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ARTICLE INFO ABSTRACT

Keywords: The main focus of this research is to explore the properties and photovoltaic application of
DFT AgCdF3, and hence, initially, the CASTEP software was used in this study to assess the structural,
’;‘gﬁg? optical, mechanical, and electrical characteristics of the AgCdF3 perovskite absorber layer within

the context of the density functional theory (DFT) method. AgCdFs resulting from the structural
research is confirmed to be chemically and thermodynamically stable by the estimated tolerance
factor and formation enthalpy. According to the band structure analysis, AgCdFs is an indirect
band gap semiconductor with a band gap of 1.106 eV, where the electrons of Cd-4d and F-2s
dominate the band edges of this semiconductor. Analysis of mechanical properties revealed that
the AgCdF3 cubic perovskite has a stable structure and enhanced ductility, indicating superior
machinability. After completing the DFT analysis, a one-dimensional solar cell capacitance
simulator 1D (SCAPS-1D) was used with three popular electron transport layers (ETLs), including
ZnO, PCBM, and Cgp, to examine the photovoltaic (PV) performance of various AgCdFs-based
solar cell heterostructures. Based on simulation findings, the device design with 1ITO/ZnO/
AgCdF3/Cul/Au showed the highest photoconversion efficiency compared to the other configu-
rations. A detailed analysis was conducted for the aforementioned configurations to determine
the impact of variations in the absorber and ETL thickness on PV performance. Moreover, the
effects of the three designs were assessed in terms of function, generation and recombination rate,
capacitance, operating temperature, series and shunt resistance, and Mott-Schottky. Thus, this
comprehensive simulation with validation results demonstrated the true potential of AgCdFs
absorber with appropriate ETLs such as ZnO, PCBM, and Cgo; on the other hand, the Cul as hole
transport layer (HTL), paving the way for promising studies to develop high-efficiency AgCdFs
PSCs for the photovoltaic industry.

Solar cell
Optoelectronic properties

1. Introduction

The exclusive reliance on traditional fossil fuels as the sole energy source for achieving sustainable development is no longer viable

* Corresponding author.
E-mail address: rasidul@bsfmstu.ac.bd (Md.R. Islam).

https://doi.org/10.1016/j.heliyon.2024.e33096
Received 28 February 2024; Received in revised form 3 June 2024; Accepted 13 June 2024

Available online 17 June 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license

(http://creativecommons.org/licenses/by-nc/4.0/).


mailto:rasidul@bsfmstu.ac.bd
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e33096
https://doi.org/10.1016/j.heliyon.2024.e33096
https://doi.org/10.1016/j.heliyon.2024.e33096
http://creativecommons.org/licenses/by-nc/4.0/

F.-T. Zahra et al. Heliyon 10 (2024) 33096

due to the increasing global energy demand and the detrimental impact on the environment [1-5]. Maximizing the utilization of solar
energy and developing stable and efficient solar cells are crucial in addressing the worldwide energy crisis [6]. Among other solar cells,
perovskite solar cells (PSCs) have shown a remarkable increase in efficiency from a pitiful 3.8-26.1 % in just ten years, which has
attracted an unprecedented amount of research attention in order to cope with the present expansion of solar technology [7-9]. The
significant progress achieved can be attributed to the exceptional optoelectronic properties exhibited by halide perovskite materials.
These properties include a high absorption coefficient, variable band gaps, long-range charge diffusion lengths, low exciton binding
energies, and high charge carrier mobilities [2,3,5,10,11]. All of the top-performing cells with power conversion efficiency (PCE)
values of more than 20 % use perovskite absorbers with hybrid organic-inorganic compositions that use formamidinium (FA) or
methylammonium (MA) as cations [12]. However, due to the inherent instability of the organic hybrid perovskites, such high power
conversion efficiencies are not necessarily consistent with the longevity of the device [13]. Specifically, the organic components of the
hybrid perovskites limit their thermal stability to less than 150 °C [12,14]. So, further investigation was necessary to determine
thermally stable, cost-effective, and high-performance solar cells. Owing to that concern, the complex fluoride perovskites having
general formula ABF3 (A and B are cations while F is monovalent fluorine anion) are found to possess many unique characteristics such
as high-temperature superconductivity [15], colossal magneto resistivity [16], optical property [17-19], thermoelectricity [20], and
photoluminescence [21] among all the perovskites.

In recent times, DFT approaches have become very popular to explore the geometrical, optical, mechanical, and electrical prop-
erties of such types of fluoroperovskite materials as well as to determine its suitability for PV applications [22-24]. Hussain et al.
computed the mechanical, magnetic, and thermoelectric behavior of perovskite oxides XGaO3 (X = Sc, Ti, Ag) using LDA + U func-
tional, which reveals the half-metallic nature of the compounds supporting their applications in spintronics [25]. Various properties of
silver-based perovskites AgXCls (X = Ca, Sr) are investigated by using the FPLAPW method within the wien2k code [26]. Electronic
property analysis of that study reveals a band gap of 1.44 and 1.37 eV for AgCaCl3 and AgSrCls, respectively, whereas the mechanical
property demonstrates the ductile nature of the two compounds. The first principle calculations of AgMO3 (M = V, Nb, and Ta) show
that AgNbO3 and AgTaOs are indirect bandgap materials while AgVOs is metallic [27]. In recent research, Singh et al. investigated the
thermoelectric performance of AgMF3 (M = Zn, Cd), where the electronic properties and the transport coefficients are obtained by
using the density functional theory combined with the Boltzmann transport theory under relaxation time approximation [28]. In this
study, the band structures and thermoelectric properties of AgZnFs and AgCdF3 have been focused on, but to the best of our knowledge,
no other characteristics have been conducted yet. Hence, in order to assess the viability of employing AgCdF3 as a prospective absorber
material for solar cells, a comprehensive analysis of its structural, optical, mechanical, and electrical characteristics will be conducted.
This investigation will be carried out through the utilization of DFT calculations inside the Cambridge Serial Total Energy Package
(CASTEP) software framework.

Additionally, to explore the performance of AgCdF3 perovskite in solar cells, it is essential to have a comprehensive understanding
of how the various constituent layers in PSCs—transparent conductive oxide (TCO), perovskite absorber layer (PAL), ETL, HTL, and
back-metal contact layer—affect the solar cell (SC) performance [29-31]. One important aspect impacting PV characteristics is the
optical absorption attributes of PAL. The ETL and HTL are required to transport and extract the charge carriers generated during
photon absorption in the PAL. The difference in Fermi energy levels between the HTL and ETL controls the open circuit voltage (Voc)
[32]. On the other hand, the fill factor (FF) and short circuit current density (Js¢) increase in proportion to the increased charge
mobility of ETL [33-35]. In solar cells, ETL and HTL are made of both organic and inorganic components. A number of common ETLs,
like ZnO [36,37], Cgp [32], and PCBM [38], are used with Cul [39] as HTL because of their suitable band gap, band alignment, charge
mobility, and transparency. Another important parameter to consider while examining the performance of PSCs is the choice of work
function of back contact material [40,41].

