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Resumen

Las perovskitas de haluro de plomo han alcanzado eficiencias fotovoltaicas de hasta 26.9 % en
una década; no obstante, su comercializacion se ve limitada por su toxicidad y su inestabilidad
quimica. En este contexto, las perovskitas de calcogenuro (CP) emergen como una alternativa
prometedora al combinar baja toxicidad, mayor estabilidad y propiedades optoelectronicas
favorables. En esta tesis se investiga el rendimiento de las celdas basadas en CP de SrHfSes y
BaZrS3, empleando distintas capas transportadoras de huecos (HTL); y se analiza la capacidad
de ajuste de ancho de banda prohibida en la familia ABSes; (A = Ca, Ba; B =Zr, Hf; X =Se) y
en BaHfS; aleado con Zr. Mediante el ajuste sistematico del espesor de capas, la concentracion
de portadores y la densidad de defectos, se simularon 3043 dispositivos en SCAPS-1D. En la
primera parte se evalud la arquitectura FTO/BaSnO3/SrHfSes/HTL/Au, examinando 41 HTL.
La configuracion con SnS alcanzo6 27.87 % de eficiencia, atribuible a una alineacién de bandas
favorable, mayor resistencia a la recombinacion y absorcion extendida hacia el infrarrojo
cercano. En la segunda parte se amplio el estudio a ABSes (A = Ca, Ba; B = Zr, Hf); CaZrSe;
y BaZrSes superaron 30% de eficiencia, impulsadas por una banda prohibida mas estrecha,
absorcion mejorada (53.60%), Jsc elevado (29 mA/cm?) y una tasa de generacion de 1.19x10%
cm™s’!. En la tercera parte se explor6 el BaZrSs aleado con Zr, obteniéndose eficiencias entre
14.26 % y el 21.94 % segln la fraccion de aleacion; las mejoras se asociaron con un mayor
potencial incorporado, incremento de la absorcion (~51.05%) y reduccion de la recombinacion.
En la cuarta parte se compararon los HTL tipo delafosita con el estdndar Spiro-OMeTAD en
dispositivos basados en BaZrS3; los dispositivos con CuFeO, alcanzaron 28.34 % de eficiencia
debido a un Voc superior, favorecido por un mayor desdoblamiento de cuasi nivel de Fermi y
por reforzamiento del campo electrostatico interno. En conjunto, estos resultados delinean un
marco de disefio y optimizacion para celdas solares CP estables, libres de plomo y de alto

desempefio, y establecen lineamientos claros para la validacion experimental futura.

Palabras clave: SCAPS-1D, perovskitas de calcogenuros, alineacion de bandas de energia,

tasa de recombinacion, campo eléctrico



Abstract

Lead-halide perovskites have made significant advancements in solar cell efficiency, reaching
up to 26.9% within a decade. However, their commercialization is hindered by concerns over
toxicity and stability. In this context, chalcogenide perovskites (CPs) have emerged as a
promising alternative, offering non-toxicity, enhanced stability, and remarkable optoelectronic
properties. This thesis comprehensively investigates the performance of solar cells using
SrHfSe; and BaZrS; CPs with different HTLs, as well as the tunable properties of ABSe; (A=
Ca, Ba; B = Zr, Hf; X = Se) and Zr-alloyed BaHfS;. By systematically tuning the layer
thickness, carrier concentration, and defect density, we simulated 3,043 solar cells using
SCAPS-1D, and the results are detailed in different sections. In the first part, we began with a
device structure FTO/BaSnOs/SrHfSes/HTL/Au, investigating the impact of 41 different HTLs
on the solar cells' performance. Among them, SnS emerged as the best candidate, achieving a
PCE of 27.87%, which is attributed to favorable band alignment, high recombination
resistance, and extended near-infrared absorption. In the second part, we expanded our
investigation to Se-substituted ABSe; (A = Ca, Ba; B = Zr, Hf) CPs. Detailed parameter
analysis revealed that CaZrSes and BaZrSe; achieved PCEs exceeding 30%. This performance
is driven by their narrow bandgap, enhanced absorption (53.60%), high Jsc (29 mA/cm?), and
elevated generation rate of 1.19x10*? cm™s™!. In the third part, we explored Zr-alloyed BaZrSs,
which yielded efficiencies ranging from 14.26% to 21.94% across various alloying
compositions. These improvements stem from enhanced built-in potential, increased
absorption (~51.05%) and stronger recombination resistance. In the fourth part, we evaluated
the potential of BaZrSs-based absorbers using a range of delafossite HTLs against the
conventional Spiro-OMeTAD. Notably, devices based on CuFeO: achieved a PCE of 28.34%,
attributed to significantly improved Voc through enhanced quasi-Fermi level splitting and a
strengthened internal electrostatic field. Overall, these four investigations provide a systematic
framework for advancing stable, lead-free, and high-performance CPs solar cells, laying the

groundwork for future experimental studies.

