport substances for PCs based on CHsNH3sPbls and
introduce a novel photovoltaic device configuration,
FTO/ZnO/CH3NH3Pbls/CBTS/Ni, with CBTS serving as the
PCTL and ZnO as the NCTL. In this particular investigation,
the SCAPS-1D simulation software is employed to
meticulously simulate and assess the proposed cell's overall

performance. The study explores interactions among various
physical parameters across layers, backside metallic
functionality on electrical properties, defect density, parasitic
resistances, and operating temperatures to achieve device
optimization.

Il. DEVICE ARRANGEMENT AND COMPUTATIONAL
SIMULATION

In this study, we utilized the SCAPS-1D software [16]. This
software was employed to examine and model the efficiency of
the photovoltaic cells. The SCAPS-1D software includes a wide
range of suggested optical, electrical, and photovoltaic models,
making it suitable for simulating various types of photovoltaic
cells such as CIGS [17-21], polymer [22], graphene [23], dye-
sensitized [24,25], perovskite [26], and Sh.Se; cells [27-32].
Based on several computational studies, the software conducts
numerical simulations, including the Poisson equation,
hole/electron continuity equation, hole/electron charge-
transport equation, and absorption coefficient equation. These
simulations play a crucial role in understanding the electrical
and physical properties of solar devices, aiding in the
optimization of device design and performance.

Eg. 1 presents Poisson's equation, a fundamental equation in the
analysis of different solar cells.

d’go0 _ g
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The equation delineates the connection between the
electrostatic potential (¢) and the diverse factors influencing it
within a material. These factors include the electronic charge
(9), the vacuum dielectric constant (o), the relative permittivity
(er), and the shallow donor (Np) and shallow acceptor (Na)
impurity densities. The term pp represents the distribution
density of the hole, while p, signifies the distribution density of
the electron. The p(x) and n(x) describe the positive and
negative charge distribution, respectively, within a material,
with respect to their position along the x-axis. According to Egs.
(2) and (3), the negative and positive charge continuity
equations are stated as follows:
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In Egs. (2) and (3), variables j, and j, denote the Jsc associated
with negative and positive charge transport. G stands for the
new charge carriers' creation rate (both electrons and holes) via
generation processes, while R is the rate at which charge
carriers combine and disappear through recombination
processes. Also, the electron and hole-charge transport
equations are presented in Egs. (4) and (5).
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In the aforementioned equations, D, and D, represent the
measures of electron and hole mobilities in the material,
respectively. The pn and pp describe how efficiently electrons
and holes can traverse through the substance, with higher values
indicating greater mobility.

Finally, the absorption coefficient of materials is obtained
according to the following equation:

B
al)=A +h—v)4/hv—Eg

In this equation, A and B are fixed values, h stands for the
Planck constant, v denotes the incoming photon frequency, and
Eq represents the energy gap in the absorber layer. The
simulated CH3NH3Pbls-based cell
(FTO/NCTLS/CH3NH3Pbls/PCTLs/Au) is shown in Fig. 1.

In this configuration, the CH3sNHsPbls; layer is responsible
for absorption, possessing an Eg of 1.5 eV. The n-type TiO,,
Zn0, and IGZO layers act as NCTLs with respective Eq of 3.2,
3.3, and 3.05 eV. Additionally, the FTO is used as a TCO layer
with an Eg of 3.5 eV. These materials are used in a
computational simulation to investigate their potential for

(6)

implementation in solar cell applications. To increase the
collection of carriers generated by light, the p*-Spiro-
OmeTAD, Cu,0, and CBTS are introduced as PCTLs between
the 0.45 pum thick intrinsic CH3NH3Pbls and the back metal
electrode layer. In this study, we employ n-type NCTLs with a
doping density of 1x10® cm™3, along with a 0.5-um-thick FTO
TCO layer that has a doping density of 1x10® cm™. To
streamline the computational process, the approximated
thermal velocity of negative and positive charges in each
material at a temperature of 300 K is approximately 107 cm/s, a
common value for this parameter in similar calculations. Also,
it is postulated that the recombination velocity on the surface
for both the positive and negative charges, at the metal contacts
located at the front and back, is 107 cm/s. Table | provides
details about the parameters for all layers utilized in the solar
cell simulation, while Table Il presents information on the
defect density at the  NCTL/CHsNHsPbl;  and
CH3NH3Pbls/PCTL interfaces. The data were recorded at a
temperature of 300 K, and the light intensity was AM.1.5 (1000
W/m2).