Therefore, the specific aim of this study is to investigate the structural, electronic, optical, and mechanical characteristics of AgCdF3
cubic perovskite using DFT. In addition, three feasible designs have been thoroughly examined to verify the viability of AgCdF; as an
absorber layer in perovskite solar cells. The impact of absorber layer thickness, back contact work function, generation-recombination
rate, series and shunt resistance, Mott-Schottky, and temperature on the PV parameters of these three configurations have been
investigated through SCAPS-1D simulation.

2. Computational method
2.1. First-principle calculation of AgCdFs absorber layer

In this study, the Cambridge Serial Total Energy Package (CASTEP), which is based on density functional theory (DFT), is used to
analyze the structural characteristics, electrical configurations, and optic response to electromagnetic radiation of AgCdFs. First, the
previously published experimental parameters are taken into consideration while drawing the AgCdFs structural model. The func-
tional Perdew—Burke—Ernzerhof (PBE) is widely employed in conjunction with the exchange correlation of generalized gradient
approximation (GGA) to produce the ground-state structure (optimal structure) [42,43]. Utilizing Ag: 4 d% 55! cd: 4 d'° 552, and F:
2s2 2p° as valance electrons, pseudoatomic computations were carried out. Plane-wave basis sets and pseudopotential as core-valence
states interaction are selected for computations. In order to produce interactions between electrons and ions, the most widely used
Vanderbilt-type ultrasoft pseudopotential is treated [44]. During structural optimization, the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm has been used. While the optimization technique employs a range of cutoff energies, 700 eV has been found to
be compatible with it. Furthermore, in order to facilitate improved optimization, a 12 x 12 x 12 k-point mesh fitted with the
Monkhorst-Pack technique is fitted to sample the Brillouin zone. Over the first Brillouin zone, the sampling integration is set to
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ultrafine quality. The selected optimum converging functions of total energy, maximum ionic force, maximum ionic displacement, and
maximum stress are 1 x 107® eV/atom, 5 x 104, 0.01 GPa, 0.05 GPa, and 5 x 10~% eV/atom, respectively. Following the optimization
procedure, the relaxations of the lattice parameters and atomic locations are determined. By adjusting the same characteristics, such as
structural optimization, the electronic and optical parameters are estimated. Kramers-Kronig relations use Eigen values and Eigen
functions for optical qualities that are taken from density functional perturbation theory (DFPT) simulations. The CASTEP module
utilizes the ‘stress-strain” method for elastic constants and elastic moduli calculations.

2.2. SCAPS-1D numerical simulation

To model perovskite PSCs, the ELIS department at the University of Gent developed the SCAPS-1D code. With the help of realistic
and accurate back-end physical equations, a wide range of device architectures can be designed and investigated using the flexible PV
software SCAPS 1D. This software simulates photovoltaic processes like light absorption, exciton generation, charge transfer and
collection, and recombination. Therefore, the solar cell and its associated features were modeled using SCAPS-1D. The SCAPS-1D
model has a high level of concurrence with empirical observations. Equation (1) defines Poisson’s equation, which defines the rela-
tion between electrostatic potential and the charge density. The relationship between the distribution of charge density and the
electrostatic potential can be comprehended through the use of Poisson’s equation [45-49]. Conversely, in order to ascertain the
characteristics pertaining to the quality of a solar cell, the continuity formula for both electrons and holes is employed. Furthermore,
the program incorporates Shockley-Read-Hall (SRH) recombination statistics in order to model the functioning of the device [50].

d q
—— ¥(x)=——[p(x) —n(x) +Np — Na +p, — p,] 1)
€0€r
In this context, ¥ represents the electric potential, q denotes the electronic charge, ¢g represents the permittivity in a vacuum, and e,
refers to the relative permittivity. Additionally, Ny and Np represent the density of acceptors and donors respectively. The variables p
and n are used to denote the concentration of holes and electrons respectively. Lastly, p, and p, represent the holes and electrons
charge density respectively.
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The equations presented include the variables J, and J,, which represent the holes and electrons current density, respectively.
Additionally, G, and G, represent the production rate of electrons and holes, respectively, while R, and R;, denote the electrons and
holes recombination rate, respectively. The SCAPS 1D software is capable of producing a steady-state response in one dimension,
taking into account the specified equations and boundary conditions [51,52].

Voc X Jsc x FF

Device efficiency,n = —p 4
1
Fill factor, FF = Imp X Vip 5)
sc X VOc

Vmp and Jpp represent the maximum voltage and current density, respectively. Voc and Jsc are abbreviations that respectively denote
open-circuit voltage and short-circuit current density.

3. Results and discussion
3.1. DFT results analysis

3.1.1. Structural properties

Together with the space group Pm-3m, the compound AgCdF; has a cubic structure. The fractional coordinates of Ag, Cd, and F are
(0,0,0), (0.5,0.5,0.5), and (0,0.5,0.5), with the corresponding Wyckoff positions being 1a, 1b, and 3c. The lattice constants of AgCdF3
area=b=c =4.34 A, according to the results of the prior studies [28,53]. Fig. 4b presents the optimized crystal structure of AgCdF3 as
a structural model of AgCdFs in the present study. The lattice parameter of AgCdFs has become a = b = ¢ = 4.373 A resulting from
geometrical optimization. The above scenario indicates a small increase in the lattice parameter (0.033 A), indicating a 0.76 %
divergence of the lattice parameters from the reference. Since the deviation is so small, we may assume that the accuracy of our
first-principle calculations is adequate. Again, the stability of the compound can be accessed by the formation energy (Ef = —4.49
eV/atom) with equation. 6.

[Etorat (AgCdF3) — aFEj(Ag) — bE; (Cd) — cEy (F)]
a+b+c

E; (AgCdFs) = ©)
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The optimized structure possesses a stable structural design suitability for the construction of the solar system, as evidenced by its
substantial negative forming energy value.

3.1.2. Electronic properties

As illustrated in Fig. 1, the electronic band structure, density of states, and charge density of the AgCdF3 perovskite are computed
based on the optimized structure in order to investigate its electronic features. AgCdFj is clearly an indirect band gap semiconductor
based on the band structure computed at high symmetry k-points in the Brillouin zone (Fig. 1). The computed band structure places the
valence band maximum (VBM) at various k points in the Brillouin zone, while the conduction band minimum (CBM) is located at the G
point. The measured band gap (Eg) is 1.106 eV, slightly higher than the 1.06 eV theoretically estimated E4 value obtained in other
publications [53]. The analysis of band structure formation can be accomplished by examining the density of states (DOS) plots
illustrated in Fig. 2. The occupied and unoccupied energy states are clearly separated in the total density of states (TDOS) as shown in
Fig. 2¢, which lacks any electronic state overlap at the Fermi level. This means that TDOS also supports the band structure result by
confirming that the material in question has a band gap at the Fermi level.

Analysis of the partial and orbital DOS of the component atoms can be used to investigate the atomic origin of the energy bands that
exist within valence (conduction) bands. Ag atoms do not significantly contribute to the development of the band edges, as seen in
Fig. 2a, and Ag 4d sites are found to be close to the Fermi level. However, Ag 4d valence electron states are primarily responsible for the
observed high-intensity peak in Fig. 2a, which is located approximately —4 eV just below the Fermi level. Ag 4p states have a minor
role, and 5s play no function in forming band edges. On the other hand, as Fig. 2(b and c) illustrates, the Cd 4d and F 2s states clearly
contribute to the electrical states generating the band gap. Consequently, the band gap between the constituent Ag, Cd, and F atoms is
generated by the hybridization between the electronic states of Cd and F atoms.