Keywords: SCAPS-1D, Chalcogenide Perovskite, Energy band alignment, Recombination

rate, Electric filed
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1. Introduction

1.1. Sustainable energy future

Renewable energy encompasses power generated from natural sources that are
consistently replenished through ongoing environmental processes. These sources are
considered practically infinite on a human timescale due to their constant availability.
Examples of renewable energy include solar power, wind energy, hydropower, geothermal
energy, biomass, and biogas. In contrast to fossil fuels, such as coal, oil, and natural gas, which
take millions of years to form and release harmful greenhouse gases when burned, renewable
energy is essential for a sustainable future [1]. As global energy consumption continues to
escalate, driven by population growth and rapid industrialization, the negative environmental
impacts of fossil fuel use, such as severe air pollution, water contamination, and the
intensification of global warming, are raising serious concerns. These issues have prompted
governments, industries, and environmental organizations around the world to prioritize a
transition toward renewable energy solutions that are safer, more sustainable, and more
environmentally friendly [2]. The advancement of renewable energy technologies not only
reduces our reliance on finite natural resources but also helps combat environmental

degradation by lowering the emissions of greenhouse gases and minimizing pollution.

1.2. Solar energy

Among the various types of renewable energy, solar energy stands out as one of the
most promising and fastest-growing technologies. Its vast availability, inexhaustible supply,
and relatively low environmental footprint make it a cornerstone of the transition to sustainable
energy systems [3]. The Earth is continuously flooded with an enormous amount of energy
from the sun; in fact, the solar energy received in just one hour could meet the entire global
energy demand for a whole year. If this immense resource could be captured and utilized
efficiently, even in small portions, it would be more than adequate to meet the increasing global
energy needs [4]. Moreover, this would significantly reduce our reliance on fossil fuels and

help lower carbon dioxide emissions that contribute to climate change.

In line with this global trend, Mexico has demonstrated remarkable growth in its solar
energy sector over the past decade. With its favorable geographic location within the solar belt,
Mexico receives one of the highest levels of solar irradiance in the world, averaging between
4.5 and 6.5 kWh/m?/day, making it an ideal candidate for large-scale solar energy deployment.

In recent years, solar power has become one of the most rapidly expanding sources of electricity
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in the country, contributing significantly to the national grid and playing a vital role in Mexico’s

clean energy targets.

By the end of 2024, Mexico had installed over 9 GW of solar capacity, placing it among
the top solar producers in Latin America. This progress aligns with global trends, as solar
photovoltaic (PV) technology has consistently outpaced wind and fossil fuel sources in new
capacity additions. However, compared to major solar adopters like China, the United States,
or India, Mexico still holds untapped potential in fully capitalizing on its solar resources.
Continued investment in PV technologies, infrastructure, and policy reforms could elevate
Mexico’s position as a regional leader in solar energy production, contributing not only to its

own sustainability goals but also to the broader global efforts to decarbonize the energy sector.

1.3. Photovoltaic technology

One of the key advantages of solar energy is its wide accessibility, especially in remote
or rural regions where conventional energy infrastructure is often limited, outdated, or
economically unviable. In these regions, solar power can serve as a practical and cost-effective
energy solution. PV technology enables the direct conversion of sunlight into electricity and
has proven to be highly efficient and increasingly affordable [3]. The conversion process is
straightforward and involves few mechanical components, which leads to reduced maintenance
needs and greater reliability over time. Moreover, PV systems are highly flexible in their
application, as they can be scaled to fit various energy demands ranging from small residential
rooftop installations to large solar farms that power entire towns or industrial complexes [4].
This versatility makes solar energy an attractive option for a wide array of energy needs across

diverse geographic and socioeconomic contexts [5,6].