It should be noted that the SCAPS simulation provides an
idealized description of device operation. The model assumes
smooth interfaces and uniform material properties and does not
account for several non-ideal effects such as interface
roughness, grain boundary recombination, ion migration, and
optical reflection or scattering losses, which may occur in
practical devices. As a result, the simulated -efficiency
represents a theoretical upper limit for high-quality films under
ideal conditions. Nevertheless, the results offer valuable
insights into how band alignment, defect reduction, and
transport-layer optimization can guide the design of efficient
and stable perovskite solar cells in experimental practice.

TiO,/1GZ0O/Zn0O

Fig. 1. Structure of the FTO/NCTLs/CH3NH3Pbls/PCTLs cell.
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TABLE |
Input Data Used for Perovskite Solar Cell Simulation [4,6,11-15].
Parameters/Materials FTO ZnO 1GZ0O TiO, CH3NH3Pbls; Spiro CBTS Cu0
Thickness (nm) 500 variable | variable | variable 450 variable | variable | variable
Ey (eV) 3.5 3.3 3.05 3.2 15 3 1.9 217
x (eV) 4 4 4.16 4 3.93 2.45 3.6 3.2
& 9 9 10 9 30 3 54 7.1
N¢ (1/cm?) 2.2x10%® | 3.7x10'® 5x10%8 2x10%8 2.2x10%8 2.2x101 | 2.2x10'® | 2.2x10'®
Ny (1/cm®) 1.8x10° | 1.8x10%° 5x10%8 1.8x10%° 1.8x10%° 1.8x10%° | 1.8x10%° | 1.8x10%
un (cmM?/Vs) 20 100 15 20 50 2x10* 30 200
up (cm?/Vs) 10 25 0.1 10 50 2x10* 10 80
Np (1/cm?) 2x10%8 1x10%8 1x10%8 1x10%8 - - - -
Na (1/cmq) - - - - - 1x10%8 1x10'8 1x10'8
Defect density (1/cm®) | 1x10% 1x10% 1x10% 1x10% 7x10%3 1x10% 1x10% 1x10%
TABLE Il
Defect Specifications of the Simulated Perovskite Solar Cell at the Interfaces [13].
Electron Hole capture Enerav with respect Trap
Interfaces capture cross- | cross-section | Defect type | Trap position 9y P density
. 5 ) to Reference (eV) >
section (cm?) | (cm?) (1/cm?)
NCTL/CH3NHsPbls 1x10Y7 1x1018 Single (A) | Above the VBM | 0.32 1x104
CH3NH3Pbls/PCTL 1x1018 1x101° Single (A) | Above the VBM | 0.07 1x104

I1l. RESULTS AND DISCUSSION

The goal of this work is to increase efficiency and reduce cell
costs.  First, a cell with the configuration of
FTO/NCTL/CH3sNH3Pbls/PCTL/Au is considered. Then, a
comparison among the three TiO2, ZnO, and IGZO materials is
carried out to find the best material for NCTL with a focus on
high efficiency and lower cost. Also, this comparison is carried
out using Spiro-OMeTAD, Cu.0O, and CBTS materials as
PCTLs to identify the best one. The comparison between the
materials in the NCTLs and PCTLs is performed in two modes:
fixed thickness and variable thickness to select the optimal
layer. After selecting the optimal layers for NCTL and PCTL,
the effects of some common metal-back contact materials, such
as Au, Pd, Pt, Cu, Ni, and C, on cell efficiency were analyzed
based on conductivity, high efficiency, and lower cost.

A. Perovskite cell performance with Spiro-OMeTAD as PCTL
and the use of various materials as NCTL

In this section, the described cell features a structure that
includes FTO as a transparent conductive oxide layer, which
facilitates electron transfer through the electron transport layer,
allowing it to absorb electron charges. The cell absorber layer
is acknowledged as CH3NHsPbls, Spiro-OMeTAD as PCTL,
and the three materials TiO2, ZnO, and 1GZ0 as NCTLs. Gold
metal (Au) has also been applied as a metal back contact
(MBC). Table 1 lists the parameters associated with each layer,
while Table Il presents information on the defect specifications
among the layers.