3.1.3. Optical properties

To uncover additional information about the optical characteristics of compounds, the complicated dielectric function is essential
[54]. These characteristics make the materials of great significance while examining possible uses in solar and other optoelectronic
devices. The nature of the six computed optical parameters—absorption, reflectivity, refractive index, conductivity, dielectric con-
stants, and energy loss function is described in this paper in terms of energy up to 50 eV. Depending on the photon energy, determining
the dielectric function is the initial step to derive other optical properties as well. Dielectric function is a complex equation that can be
expressed as €(w) = €1(w) + iez2(w); here €1(w), e2(w) are the real and imaginary part of the dielectric function respectively. The real
part can be calculated from the imaginary part by following the Kramers-Kronig dispersion equation as follows.

2 T 02 ()

—1+%p | =L

£ () 1+” /m/z— wzdw @
0

The imaginary part can be derived by momentum tensors element between the occupied and unoccupied wave function as follows.

_2é’n
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Here, w stands for the frequency of light. ¢ and y} represents the conduction and valance band wave function at k, respectively.
Fig. 3a displays the real and imaginary components of the AgCdFs dielectric function. Since it depends significantly on the

Energy, E{eV)

x R M G
k-vector

Fig. 1. The electronic energy band diagram of AgCdF3 using GGA + PBE approximation.



F.-T. Zahra et al. Heliyon 10 (2024) 33096

6.0 T T T E Y T T
45t (a) Cr T AgSs
1 — Ag-4p
30 1 —— Ag-4d |
15+ ; |
: A
0.0 Y T e\ /Ln
i 45| (D) — Cd-5s | |
2 3 —— Cd-4p
3¢ WA : ——Cd-4d ]
3 15 k- “ -
Q. '
C \<
Z 00 : : ; e 4
% 45| () —F-2p| 4
- ‘ — F-2s
=]
.‘g‘ 3-0 ~ .
w
E 1.5} .
0.0 T T
il (d) Total ]
8 | =
41 ! ]
.AAJW
-15 5 10 15

Energy (eV)

Fig. 2. Orbital density of states representation of (a) Ag, (b) Cd, (c) F, and (d) total density of states of AgCdF5 cubic perovskite using GGA +
PBE functional.

compound’s band gap, the most significant measurement of the real part of the dielectric function, £;(®), is the zero-frequency limit,
meaning the electronic component of the static dielectric constant, £1(0). Compounds that achieve a broad energy bandgap typically
exhibit a low peak dielectric constant value. There exists a correlation between the electronic polarizability of the compounds and the
real part of the dielectric function. The static dielectric constant at 0 eV can be obtained from Fig. 3a as £1(0) = 2.81. £;(®) exhibits its
maximum value in the visible region of the electromagnetic spectrum, after which it commences a sharp decline towards zero. The
relationship between photon absorption and the imaginary portion of the dielectric function e2(w), which characterizes the electronic
properties of crystalline materials, is established. The abrupt peaks observed in the £3(®) represent the transition of charge carriers
from occupied to vacant bands. The compound AgCdF3; demonstrates noteworthy values of e3(®) within the range of 0-12 eV. This
suggests that it may serve as a reasonable choice for optoelectronic purposes in the visible and ultraviolet regions.

One important physical factor that describes a material’s optical properties is its refractive index (n). In a given medium, the phase
velocity of electromagnetic (em) waves is correlated with the refractive index [55]. The refractive index, as shown in Fig. 3b, closely
resembles the dielectric function when it is obtained from ¢(). In the visible portion of the electromagnetic spectrum, the compound
AgCdFs has a strong peak at about 3.2 eV, and its predicted static refractive index, or n(0), is around 1.65. It moves further, although at
lower energy, into the ultra-violet (UV) regions. Predicting the suitability of AgCdF3 perovskite material for solar cell applications
requires careful consideration of this information.

The energy-dependent reflectance spectrum is a crucial optical function that is used to calculate all optical coefficients utilizing
Kramers-Kroning relationships. Reflectance spectrum (R) is also highly important for AgCdF3 utilization as a solar absorber material.
At zero frequency, reflectivity begins at about 0.06. After that, R increases quickly until it reaches its maximum value of 0.1 at around
3.5 eV of photon energy. Interband transitions may have contributed to the maximum degree of reflection in the UV area shown in
Fig. 3c. Furthermore, three distinct steep peaks outside of the visible and ultraviolet regions can be observed at energies of 12.14, 22.6,
and 26.5 eV. The maximal reflectance of AgCdFs (0.13) is still very low compared to other perovskite materials generally used as an
absorber layer in solar cell applications.

The optical conductivity ¢ (o) of a medium indicates its ability to initiate a conduction process. The complex dielectric function can
be used to compute it [54]. The curve shown in Fig. 3e makes it clear that conductivity increases as energy increases up to around 12
eV. After that, conductivity declines with a brief oscillatory phase, climbs again at about 21.7 eV, and finally becomes static. As seen in
Fig. 3d, o(w) is increasing in the visible and ultraviolet regions due to the increasing absorption coefficient in this energy range. The
loss spectrum (L) of AgCdFs (Fig. 3f) illustrates the energy a fast electron loses as it passes through a compound. The electron-matter



F.-T. Zahra et al. Heliyon 10 (2024) e33096

e Rl part.

—— Imaghmary part. ¢,

Diclectric Function, ¢
Refractive Index, n{w)

10 20 30 4 50
Energy, E(eV) Energy, E(eV)
01s .
28:00°¢ d
0z: B | @
3 0
= =
S 009 E o
Z 12 Lsaett
z s |
o B et
] é
0.03 < st
[
L) 2
o 0 20 30 I El L » » “ e
Energy, E(eV) Energy, E(eV)
4 15
£
E
1
g
=
H
e L] 0 ¥ 4 50 o 0 0 n a0 50
Energy, E(eV) Energy, E(eV)

Fig. 3. Six optical functions computed for the AgCdF5 perovskite solar absorber: (a) dielectric function, (b) refractive index, (c) reflectivity, (d)
absorption, (e) conductivity, and (f) loss function.

interaction-induced energy loss in electrons is the only phenomenon explained by the energy loss function [54]. It is evident that
energy loss grew steadily, peaking at 18.5 eV for photon energy, with a few smaller peaks in between. After that, it rapidly picked up
speed, reaching its plasma frequency (p), or peak energy loss (2.1), at around 26.7 eV. Since photon energy is higher than band gap
energy, it is evident that most energy loss takes place in the ultraviolet band.