1.4. Problem statement

In the past decade, significant advancements have been made in the development of PV
materials, especially with the discovery and refinement of lead halide perovskites [LHPVs] [7—
9].These materials, often represented by the general formula APbX3; (where A can be
methylammonium (MA), formamidinium (FA), or cesium (Cs), and X can be iodine (1),
bromine (Br), or chlorine (Cl)), have dramatically changed the landscape of solar cell
technology. They exhibit outstanding optoelectronic characteristics, including high absorption
capabilities, long carrier diffusion lengths, and relatively low manufacturing costs [10,11]. The
journey of perovskite solar cells started gaining attention in 2009 when an initial prototype

achieved a power conversion efficiency (PCE) of just 3.8%, utilizing a liquid electrolyte-based
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hole transport layer (HTL) [12]. This initial effort marked the beginning of a rapid period of
innovation. By 2012, a solid-state HTL called spiro-OMeTAD replaced the liquid version,
resulting in a significant increase in PCE to 9.7% [13]. The field continued to progress swiftly,
and by 2023, [LHPVs] reached a certified PCE of 26.9% by 2025[14]. This extraordinary
improvement ranks them among the most efficient PV materials currently under active
development. Their impressive performance, coupled with low material and processing costs,
has made LHPVs a focal point for research and development aimed at achieving high-
efficiency, next-generation solar technologies [10,11]. Nevertheless, despite their promising
attributes, several substantial challenges continue to hinder the commercial scale deployment
of LHPVs. The most pressing issues include the inherent toxicity of lead (Pb) and the material’s
susceptibility to environmental degradation, particularly when exposed to moisture, high
temperatures, or prolonged sunlight. These limitations pose significant safety and durability

concerns, especially for large-scale applications or those requiring long-term stability [15-19].

To address challenges associated with traditional perovskite materials, scientists are
investigating various lead-free alternatives that retain the beneficial properties of these
compounds while minimizing their environmental and health impacts [20]. Among these
alternatives, materials incorporating tin (Sn) and germanium (Ge) as substitutes for Pb have
received considerable attention. Notable examples include compounds such as MASnIs,
CsSnls, FASnls, CsGels, MAGels, FAGels and CsSng 5Geosl3. These materials are valued for
their electronic configurations (s*p?), which closely resemble those of lead-based perovskites,
as well as for their high carrier mobility and suitable bandgaps [21]. These features are essential
for efficient light absorption and effective charge transport in solar cells. However, despite their
potential, perovskites based on Sn and Ge encounter significant stability challenges. Both Sn**
and Ge®" ions are susceptible to oxidation in ambient conditions, leading to the formation of
Sn*" and Ge*' states that considerably undermine the performance of the materials.
Additionally, the relative scarcity and high cost of Ge pose further barriers to widespread

adoption [22].

To explore more stable and less toxic alternatives, researchers have investigated
perovskites that contain trivalent cations like bismuth (Bi*") and antimony (Sb**). These
elements offer greater chemical stability and significantly lower toxicity compared to lead.
Unfortunately, Bi and Sb based perovskites typically show reduced PCEs [20,23]. This
limitation is mainly due to their low-dimensional crystal structures, which result in poor

optoelectronic behavior, such as low charge carrier mobility and high exciton binding energies.
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Consequently, while these materials are safer and more stable, their performance has not yet

reached the levels necessary for competitive commercial applications [19,20,24].

To resolve these structural limitations, scientists have investigated a class of materials
known as halide double perovskites (HDPs), characterized by the formula A2B*B**Xe. In this
structure, two Pb%" ions are replaced with a combination of one monovalent (B*) and one
trivalent (B>") cation, which preserves the overall charge balance and enables the formation of
stable, three-dimensional crystal lattices [25]. This approach has led to the development of
compounds like Cs,AgBiBrg, Cs2NaBiCls, (CH3NH3)2AgBiBrs, and (CH3NH3)2KBiCle. These
double perovskites offer benefits in terms of environmental friendliness and structural stability
[26]. However, their PV performance is still limited by challenges such as heavy effective
masses for charge carriers, relatively wide band gaps exceeding 2 eV, and inadequate charge

transport capabilities [27].

Given these challenges, research has increasingly focused on antimony-based
perovskites, including compounds like Cs2SbCuCls, CsaSbCuCly2, Cs2SbAgCls, Cs2SbAgls,
and Cs2SbAgBrs. These materials have gained interest for their thermal resilience and
reasonable conductivity for charge carriers. Nevertheless, they continue to suffer from
limitations like large bandgaps, elevated exciton binding energies, and bulky charge carrier
masses, all of which hinder their ability to achieve high PCEs [26,27]. In addition to perovskite
materials, scientists are examining other light-absorbing compounds as possible for future PV
technologies. These include ternary II-IV-N> nitrides like ZnSnN», binary halides such as Inl;3
and Bils, and chalcogenide containing elements such as Bi, Sb, Pb, and Ag, as well as hybrid
organic-inorganic chalcogenides and complex multinary semiconductors like CuzBaSnSe4 and
Zn3P>. While these materials show promise in terms of potential properties, most have not yet
achieved PCEs exceeding 8%, indicating that further research is needed to unlock their

capabilities.