The NCTL plays a crucial role in transferring the negative
charge generated in the CH3NHzPbl3 layer to the transparent
conductive oxide (TCO) layer and then to the external circuit.
TiO; is widely used as NCTL. However, using this material
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requires a very high-temperature manufacturing process, which
increases costs and creates problems for the cell. ZnO is another
material that can replace TiO [33,34], as it does not need a
high-temperature manufacturing process. It has been used in the
solar cell field for several years, and it also improves cell
efficiency due to its high optical and conductive properties
[33,35,36]. Fig. 2 and Table Il demonstrate the photovoltaic
parameters of CH3NH3Pbl; PCs with various NCTLs. In this
simulation, the thickness of the NCTLs (TiO2, ZnO, and IGZ0O)
is fixed at 100 nm. Meanwhile, the Spiro-OMeTAD PCTL has
a constant thickness of 200 nm. According to Table Il and Fig.
2, the Vo of cells with ZnO and TiO, NCTLs increases to 1.16

V, surpassing the Vo value of the structure featuring an 1GZO
NCTL. The reason for the enhanced performance of the
FTO/ZnO/CH3NH3Pbls/Spiro-OMeTAD/Au and
FTO/TiO./CH3NH3sPbls/Spiro-OMeTAD/Au configurations is
due to their more favorable band alignment and reduced
interface  recombination  rates compared to the
FTO/IGZO/CH3NH3Pbls/Spiro-OMeTAD/Au structure. Fig. 2
and Table 111 show that Jsc does not change with NCTL, whereas
the V. and the FF parameters are affected by it. As can be seen,
the cell incorporating ZnO exhibits the highest efficiency of
21.43%.

TABLE IlI
Output Parameters for Different NCTLs with 100 nm Thickness.
0,

Device arrangement Vo (V) Jse (MA/CmM?) FF (%) (;)():E
FTO/TiO2/CH3NH3Pb13/Spiro-OMeTAD/Au 1.16 24.71 73.58 21.16
FTO/IGZO/CH3NH3Pbly/Spiro-OMeTAD/AU 1.08 24.70 72.66 19.44
FTO/ZnO/CHsNH3Pbls/Spiro-OMeTAD/AU 1.16 24.71 74.20 21.43
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Fig. 2. J-V curves of PCs with TiO,, IGZO, and ZnO NCTLs.

B. The impact of NCTL thickness on photovoltaic parameters of
PCs

All three IGZO, TiO,, and ZnO NCTLSs were examined with
thicknesses ranging from 30 to 400 nm. The V. of the cell
remains unaffected by raising the thickness of the NCTLs. The
Jsc experiences a minor decline as the thickness of the 1IGZO
NCTL increases, primarily due to higher absorption losses
within this layer. The optical losses increase slightly, and the
FF decreases with thickness up to 100 nm because the series
resistance increases slightly. It is also observed in the TiO;
material that increasing the layer thickness from 30 to 50 nm
slightly reduces the FF, lowering the efficiency. This decrease
is due to the increased thickness of the TiO, layer, which

reduces the electron mobility and increases the light reflection,
resulting in less light absorption by the absorber layer. Fig. 3
shows that ZnO does not experience this issue as a result of its
high electron mobility and conductivity. The thickness changes
in this range have the least impact on it. On the other hand, as
mentioned above, the TiO, processing process is costly, and the
goal is to reduce cell costs. IGZO does not perform well and is
also an expensive material. However, ZnO does not require
high-temperature, high-cost processing and is an inorganic and
inexpensive material. It also performs better than the other two
materials. Therefore, in the remaining simulations, ZnO will be
used.
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Fig. 3. The cell performance with TiO,, IGZO, and ZnO NCTLSs (a) Vo, (b) Js, () FF, and (d) efficiency.

C. Efficiency of solar cell with ZnO NCTL and using different
PCTLs

In a solar cell, energy level alignment (ELA) refers to the
careful arrangement of the ELs of the various layers,
particularly the absorber, NCTL, and PCTL, to optimize
charge-carrier separation and collection efficiency. Fig. 4
shows the ELs of the substances employed in the perovskite cell
structure. Ideally, the ELA should minimize the energy loss and
the non-radiative recombination between the absorber layer and
the CTLs. One way to achieve optimal energy level alignment
is to create a spike-like band alignment at heterogeneous
interfaces. In other words, in this situation, the conduction band
minimum of the NCTL exceeds that of the absorber layer.
Additionally, the valence band of the PCTL lies below that of
the absorber layer. This creates an internal electric field that
moves carriers away from interface surfaces and reduces
recombination rates [37]. The efficient transfer of electrons and
holes between layers is crucial for achieving a high-
performance device.