3.1.4. Mechanical properties

This section provides a comprehensive analysis of the elastic constants and other significant mechanical characteristics to assess the
mechanical stability of AgCdFs. The elastic constants and Cauchy pressure (C12-C44) of the compound have been compiled and
presented in Table 1.AgCdFs exhibits a limited number of independent elastic constants (Cy;, C12, and C44) when the stress-strain
matrix is analyzed using Hooke’s Law in conjunction with the lattice dynamics and considering the lattice symmetry. All of the
elastic constants clearly meet the well-established Born stability criterion, which specifies that [56]-

C11 > 0, C44 > 0, C11—Cq2 > 0, and Cy7 + 2C15 >0

Therefore, the compound exhibits mechanical stability. The characterization of material brittleness and ductility can be achieved
through the utilization of the Cauchy pressure, denoted as C;2-Cs4. The Cauchy pressure, when positive (negative), serves as an in-
dicator of the material’s ductile (brittle) characteristics. The positive values obtained for this metric indicate that the sample exhibits
sufficient ductility. The mechanical characteristics, including the bulk modulus B, shear modulus G, Young’s modulus E, Poisson’s ratio
0, Pugh’s ratio B/G, and Vicker’s hardness (HV), are derived and organized in a table based on the evaluated elastic constants Cj;. The
well-accepted Voigt-Reuss approach was employed to ascertain the values of the bulk modulus B and shear modulus G [57]. The upper
and lower bounds of the actual effective modulus correspond to the Voigt and Reuss bounds obtained from the typical polycrystalline
modulus under two assumptions, respectively: uniform strain and uniform stress in a polycrystal. For cubic lattices, Voigt bulk modulus
(By) and shear modulus (Gy) are [57]:

1
BV zg(c 11 +2C 12) (9)
Table 1
The evaluated elastic constants C;; (GPa) and Cauchy pressure C;2-C44 (GPa) of AgCdFs.
Compound C1p Cia Cyq C12-Cyq
AgCdF3 102.92 23.24 4.81 18.43
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1
GV:§(C11*C12+3C44) (10)

Again, for cubic lattices, Reuss bulk modulus (Bg) and Reuss shear modulus (Gg) are:
1

BR:BV:3

(C11+2Cq2) an

SC 44(C ll—C 12)
*14C 44 +3(C11_C12)]

12)

According to Hill’s theory, the practical estimate of the bulk and shear modulus is the arithmetic mean of the two values of the Voigt
and Reuss equations. Consequently, the practical estimated value (Hill’s average) for the bulk modulus (By) and shear modulus (Gy) is
given by:

BH:%(BVJrBR) (13)
GH:%(GV-&—GR) (14)

Besides, Young’s modulus (E), Poisson’s ratio (v), Vicker’s hardness (Hy), and machinability index () are given by Refs. [58,59]:

9BG

E=3+q (1>
0:336;}3 (16)
Hv:% 17
"M:c%, (18)

The resistance to fracture can be quantified by the bulk modulus B, while the resistance to plastic deformation can be quantified by
the shear modulus G [60]. Hence, it can be surmised that the resistance of AgCdF3 to fracture can be attributed to its higher bulk
modulus. The rigidity of AgCdF3 can be derived from the shear modulus G. Furthermore, the stiffness of the material can be char-
acterized by Young’s modulus, denoted as E. Frantsevich and Pugh (year) have established that a Poisson’s ratio value of 0.26 is crucial
in distinguishing between ductility and brittleness [60]. To attain ductility, the Poisson’s ratio, U, is required to be higher than the
critical value. According to the data presented in Table 2, the values of v suggest that the compound exhibits sufficient ductility. In
addition, the relationship between the ductility and brittleness of a material can be elucidated by the utilization of Pugh’s ratio (B/G).
Based on Pugh’s relationship, it may be concluded that a larger ratio value may be indicative of the ductility exhibited by a material.
Likewise, the lower magnitude of the ratio is linked to the characteristic of brittleness exhibited by a substance. The Pugh’s ratio
exhibits a crucial value of 1.75, which demonstrates variation across these two distinct properties. The material exhibits ductility when
the ratio of its bulk modulus (B) to its shear modulus (G) exceeds 1.75. Therefore, based on the data presented in Table 2, it may be
concluded that the material exhibits ductility. To understand the elastic and plastic properties of a material hardness measurement is
important. From Table 2, the hardness of the compound is found to be only 1.05 GPa. So, the compound is soft and can be dented easily.
The machinability index is the measurement of the plasticity and lubricating nature of a material. Good lubricating properties, low feed
friction, and a higher plastic strain value correlate with a higher value of the machinability index [61]. So, according to the value pyy,
AgCdF; is good in these characteristics.

3.2. Analysis of SCAPS-1D simulation results

3.2.1. AgCdFs3 perovskite solar cell structure

The functionality of AgCdFs-based SC can be enhanced by integrating the perovskite AgCdF3 absorber layer (800 nm) with a band
gap of 1.106 eV and suitable substitutes for traditional HTL, ETL, and back contact materials. We conducted a computational analysis
and evaluated the suitability of various ETLs in this work by choosing three different heterostructures in the SCAPS-1D to develop a

Table 2
Calculated bulk modulus, B (GPa), shear modulus, G (GPa), Young’s modulus, E (GPa), Poisson’s ratio, v, Pugh’s ratio (B/G) and Vicker’s hardness, Hy
(GPa) and machinability index () of AgCdFs.

Compound By Br By Gy Gr Gy E v B/G Hy MM

AgCdF; 49.8 49.8 49.8 18.82 7.42 13.12 36.18 0.38 3.8 1.05 10.35
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heterostructure combination that would minimize the time and expense complexity required to build such a large number of SC
configurations physically. These factors have led to the analysis of three different ITO/ETL/AgCdF3/Cul/back contact heterostructure
combinations for AgCdFs-based PV configurations using ETL like PCBM (50 nm), ZnO (50 nm), and Cgp (50 nm) (Fig. 4a) in
conjunction with Ag, Fe, Nb, Cu-graphite alloy, and Au as distinct back contact materials. We also explored how the AgCdF3 absorber
and ETL thickness affected the PV parameter performance of the three configurations. Furthermore, the effects of generation,
recombination rate, Mott-Schottky (MS), capacitance, operating temperature, and series and shunt resistance were assessed.

The simulation parameters for each layer, including the TCO, ETL, Absorber, & HTL, are shown in Tables 3 and 4. For the
simulation, the selected conditions were AM1.5G solar spectrum with a power density of 100 mW/cm? at a temperature of 300 K. The
respective values for the acceptor concentration and defect densities are set at 10'® cm™2 and 10'° cm™3. The following sections cover
research conducted to explore the device configurations listed in Table 4.

3.2.2. Energy band diagram (EBD) of AgCdFs

In order to enhance the efficiency of AgCdFs-based PSCs, simulations were conducted to investigate the impact of ETLs with
varying optoelectronic characteristics. Each ETL had an impact on the EBD.

The disparity in energy levels notably influences the performance and efficiency of PSCs. The electrons created during the process
of photoexcitation are incidented into ETL, where they are then transported to HTL by holes. Subsequently, the accumulation of
electrons and holes takes place at the front contact metal (ITO) and rear contact metal (Au), respectively. In order to facilitate the
extraction of electrons at the interface between the ETL and AgCdFs, it is necessary for the electron affinity of AgCdFs to be
comparatively lower than that of each ETL component, namely ZnO, PCBM, and Cg( [38]. In order to extract the holes at the interface
between AgCdF3 and Cul HTL, it is necessary for the ionization energy of AgCdFs to exceed that of Cul HTL. Furthermore, the disparity
in energy bands at the interfaces significantly affects the device’s performance, including Jsc, Voc, FF, and PCE parameters.