The performance improvement achieved by the proposed
device is largely attributed to optimized band alignment at the
perovskite/transport layer interfaces. In particular, the
conduction band offset (CBO) at the ZnO/CHsNHsPbls
interface and the valence band offset (VBO) at the
CH3NH3Pbls/CBTS interface were tuned to avoid unfavorable
“cliff” configurations. A cliff-type alignment (negative offset)
creates a downward step in the band edge that facilitates the
flow of minority carriers towards the interface, thereby
enhancing Shockley-Read-Hall recombination and reducing
Voc and FF. In contrast, a flat or small spike-type offset (slightly
positive CBO or VBO) introduces a modest barrier that
selectively blocks minority carriers while still allowing efficient
extraction of majority carriers, thus suppressing interfacial
recombination. The ZnO NCTL and CBTS PCTL exhibit
near-ideal offsets with CH3NHsPbls, resulting in reduced
recombination losses and contributing to the high simulated
PCE of the optimized FTO/ZnO/CH3NHsPbls/CBTS/Ni
structure.
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Fig. 4. Energy levels of the CH3NH3Pbl; perovskite cell structure with different PCTLs.

The absorber layer is required to enable the transfer of the
generated negative charge towards ZnO, while the PCTL guides
holes towards the metal back contact. Fig. 5 and Table IV
present the J-V curves and cell performance data for
CH3NH3Pbl; cells, which include ZnO with a thickness of 100
nm, as well as various PCTLs. Here, the thicknesses of the
CHsNH3Pbl; absorber layer and FTO are 450 nm and 500 nm,
respectively. Based on the results, CBTS PCTL outperformed
all other materials, attaining a Vo of 1.16 V, a Js of 24.89
mA/cm?, an FF of 84.98%, and a total efficiency of 24.75%.
Cu,0 followed closely behind, with a Vo of 1.16 V, a Jsc of
24.78 mA/cm?, an FF of 84.89%, and a total efficiency of
24.55%. Spiro-OMeTAD, on the other hand, has an efficiency
of 21.43%, which is lower than the others. It also obtained a Vo

of 1.16 V, a Jsc of 24.71 mA/cm?, and an FF of 74.20%. Unlike
other materials, Spiro-OMeTAD has lower efficiency and
requires a hard and energy-intensive process to produce,
making it less desirable for selection.

Overall, replacing the conventional TiO, and
Spiro-OMeTAD charge-transport layers with ZnO and CBTS
significantly improves the simulated performance of the
CH3NH3Pbls perovskite solar cell. The optimized ZnO/CBTS
configuration provides better band alignment at both interfaces,
facilitating  efficient carrier extraction and reducing
recombination losses, resulting in a higher power conversion
efficiency than the conventional TiO2/Spiro-OMeTAD
structure.

30

N
ol

N
o
1

Current Density (mA/cm?)

15 4
10 4
5 —@— Spiro
o Cu,0
--w- CBTS
0 T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2
Voltage (V)

Fig. 5. J-V curves of PCs with Spiro-OMeTAD, Cu,0, and CBTS as PCTLs.
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TABLE IV
Output Parameters for Different PCTLs with 200 nm Thickness.
Device arrangement (V)V o Jsc (MA/cm?) FF (%) PCE (%)
FTO/ZnO/CHsNH3Pbl3/Spiro-
OMeTAD/AU 1.16 24.71 74.20 21.43
FTO/ZnO/CH3NH3Pbls/Cu,0 /Au 1.16 24.78 84.89 24.55
FTO/ZnO/CH3NH3Pbls/CBTS/Au 1.16 24.89 84.98 24.75

D. Effect of the thickness of the positive charge transport layer
on solar cell performance

In this simulation, the ZnO thickness is 100 nm, and the
PCTL thickness ranges from 50 to 300 nm. Fig. 6 shows the cell
output parameters with three different PCTLs: Spiro-
OMeTAD, Cu;0, and CBTS.

The first notable point across all three materials is that
increasing the thickness in this range does not have a
considerable impact on increasing or decreasing the cell’s Vi,
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and, as mentioned earlier, the V. is mostly dependent on the
bandgap and energy alignment of the layers. With increasing
thickness, the Jsc of Spiro-OMeTAD has no tangible change, but
the cell containing Cu,O experiences a slight increase, as shown
in Fig. 6b. Compared to the other two materials, the cell
incorporating CBTS experiences a greater change in current
density upon increasing the thickness, resulting in a slight boost
in efficiency.
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Fig. 6. Performance of the cell with Spiro-OMeTAD, Cu,0, and CBTS PCTLs (a) Vo, (b) Js, (¢) FF, and (d) efficiency.

Increasing the thickness has a limited impact on the
enhancement of FF and efficiency in cells containing CBTS and
Cu0, primarily because of the increase in current density. It is
noteworthy that, in general, the inorganic PCTLs exhibit high
hole mobility and conductivity. The thickness changes have
minimal effect, but increasing the Spiro-OMeTAD layer
thickness significantly decreases the FF and the resulting

efficiency. Considering this layer optimization, CBTS emerges
as a promising material. Therefore, in the simulation, we will
use CBTS as the PCTL.

E. The influence of the back electrode’s work function on the
ZnO/CH3NH3Pbls/CBTS efficiency
Fig. 7 shows the changes in cell efficiency grounded on the
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different back contacts (BCs). It is obvious from the
information in Table V and Fig. 7 that copper (Cu) is not
suitable for use as a metal back contact because of its low work
function of 4.65 eV, which is much less than the energy balance
required by the cell and the PCTL layer, which is about 5.5 eV.
This causes a high recombination, a low V, of 0.96 V, and an
FF of 69.60%. In general, elevating the work function increases
efficiency and FF. The Schottky barrier effect is diminished due
to the presence of high-work-function metals, leading to more

26

efficient hole transmission [38]. Next, there is a carbon (C) with
a 5 eV work function, which outperforms Cu and achieves an
efficiency of 24.45%, but is still somewhat restricted by its low
work function. The only advantage of carbon is its low price.
Then gold (Au) with a 5.1 eV work function has a better profile.
Gold is widely applied as an MBC due to its excellent
conductivity in perovskite cells, and here it achieves 24.75%
efficiency.

24 -

18

Au Ni Pd Pt

16 T T
4.4 4.6 4.8

5.2 54 5.6 5.8

Workfunction (eV)
Fig. 7. The influence of various metal back contacts’ work function on the perovskite cell efficiency, with CHsNH3zPbls

absorber, ZnO as the NCTL, and CBTS as the PCTL.

TABLE V
Comparing cell Parameters Utilizing Various MBCs.
MBC Work  function Ve (V) Jsc (MA/cm?) FF (%) PCE (%)
(eV)
Cu 4.65 0.96 24.89 69.60 16.75
C 5 1.16 24.89 83.95 24.45
Au 51 1.16 24.89 84.98 24.75
Ni 55 1.16 25.02 85.01 24.89
Pd 5.6 1.16 25.03 85.01 24.90
Pt 5.7 1.16 25.04 85.01 24.90

While gold (Au) offers a better profile than carbon, its high
price and cost can limit its practicality for large-scale
photovoltaic applications. Additionally, gold can experience
difficulties in energy alignment with certain materials, further
hindering its effectiveness. Nickel (Ni) with a 5.5 eV work
function was then explored as an alternative, offering several
advantages over Au. Ni has a better energy balance with the
cell, making it a more effective choice for photovoltaic
applications. The FF has been enhanced, accompanied by a
slight decrease in the recombination rate, leading to an
improvement in cell efficiency to 24.89% and thus showing a
moderate overall improvement. Nickel is used in many
experiments in perovskite cells. Nickel is also much more cost-
effective than gold and has good conductivity. Finally, there are
palladium (Pd) and platinum (Pt), both of which are highly
efficient materials with work functions of 5.6 eV and 5.7 eV,

individually. However, their relatively high cost limits their
widespread adoption, despite their impressive  24.90%
efficiency. On the other hand, the choice of PCTL thickness and
the back metal electrode layer should be done more carefully to
prevent recombination. Other studies also show that changing
the back metal electrode alters the efficiency of the cell changes
[13]. Due to the efficiency limitations of copper and carbon and
the high cost of gold, palladium, and platinum, Nickel is chosen
as the metal back contact within the cell, striking a balance
between performance and affordability. Ni offers a cost-
effective alternative, boasting suitable work function and
functional properties, while still delivering a commendable
efficiency.