The relationship between the creation of two structures is associated with the conduction band offset (CBO). When the CBO exhibits
a negative value, the energy difference has a cliff-like profile [65], while a positive CBO results in an energy difference resembling a
spike (Fig. 5). The concept of negative charge carrier, specifically in the context of the CBO phenomenon, pertains to the efficient
movement of electrons. The absorber exhibits a higher conduction band than the ETL, leading to a negative CBO and the absence of a
potential barrier for electrons at the interface between the ETL and absorber. However, when the conduction band of the absorber is
lower than that of the ETL, it leads to a positive CBO with a potential barrier for electrons at the interface between the ETL and
absorber. The presence of this potential barrier facilitates the accumulation of electrons in close proximity to the interface between the
ETL and the absorber material. Consequently, this accumulation increases recombination when the electrons are transferred back to
the interface of the heterojunction. On the contrary, the presence of positive charge carriers in the CBO results in a phenomenon known
as band bending, which subsequently reduces recombination processes. From Fig. 5, it is observed that CBO is positive and shows a
spike nature for all the three ETLs. Among them, ZnO shows less spike than the other two facilitating less recombination rate and
higher efficiency.

However, it is essential for the VBM of the absorber to be higher than that of the HTL in order to facilitate efficient hole transport.
The activation energy (E,) associated with the process of recombination may be determined by subtracting the band gap energy (Es)
from the ratio of the CBO and VBO [66]. There exists an inverse relationship between activation energy and recombination. In Fig. 5
(a—c), it can be shown that the VBO exhibits a sufficiently modest magnitude, hence facilitating effective hole transport at the interface
between the HTL and the perovskite material. The transit of holes from the absorber layer to the conductive electrode is facilitated by
the HTL. Hence, the composition and quality of the HTL significantly influence the overall performance of the solar cell, including V¢
and Jgc. The current density enhancement is achieved by mitigating electron-hole recombination at the interface between the absorber
and HTL. This task may be accomplished by using a high-quality HTL implementation. The highest PCE of 27.12 % was achieved with
the configuration of ITO/ZnO/AgCdF3/Cul/Au. Additionally, other ETLs have comparable PCEs of 27.04 % and 25.64 % for PCBM and

Ceo, respectively.
223

Glass
ITO

Absorber (AgCdFs)

HTL (Cul)
Back Contact (Ag, Fe, Nb, Cu-

graphite alloy, Au)

(a) (b)

Fig. 4. (a) Design of AgCdFs-based perovskite solar cell, and (b) An optimized primitive unit cell of AgCdF3; where the Cd-atom is located at an
octahedral site surrounded by six fluorine atoms.
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Table 3

Input parameters of TCO, ETL, and absorber layer (AgCdF3).
Parameters ITO (TCO) PCBM (ETL) ZnO (ETL) Ceo (ETL) Cul (HTL) AgCdF;
Thickness (nm) 500 50 50 50 100 800
Band gap, Eg(eV) 3.5 2 3.3 1.7 3.1 1.106
Electron affinity, (eV) 4 3.9 4 3.9 2.1 4.27
Dielectric permittivity (relative) 9 3.9 9 4.2 6.5 2.81
CB effective density of states 2.2 x 108 2.5 x 102! 3.7 x 108 8.0 x 10'° 2.8 x 10%° 1.107 x 107
VB effective density of states 1.8 x 10%° 2.5 x 10! 1.8 x 10%° 8 x 10" 1 x 10" 2.3 x 10"
Electron mobility (cm?/Vs) 20 0.2 100 8 x 1072 100 831
Hole mobility (em?/Vs) 10 0.2 25 35x 1072 43.9 54
Shallow uniform acceptor density 0 0 0 0 1.0 x 108 8.36 x 107
Shallow uniform donor density 1 x 10% 2.93 x 10%7 1x10'® 1 x 107 0 0

Table 4

Optimized PV parameters of the AgCdF3-based solar cell for Cul HTL with Au back contact and different ETLs (ZnO, PCBM, Cg).
Optimized device configuration Voe (V) Je (mA/cm?) FF (%) PCE (%)
ITO/ZnO/AgCdF3/Cul/Au 0.823 42.472 77.62 27.12
ITO/PCBM/AgCdF3/Cul/Au 0.823 42.435 77.47 27.04
ITO/Cgo/AgCdF3/Cul/Au 0.822 41.613 74.96 25.64
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Fig. 5. Energy band diagram of AgCdFs-based perovskite solar cell with Cul HTL, Au back contact, and different ETLs: (a) ZnO, (b) PCBM, and
(c) Ceo-

3.2.3. Effect of absorber thickness and work function on PV performance

Fig. 6 depicts the influence of the work function of the back contact material shown in Table 5 and the thickness of the absorber
layer on the behavior of V. All of the contour plots in Fig. 6 show a general trend of decreasing V¢ with increasing thickness of the
absorber layer. In Fig. 6, it is seen for ETL ZnO that with the max V¢ of 0.8536 V is shown for a thickness of ~0.5 pm and work function
of (4.9-5.1) eV. With the decrease of back contact work function and an increase in absorber thickness, the V¢ decreases. Vo can be
defined by the following equation —
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Fig. 6. Contour plots illustrating the variation in V¢ for AgCdF3-based SC when (a) ZnO, (b) PCBM, and (c) C¢o ETLs were incorporated, in addition
to the concurrent changes in absorber layer thickness and work function.

Table 5
Different materials exhibiting the simulated work functions [62-64].
Material Ag Fe Nb Cu-graphite alloy Au
Work function (eV) 4.7 4.8 4.9 5.0 5.1
nkT ., (I
Voc:—ln(—L+ 1) (19)
q Io

Here, n is a factor, kT/q is thermal voltage, I, is light-generated current, and I is dark saturation current. An increase of Vo indicates
electron-hole recombination is lower at a thinner thickness of absorber and value of I is at low level. Hence, increase of excess carrier
concentration generate higher I; which increases the value of Vo¢ according to Eq. (19). However, as the thickness of the absorber
increases, it increases the value of I and promotes carrier recombination which decreases the value of Voc. In Fig. 6b for PCBM, the
maximum Vo is 0.8534 V, which is quite similar to ZnO. The maximum Vo for PCBM also occurs at a thickness of ~0.5 pm and a work
function of (4.9-5.1) eV. Similarly, in Fig. 6¢ ETL Cg shows a similar behavior to the other two ETLs. Cgo shows a maximum Vg of
0.8527 V, at a thickness of ~0.5 pm, and a work function of (4.9-5.1) eV. Among all 3 ETLs, ZnO shows the maximum Vg given all
other parameters remain the same.