F. Thickness optimization of the CH3sNHsPbls absorber layer
Figs. 8a and 8c show that increasing the CH3NH3Pbls layer
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thickness results in a marginal decline in Vo and a reduction in
FF, owing to enhanced recombination. Conversely, Fig. 8b
illustrates that increasing the thickness of the CH3NH3Pbls
absorber enhances light absorption and carrier generation,
thereby increasing the Js.. However, excessively thick absorber
layers increase carrier transport distance and the probability of
bulk recombination, which may reduce charge collection
efficiency and negatively affect the Voc and FF. As depicted in
Fig. 8b, beyond 900 nm, Jsc shows no notable increase, and the
rate of increase diminishes incrementally. This stabilizes the
cell efficiency at approximately 900 to 1000 nm, and from 1000
nm onward, the efficiency experiences a slight decline due to
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1.12 4

110 1
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the greater influence of Vo and FF relative to the marginal
increase in Jg, as illustrated in Fig. 8d. Hence, for the optimal
thickness of the CH3NH3Pbls layer, a thickness of 900 nm is
considered. In this thickness, the Vo, of 1.14 V, Js. of 27.48
mA/cm?, FF of 84.27%, and cell PCE of 26.38% are obtained.

Increasing the thickness of the CHsNHsPbls absorber
enhances light absorption and carrier generation, thereby
increasing the short-circuit current density. However,
excessively thick absorber layers increase carrier transport
distance and the probability of bulk recombination, which may
reduce charge collection efficiency and negatively affect the
open-circuit voltage and fill factor.
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Fig. 8. Optimization of CH3NH;Pbl; absorber layer Thickness from 100 to 2000 nm, (2) Ve, (b) Js, (c) FF, and (d) efficiency.

G. Thickness optimization of the CBTS positive charge
transport layer

As indicated in Fig. 9, the thickness of the CBTS hole-
transport layer had only a minor influence on the simulated
device performance. CBTS primarily serves as a hole-selective
contact and does not contribute significantly to light absorption.
Once the layer is thick enough to form a continuous film that
provides efficient hole extraction and suppresses electron

leakage, further increases in thickness have little effect on
charge transport or recombination. Because CBTS exhibits
relatively high hole mobility and moderate conductivity,
variations within the studied range (50-300 nm) result in only
slight changes in series resistance and electric field distribution.
As a result, the key photovoltaic parameters remain nearly
constant with increasing CBTS thickness, explaining the weak
dependence of PCE observed in Fig. 9.
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TABLE VI
Performance Characteristics of the FTO/ZnO/CH3;NH3Pbls/CBTS/Ni Perovskite Cell with Optimized CBTS layer.
Device arrangement Voc (V) Jse (MA/CcmM?) FF (%) PCE (%)
FTO/ZnO/CH3NH3Pbls/CBTS/Ni 1.14 27.48 84.27 26.38
Figs. 9a and 9c demonstrate that the Vo and FF have [n —n ]
remained unchanged, attributed to high hole mobility and RSRH = P :
conductivity, indicating that altering the thickness has little 2n, ( ; —Et)
impact on these parameters. For this layer, a thickness of 200 X p+n+ KT
nm is considered. In general, if the PCTL is set too thick, it may @)
cause problems with hole transfer. So, the optimal thickness of 1
200 nm is chosen for the CBTS layer. Table VI finally presents r=—
the cell's outcome parameters after the CBTS PCTL thickness oxN, xV, ®)

is fine-tuned.

H. Optimization of defect density in the absorber layer, and at
ZnO/absorber and absorber/CBTS interfaces

The rise in defect density, which is tied to film quality,
directly reduces cell efficiency by promoting recombination.
The SRH recombination directly reduces lifetime and
efficiency. Recombination of carriers is calculated based on Eq.

(7) [38]:

In the above equations, & denotes the capture cross-section
that the negative and positive charges occupy, T signifies the
longevity of the negative and positive charges, and Vi, denotes
the charge carriers' thermal velocity. It is noteworthy that the
number of defects in a perovskite crystal can be reduced by
using the right coating conditions, improving its crystallinity,
and reducing non-radiative recombination [39].

As shown in Figs. 10a and 10b, by enhancing the bulk defect
density (Ni) of the CH3NH3Pbl; layer from 7x10% to 10* cm3,
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the Vo is greatly lowered, from 1.14 to 0.7 V. On the other
hand, the Jsc was initially 27.48 mA/cm? and showed a very
small reduction to the defect density of 10'® cm=. However,
after this minor reduction, it has dropped sharply, reaching
22.28 mA/cm?. As shown in Figs. 10c and 10d, the FF fell after

defect density of 10* cm™ and went from 84.27% to 50.28%.
Finally, cell efficiency has fallen sharply from 26.38% to
7.87%. According to Fig. 10, the optimal bulk defect density
(Ny) is about 10 cm. Table VII illustrates the performance
characteristics of the cell in optimal defect density conditions.
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Fig. 10. Output parameters of the cell under optimization of defect density (N;) CHsNH3Pbl; layer: (a) Vo, (b) Js, (c) FF, and (d) efficiency.

TABLE VII
Performance Characteristics of the ZnO/CH3NH3Pbls/CBTS/Ni Cell with a BDD of 7x10% cm.

Device structure Ve (V)

Jse (MA/cm?) FF (%) PCE (%)

FTO/ZnO/MAPDI3/CBTS/Ni 1.14

27.48 84.27 26.38

It is important to note that the optimum defect density of
7x10% cm3 used in the simulation represents an optimistic yet
experimentally achievable value for high-quality CHsNH3zPblz
films. Recent advances in solvent engineering, additive-assisted
crystallization, and surface passivation have enabled perovskite
layers with defect densities in the range of 10'4-10'® cm, and
in some cases approaching 10 cm?3. However, further
reduction of bulk and interfacial defects is limited by intrinsic
material properties, including ionic migration, dynamic defect
formation, residual strain, grain boundary imperfections, and
surface instabilities at perovskite/transport-layer interfaces.
These factors impose a practical lower bound on achievable trap
densities in real devices. Therefore, the defect density used in
the simulation should be interpreted as a best-case scenario
representative of high-quality perovskite films obtained under
optimized fabrication conditions.

Fig. 11 illustrates how the efficiency of the CH3NH3zPbl; cell

is influenced by the defect density at the NCTL/CH3NH3Pbls
and CH3sNH3Pbls/PCTL interfaces. The defect density at both
interfaces is varied over a range of 1x10™ to 1x10%° cm™. Fig.
11 shows that within this range, as the defect density at the
interfaces escalates, cell efficiency declines. Defects induce an
elevated rate of carrier recombination at the interfaces.

Overall, the interface defect densities at the
ZnO/CH3NHsPbl;  and  CHsNH3zPbls/CBTS  interfaces
significantly influence carrier recombination and current
transport. Higher interface defect densities introduce trap-
assisted recombination centers that reduce carrier lifetime and
hinder charge extraction, leading to a decline in Jsc and overall
device performance. The ZnO/CHs3NH3Pbl; interface was
found to be more sensitive to variations in defect density,
indicating the importance of minimizing recombination at this
junction to maintain efficient electron extraction.
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I. Influence of parasitic resistances on cell efficiency

The series resistance (Rs) of the cell significantly affects cell
efficiency. The total Rs is shaped by the resistances within the
individual layers, notably those integrated within the cell, the
surface resistance, and the resistance at the semiconductor-
electrode junctions. TCO is highly conductive and typically
exhibits minimal increases in series resistance [40], thereby
rendering the overall series resistance largely dictated by the

1.140

material resistance and interface properties of the
semiconductors and metals involved. Rs significantly affects
FF, resulting in a reduction of the overall efficiency [41,42].
Fig. 12 indicates V¢ and Jsc remain approximately constant over
the range of 0 to 6 Qcm? as the series resistance increases. The
FF has also decreased significantly from 84.27% to 71.08%.
Eventually, cell efficiency declined significantly from 26.38%
to 22.25% due to a significant reduction in FF.
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Fig. 12. Influence of R on photovoltaic parameters, (a) Vo, (b) Js, (€) FF, and (d) efficiency.