The influence of absorber thickness and metal work function of back contact on the Jgc characteristics is represented in Fig. 7 where
it is clearly seen that metal work function has no effect on the Jgc characteristics of the PSC. Although Js¢ characteristics are inde-
pendent of metal work function, significant change occurs due to changes in absorber thickness. It is seen from Fig. 7 that as the
absorber thickness increases, the Jsc value increases. The maximum Jsc value of 42.48 mA/cm? is seen for ETL ZnO at a thickness
greater than 0.85 pm. PCBM also shows a similar value of 42.47 mA/cm? for Jsc, which also appears at a thickness greater than 0.85
pm. As the absorber thickness increases, it causes more light absorption along with increase of excess carrier concentration which
elevates the value of Jsc. The lowest Jsc value of 41.62 mA/cm? is shown by Cep at a thickness greater than 0.85 pm. Fig. 8 represents
the contour plot of the fill factor, showing the influence of back contact metal work function and absorber thickness. FF determines the
ability to deliver available power to a load generated by a cell or the internal power depletion. For SCs, higher FF is desirable for better
performance. All three ETLs show similar behavior in terms of FF. In Fig. 8, ETL ZnO shows a maximum of 79.95 % FF for absorber
thickness in the range between (0.5-0.6) micrometer and work function in the range(4.9-5.1) eV. PCBM also shows the same behavior
with a maximum of 79.80 % FF in Fig. 8b for absorber thickness in the range between (0.5-0.6) micrometer and work function in the
range (4.9-5.1) eV. ETL Cgo shows a slight decrease in FF with a maximum value of 79.50 % and the same range for absorber thickness
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and metal work function. The effect of increasing absorber thickness in the value of FF shows a decreasing trend due to the fact that in
thicker absorber the internal power depletion increases which causes a reduction in FF.

Comparing the PCE among the three ETLs for the influence of absorber thickness and back contact metal work function shows the
difference in values. Fig. 9a shows that the maximum PCE achieved for ZnO is 27.58 %, which is the highest among the 3 ETLs. This
maximum PCE is achieved for absorber thickness in the range (0.5-0.8) micrometer and metal work function (4.9-5.1) eV. Fig. 9(b and
c) shows corresponding contour plots for ETL PCBM and Cg, respectively, where ETL PCBM shows a maximum PCE of 27.52 % and
ETL Cgo shows a maximum of 26.80 %. For both the ETL (PCBM, Cg(), the maximum PCE has been achieved for absorber thickness in
the range (0.5-0.8) micrometer and metal work function (4.9-5.1) eV, which is the same for ETL ZnO. The PCE of PSCs is controlled by
two factors, namely photon absorption and carrier transport. Photon absorption governs the power conversion efficiency (PCE) in
thinner absorbers, while carrier transport governs the PCE in thicker absorbers. So, there exists an optimum value of absorber thickness
(0.5-0.8) micrometer for AgCdF3 which corresponds to higher PCE. Above the optimum thickness of the absorber, there exists higher
number of excess carriers and more traps which pose the opportunity for the carrier recombination leading to lower PCE. The increase
of metal work function leads to higher PCE due to the fact that the barrier height of majority carrier decreases with the increase in
metal work function which makes contact more ohmic.

3.2.4. Effect of absorber and ETL thickness on PV performance

In order to achieve optimal performance in the production of supercapacitors, it is essential to carefully choose and combine the
appropriate ETL and absorber materials. The appropriate thickness of the absorber and ETL may play a significant role in enhancing
light harvesting and facilitating efficient carrier transit. The placement of the ETL, situated between the ITO and absorber layer, has a
notable impact on the photon coupling inside the absorber layer.

The study of thickness for the ETL has significance due to its potential to cause parasitic absorption inside the ETL, thereby
diminishing photon coupling in the absorber layer. In this study, we assessed the impact of the AgCdF3 absorber’s thickness as well as
the thickness of the ZnO, PCBM, and Cgo ETLs on the performance of PSCs. Fig. 10(a and b) illustrate the comparable behavior of ETL
ZnO and PCBM, with both obtaining a maximum Vg¢ of 0.8533 V & 0.8531 V, respectively. These values were obtained when the
thickness of the absorber layer was below 0.53 pm, and the thickness of the ETL was below 0.09 ym. However, Fig. 10c demonstrates a
distinct pattern for the Cgo ETL, where greater concentrations of Voc may be attained with an absorber thickness below 0.52 pm and an
ETL thickness ranging from 0.063 pm. The ZnO ETL-based structure exhibited the highest observed value of volatile organic com-
pounds (Vog). Hence, there exists an inverse relationship between the Voc & the thicknesses of the absorber and ETL.

Fig. 11(a and b) demonstrate a similar trend for ZnO and PCBM ETL-based solar cells. The greatest Jsc values for both materials are
virtually equal, measuring 42.48 and 42.44 mA/cm? respectively. These results were obtained when the absorber thickness was 0.2 pm
and the ETL thickness was 0.01 pm. The Cgo-based ETL structure exhibits the highest value of 41.62 mA/cm? for the Jg¢ as shown in
Fig. 11c. This optimal performance is achieved when the absorber thickness ranges from 0.81 to 0.9 pm while the ETL thickness ranges
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Fig. 9. Contour plots illustrating the variation in PCE for AgCdF3-based SC when (a) ZnO, (b) PCBM, and (c) Cgo ETLs were incorporated, in addition
to the concurrent changes in absorber layer thickness and work function.
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from 0.05 to 0.054 pm. Fig. 12(a and b) demonstrate that ZnO and PCBM-based ETLs exhibit greater values of FF when the thickness of
the absorber layer falls within the range of 0.5-0.54 pm. The independence of the FF from the thickness of the ETL is seen across all
three ETLs. ZnO has the greatest FF among the materials under consideration, reaching a value of 79.89 %. This represents a marginal
increase of 0.14 % compared to the FF of PCBM. Cg( exhibits a similar trend of fluctuation in FF as seen in ZnO and PCBM. However, the
highest FF value attained with Cgg as the ETL is around 2.34 % and 2.2 % lower compared to ZnO and PCBM correspondingly (refer to
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Fig. 12¢). Based on the findings, it can be inferred that the thickness of the ETL does not influence the FF value for the ETLs and reaches
its peak when the absorber thickness ranges from 0.5 to 0.52 pm. The PSCs that were integrated with ZnO structures as shown in
Fig. 13a and had an absorber layer thickness ranging from 0.55 to 0.66 exhibited a maximum PCE of 27.57 %. Furthermore, the PCE
was found to be essentially unaffected by the thickness of the ETL. The structures based on PCBM and Ceo exhibited comparable
performance, with PCEs of around 27.49 % and 26.11 %, respectively. The absorber thicknesses ranged from 0.55 to 0.63 pm and
0.5-0.7 pm, while the ETL thicknesses ranged from 0.05 to 0.06 pm and 0.05-0.054 pm, respectively (refer to Fig. 13(b and c)). Among
the various structures examined, it was observed that ZnO exhibited the PCE, whilst Cgo had the lowest PCE. In conclusion, the present
study aligns with the findings of prior research on PV.

3.2.5. Effect of series resistance

This part examines the impact of series resistances (Rs) on the performance of AgCdF3 absorber-based solar cells. The value of Rg
was systematically adjusted within the range of 0-6 Q-cm?, while the shunt resistance remained constant at 10° Q-cm?. Fig. 14(a and b)
demonstrate that the values of V¢ and Jgc exhibit little dependence on the Rg for various ETLs. ZnO shows the greatest value of Vg,
whereas fullerene (Cgp) displays the lowest value.

ZnO exhibits the highest recorded value of Js¢c, whereas Cgg has the lowest recorded value. Based on the data shown in Fig. 14(c and
d), it can be seen that there exists an inverse relationship between efficiency and Rg. The sources of Rg include electrode resistance,
interface contact resistance, and semiconductor resistance. The FF exhibits a decrease of 32 % from an initial value of 77.61 to a final
value of 52.75, corresponding to a change in resistivity from 0 to 6 Q-cm? for all ETLs. In the same manner, the PCE experiences a
decrease from 27.11 % to 18.42 % for the combination of ZnO and PCBM, whereas, for Cgg, the PCE decreases from 27.04 % to 18.36
%. This decline occurs within the range of Rs values spanning from 0 to 6 Q-cm?. Compared to other structures, the ITO/ZnO/AgCdFs/
Cul/Au PSC structure exhibited superior performance in Vgc, Jsc, FF, and PCE. Similarly, the ITO/Cgo/AgCdF3/Cul/Au PSC structure
also showed the lowest levels of Voc, Jsc, FF, and PCE performance.

3.2.6. Effect of shunt resistance

Various components contribute to internal resistances, including charge-collecting interlayers, metal-based electrodes, light-
absorbing materials, and interface barriers [67]. The anticipated response of a solar cell’s current-voltage (J-V) characteristic,
when subjected to optimal one-sun illumination circumstances, may be elucidated via the use of the Shockley equation (Egs. (20) and
(21)) [68].

o a.(V-JR)\ .| V-JR,
Jsc =Jpy — Jo {exp (7111(1‘3 1 Rsh (20)
Ve — (nkTe> In Jen <1 _ Voc )} (21)
o¢ qe Jo JpuRsh

In this context, the symbol “q.” represents the elementary charge, “Jpy” denotes the photocurrent density, “J,” represents the reverse
bias saturation current density, “Rg” signifies the series resistance, “Rg},” represents the shunt resistance, “n" denotes the diode ideality
factor, “k" symbolizes the Boltzmann constant (1.38 x 102 J Kfl), and “T.” represents the ambient temperature (298 K).

The graphical representations in Fig. 15(a—d) illustrates the impact of Rgy on key parameters such as Voc, Jsc, FF, and PCE. The
range of Rgy values explored in the study spans from 10 to 107 Q-cm?, whereas a fixed Rg value of 0.5 Q cm? was maintained
throughout all photovoltaic structures. The three ETL structures exhibited a consistent pattern of growing Rg,, whereas the PV pa-
rameters saw a fast rise from 10 to 102 Q-cm?. The dependence of the PV parameters, namely Vo, FF, and PCE, on the Rgy, is evident for
three ETLs. However, the Jsc of ZnO and PCBM exhibits minimal sensitivity to variations in Rgp, as depicted in Fig. 15b. Conversely, for
Ce0, Jsc initially increases with Rg, values ranging from 10 to 102 Q ecm?, but beyond 10 Q cm?, it becomes independent as well. The
Jsc (short-circuit current density) values for ZnO and PCBM are reported as 42.45 mA/cm?. In the case of Ceo, the Jgc value shows a rise
from 39.63 to 41.61 mA/cm?. As the Rgy, grows from 10 to 102 Q cm?, the open-circuit voltage (Voc) exhibits a significant jump from
0.42 to 0.82 V. Additionally, the FF increases from 25.03 to 65.15 %, and the PCE climbs from 4.49 to 22.4 %. Following this increase,
once the Rgp, value exceeded 10°Q cmz, the PV parameters exhibited no further dependence on Rgy,. The primary factor contributing to
the emergence of Rgy, may be attributed to manufacturing defects. Once the Rgy threshold is surpassed, the p-n junction facilitates a
pathway of reduced resistance for the passage of the junction current. Hence, in order to achieve the highest PCE in a heterostructure of
ITO/ETL/AgCdF3/Cul/Au PSCs, it is necessary to maintain a Rg, value of 10° Q cm?.

3.2.7. Effect of capacitance and Mott-Schottky

Fig. 16(a—c) depict the impact of capacitance and Mott-Schottky (MS) values on three different configurations of silver cadmium
fluoride (AgCdFs)-based PSCs. The applied voltage ranged from O to 1.2 V, while the frequency remained constant at 1 MHz. Fig. 16
(a—c) illustrate the relationship between the supply voltage & capacitance, indicating an exponential rise in capacitance until it
reaches a state of saturation. Fig. 16a and b displays the electrical behavior of ZnO and PCBM as ETL components in PSC structures. The
capacitance of these structures exhibited an exponential growth pattern above 0.8 V. Conversely, in Fig. 16¢, Cgo as an ETL material
had a similar growing trend in capacitance, although this behavior was seen at a somewhat lower voltage threshold of 0.6 V. The
structure with a ZnO ETL had the maximum capacitance, measuring 13745.1228 C (nF/cmZ), while the ETL composed of Cgo
demonstrated the lowest capacitance. The approach used for the investigation of space charge distributions in semiconductors is MS
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analysis, as seen in Fig. 16. The device exhibits a depletion state under no bias conditions; however, the depletion breadth decreases
when a forward bias of about 0.5 V is introduced. The relationship between the forward bias voltage and the capacitance is directly
proportional.

Fig. 16(a—c) illustrate that the three ETLs exhibit comparable MS values. The structure of ZnO and PCBM had a lower MS value of
0.1232 1/C% and 0.12379 1/C2, respectively, in comparison to Cgp, which demonstrated the highest MS value of 0.12384 1/C2

3.2.8. Effect of generation and recombination rate

Fig. 17(a and b) illustrate the rates of carrier production and recombination in three PSCs based on AgCdFs3, as observed throughout
a depth range of 0-1.5 pm. The process by which an electron transitions to the conduction band is facilitated by the absorption of
energy, resulting in the creation of a vacancy in the valence band known as a hole. This event leads to the formation of an electron-hole
pair. The generation of carriers is initiated by the emission of electrons and holes. The largest generation rates occur within the range of
1.0-1.05 pm, with the ITO/Zn0O/AgCdF3/Cul/Au configuration exhibiting the highest generation rate. The devices exhibited maxima
in generation at wavelengths of 1 and 1.05 pm. However, at a wavelength of 1 pm, the observed generation rate was found to be greater
compared to the generation rate at 1.05 pm. ZnO has the greatest generation rate, quantified at 2 x 102 cm®s~1. Similarly, other
Extract, Transform, and Load (ETL) processes also exhibit a comparable pace of creation. In order to determine the number of electron-
hole pairs that contribute to the function G(x), SCAPS-1D utilizes the incoming photon flux, denoted as Nphot (%, x) [69].
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G(M,x) =a(),X) X Nphot (A, X) (22)

The phenomenon of recombination involves the many mechanisms by which electron-hole pairs recombine, leading to the
combining and subsequent separation of electrons and holes within the conduction band. The recombination rate inside a solar cell is
influenced by the lifetime and concentration of the charge carrier. The occurrence of defect states inside the absorber layer, as well as
at the interfaces, results in an augmentation of the recombination process of electron-hole pairs. The recombination profile of electron-
hole pairs inside the solar cell is subject to the impact of energy state production. The uneven distribution of recombination rates may
be ascribed to the existence of defects and grain boundaries [69]. The devices that were analyzed demonstrated their maximum
recombination rates within the region of 1.0-1.05 pm. Nevertheless, the configuration of ITO/Ceo/AgCdF3/Cul/Au ETL exhibited the
most notable recombination peak, as seen. The primary cause of recombination losses may be ascribed to the energy levels that arise
inside the intermediate area between the valence and conduction bands. The existence of grain boundaries and intrinsic inadequacies
that occur during the construction of junctions and structures may be responsible for the uneven distribution of recombination rates in
PSCs. Cgo shows a notable increase in recombination peaks with a rate of 4.5 x 102° cm®~1. In contrast, ZnO and PCBM display
insignificant recombination rates at most sites, except for the region of 0.7-1.05 pm, where a minor value is seen. However, this value
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remains substantially lower than that of Cgp.