Fig. 13 shows the influence of increasing shunt resistance
(Rsn) from 10* to 107 Qcm?. As expected, the increase in Rsh has
not affected the Jsc. As the Rsn resistance increased from 10 to
100 Qcm?, the V. increased correspondingly, rising from 0.27
to 1.11 V. Then, beyond 10° Qcm?, the Vo remained constant

at around 1.14 V. The FF has improved significantly, rising
from 25% to 81.25% as the Rsn resistance varied from 10 to
1000 Qcm?. Beyond this point, the FF approached stability and
eventually reached approximately 84.27%.
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Consequent to the augmentations in Vo and FF, the
efficiency also improved, rising from 1.88% at 10 Qcm? to
25.38% at 1000 Qcm?. Beyond this point, efficiency increased
more slowly, ultimately reaching 26.38%.

J. Influence of temperature on cell efficiency

The rise in cell temperature significantly impacts cell
performance. As the temperature increases, the diffusion length
expands, resulting in improved carrier mobility and
subsequently, higher current density. However, a temperature
rise also increases the recombination rate, thereby adversely
influencing the Vo, FF, and PCE [43,44].

Fig. 14 illustrates changes in cell parameters with
temperature, ranging from 280 to 500 K. At 280 K, the V. of
1.17 V and the FF of 85.33% begin to decrease significantly.
As the temperature continues to rise, the Vo and FF decrease
almost linearly, attaining values of 1.14 V and 84.28%,
individually, at 300 K. Further increases in temperature result
in a more pronounced decline in V¢ and FF, with values of 0.81
V and 72.29%, individually, achieved at 500 K. While the Jg
increases slightly with increasing temperature, the significant

reduction in Vo and FF indefinitely results in a diminution in
the PCE of the cell. Specifically, the efficiency diminishes from
27.41% at 280 K to 16.25% at 500 K.

The degradation of device performance with increasing
temperature can be attributed to several temperature-dependent
physical mechanisms. As the temperature rises, the bandgap of
the CH3sNH3Pbls absorber slightly decreases due to bandgap
narrowing, which reduces the open-circuit voltage according to
the fundamental relation between bandgap energy and V.. In
addition, higher temperatures increase carrier thermal energy
and enhance Shockley-Read-Hall recombination in the
absorber layer and at interfaces, which reduces carrier lifetime
and increases recombination losses. Furthermore, the built-in
potential across the junction decreases with temperature due to
the temperature dependence of carrier concentrations and band
energetics. The resulting reduction in the internal electric field
weakens carrier separation and transport, leading to decreases
in fill factor and overall power conversion efficiency. These
combined effects explain the observed reduction in PCE at
elevated operating temperatures shown in Fig. 14.
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IV. CONCLUSION

This research aimed to improve the efficiency and reduce the
cost of CH3;NHsPbls-based PCs by employing a variety of
positive charge-transport layers (PCTLs) and negative charge-
transport layers (NCTLS). Initially, a cell with the configuration
of FTO/NCTL/CH3NH3Pbls/PCTL/Au was considered. The
purpose of comparing and simulating different materials was to
find the most efficient and suitable compounds and materials
for NCTLs and PCTLs to increase cell efficiency. In the initial
stage, we compared the performance of three NCTL materials
at a fixed thickness of 100 nm. The materials were TiO», IGZO,
and ZnO. Among the three, ZnO demonstrated the highest
efficiency of 21.43%, followed by TiO, with 21.16% and 1GZO
with 19.44%. The findings suggest that ZnO could serve as a
potent NCTL substance in solar cells. The PCTL also consisted
of three materials, including one organic material, Spiro-
OMeTAD, and two inorganic materials, Cu2O and CBTS. After
comparing the three structures at a fixed thickness of 200 nm
for PCTL, it was determined that CBTS was the most suitable
material, with an efficiency of 24.75%. Additionally, the
effectiveness of these materials was assessed at varying
thicknesses, with CBTS consistently delivering superior
outcomes. Accordingly, a CBTS thickness of 200 nm was
selected for the PCTL layer. Ni was also the most efficient
metal back contact for this cell because it was more cost-
effective than other materials such as Au, Pt, and Pd, and also
had a suitable energy level. Then, the new arrangement
composed of FTO/ZnO/CH3NH3Pbls/CBTS/Ni was evaluated

under layer thickness optimization to increase efficiency. For
the validation and verification of the solar cells, the impacts of
interface defect, Rs, Rsh, and temperature were also studied. In
addition, the defect density of the CH3NHsPbls layer was
optimized, and finally, with a defect density of 7x10% cm, it
achieved an efficiency of 26.38%, a V. of 1.14 V, a Jsc of 27.48
mA/cm?, and a FF of 84.27%.
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