3.2.9. Effect of temperature

Charge extraction is adversely affected by temperature-induced performance losses resulting from incoming solar radiation, which
have a detrimental effect on the overall performance of the system [70]. Previous research has shown that the mechanical integrity of
perovskite solar cells is influenced by the disparity between the thermal expansion coefficients and the low fracture energy of the layers
[71]. The process of solar concentration enhances the temperature elevation inside the PSC by augmenting the influx of photons.
Concentrator photovoltaic systems use the enhanced light concentration to amplify the photogenerated current, therefore facilitating
the conversion of incoming radiation into electrical power [72]. The reduction in V¢ and consequent decrease in power output of the
solar cell system is attributed to the dark current, which is influenced by the operating temperature. The temperature sensitivity of the
open-circuit voltage is of utmost importance, as it accounts for 80-90 % of the temperature coefficient of efficiency. PSCs have
garnered significant interest within the PV field. However, despite their potential, PSCs tend to demonstrate thermal instability when
subjected to frequent light exposure. For example, the performance of PSCs experiences a degradation of 10 % during a very short
duration of 1000 h when operated at a temperature of 85 °C [73,74]. This degradation occurs at a substantially faster rate compared to
the lifespan of silicon SCs. Furthermore, the use of temperature as a therapeutic intervention for individual layers or the whole of PSCs
may be employed as the ambient temperature during simulation experiments. Therefore, in order to ensure the viability of PSCs for
future commercial applications, it is essential to comprehensively investigate the impact of temperature on their performance, taking
into account the variability of temperature values. Fig. 18 depicts the impact of temperature variations ranging from 300 to 450 K on
the performance metrics, namely Voc, Jsc, FF, and PCE, for the three devices. These measurements were taken while subjecting the
devices to an illumination intensity of 100 mW/cm? of solar radiation.

Based on the data shown in Fig. 18a, it can be seen that the V¢ exhibited a declining trend across all solar cell configurations, each
including a distinct ETL. This decline may be attributed to the rise in temperature, which leads to an increase in the reverse saturation
current. The curves representing the three ETLs exhibit a high degree of similarity. Equations (23) and (24) establish the relationship
between Vo and temperature [75,76].

KT o (Y
Vocf a log <J0 Jrl) (23)
d(Voo) Voc 2

oc) Voo g

dT T T (24)

Here, Jo, Eg, T, q, n, and k are the respective symbols for reverse saturation current, band gap, temperature, electronic charge, ideality
factor, and Boltzmann constant.
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Jsc of the three ETLs exhibits a consistent trend, with a marginal decline seen as the temperature rises. This behavior is visually
shown in Fig. 18b. ZnO has the greatest value of Jsc at 42.5 mA/cm2, whilst Ceg shows the lowest value at 41.8 mA/cm?. The Jg values
reached their maximum at a temperature of 300 K, mostly due to the thermal production of carriers in conjunction with an appropriate
band gap.

Moreover, when examining Fig. 18c at higher temperatures, it can be observed that FF exhibits a declining trend in the instances of
ITO/ZnO/AgCdF3/Cul/Au, ITO/Cgo/AgCdF3/Cul/Au, and ITO/PCBM/AgCdFs3,Cul/Au. This can be attributed to the influence of
temperature on the effective band gap of the material, as well as the carrier density and mobility within the device. Based on the data
shown in Fig. 18c, it can be seen that the solar cell configuration, including ZnO and PCBM as the ETL, exhibited a comparatively
greater FF of around 75 %. In contrast, the FF values for solar cells incorporating Cg( structures were found to be lower than 75 %, with
a decreasing trend observed as the temperature increased.

Furthermore, the PCE pattern exhibits a declining trend in relation to temperature for three distinct solar cell configurations. Based
on the data shown in Fig. 18d, it can be seen that the initial performance of the PCBM and ZnO as ETL exhibited an approximate PCE of
27 %, but the Cgo ETL demonstrated a PCE of around 26 %, indicating a small decrease in efficiency.

Fig. 18 illustrates the varying trends of solar cell characteristics with various transport layers in response to temperature changes.
Certain variables exhibit a decrease in response as temperature rises, whereas others maintain a consistent level of response. The PV
characteristics exhibit a decrease when temperature rises, perhaps attributable to an elevation in recombination phenomena that
subsequently diminishes the efficiency of the solar cell. An increase in temperature generally results in a rise in the carrier recom-
bination rate, hence causing a decline in the solar cell efficiency. The lack of temperature dependence seen in some parameters may be
attributed to a delicate equilibrium between the opposing influences of enhanced carrier production and augmented recombination. In
these instances, the potential rise in carrier production coming from elevated temperatures is counteracted by a similar increase in
recombination, leading to an equilibrium state where the solar cell characteristics remain unchanged.

4. Conclusion

Several appealing characteristics, including the optimal indirect band gap, high absorption coefficient, low exciton binding energy,
and enhanced carrier mobility, have made AgCdFs the preferred absorber material for lead-free PV applications. The band gap of
AgCdF; was estimated 1.106eV along with a notable absorption coefficient, reduced reflectivity, and enhanced conductivity. Me-
chanical properties reveal AgCdFs is mechanically stable, ductile in nature, and machinable. It is evident that PSCs using ETL like ZnO
and PCBM resulted in greater efficiencies (>27 %) for the ITO/ETL/AgCdF3/Cul/Au heterostructures, however another ETL, Cgo,
showed lower efficiency (<27 %). The band alignment of the perovskite AgCdFs, HTL, and ETL has a major influence on PV per-
formance. The study of several SC structures shows that ITO/ZnO/AgCdFs/Cul/Au performs the best, as evidenced by its PCE of 27.12
%, FF of 77.62 %, Jsc of 42.47 mA/cm?, and Voc of 0.823 V. A comprehensive investigation shows work function of 5eV or higher,
lower series and higher shunt resistance, along with an operating temperature of 300 K can show the best PCE for the analyzed
configurations. A thorough knowledge of the mechanisms driving PV performance is achieved by analyzing the Mott-Schottky,
capacitance, generation, and recombination rates associated with these devices. For the purpose of creating high-performance and
inexpensive AgCdFs3 perovskite solar cells, this meticulous investigation may pave the way for successful outcomes.
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