To sum up, LHPSCs have achieved high PCEs but face significant challenges due to Pb
toxicity and poor environmental stability. Lead-free alternatives such as Sn and Ge offer similar
optoelectronic properties but are prone to rapid degradation. Safer options incorporating Bi and
Sb, and halide double perovskites provide greater stability but generally suffer from lower
efficiencies. Other emerging materials remain underperforming. Balancing efficiency, stability,
and safety continues to be the challenge in developing next-generation solar cells [19,20].

Therefore, researchers are investing in alternative materials that combine the excellent
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optoelectronic properties of LHPSCs with the non-toxic nature of oxide perovskites while
addressing current limitations. Recently, CPs have attracted attention as promising
semiconductors due to their outstanding optoelectronic properties. These materials follow the
general formula ABX;, where A is a group II cation (e.g., Ba?", Ca**, Sr*"), B is a group IV
transition metal (e.g., Ti*', Zr*", Hf*"), and X is a chalcogen (S, Se). CPs are composed of non-
toxic, earth-abundant elements and exhibit high thermal and chemical stability [28,29].
However, CP materials are still in the early stages of development. Experimental research on
them is time-consuming and costly, requiring advanced characterization techniques [29].
Therefore, theoretical modeling is essential for establishing a foundation and efficiently
guiding experimental efforts. In this thesis, we investigate novel chalcogenide materials using

SCAPS-1D simulation to explore their potential for PV applications [29].

1.5. Justification

In this thesis, we focus on sulfur-based CPs, specifically BaZrS; and BaHfS;, as
promising absorber materials for PV applications [28,30—33]. These materials are composed of
non-toxic, earth-abundant elements displaying high stability, making them attractive for
efficient solar energy absorption owing to their direct bandgaps, which range from ~1.7 eV to
1.95 eV. In addition, they possess exceptional optoelectronic properties such as high absorption

!, supreme charge carrier mobilities (~30 cm?/V.s) and

coefficient exceeding 10° cm
predominant p-type conductivity. Their remarkable stability under various environmental
conditions, including moisture, prolonged light exposure, and thermal fluctuations further
positions them as strong candidates for long term PV performance [34-42]. To enhance these
desirable properties, we explore B-site alloying as an effective strategy for tuning the
optoelectronic behavior of these materials. In particular, we investigated Zr-alloying in BaHfS;
following the general formula BaHfixZrxS; (where x = 0.25, 0.5, and 0.75). Experimental
results indicate that these alloyed compounds enable fine-tuning of the bandgap, effectively
broadening the absorption spectrum while retaining favorable charge transport characteristics
[41,43,44]. Building on this compositional engineering approach, we further investigated
chalcogen-site substitution by replacing sulfur (S) with selenium (Se). This modification is
known to effectively reduce the bandgap and extend light absorption into the near-infrared
region, a key attribute for next-generation solar cell technology [45,46]. In recent theoretical
and experimental work, several selenium-based CPs, including CaZrSes, BaZrSe;, CaHfSe;,

BaH{fSes, and SrHfSe;, have been studied [47-52]. These materials exhibit bandgaps ranging

from 1.35 eV to 1.75 eV, closely matching the optimal range for single-junction solar cells.
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They maintain high absorption coefficients, cost-effective to fabricate, and demonstrates strong
resistance to environmental degradation, making them highly promising for real-world PV

performance [47,51,52].

Optimizing the absorber layer is crucial, but the overall performance of a PV device
relies significantly on the charge transport layers, namely the electron transport layer (ETL)
and hole transport layer (HTL). The ETLs are responsible for efficiently extracting and
transporting photogenerated electrons to the front electrode, while minimizing recombination
losses. Conversely, the HTL aids in hole collection at the back contact by enhancing the
formation of the electric field and reducing interfacial energy barriers. This process improves
charge separation and collection [53-55]. In our research, we selected TiO, and BaSnOs3 as
ETL materials because of their excellent electron mobility, chemical stability, and appropriate
energy level alignment with our selected absorber materials [56-61]. For the HTL, we
conducted an extensive study on a diverse set of 46 HTLs including inorganic semiconductors
(MoS2, CuzS, SbaS3, CuO, SnS, CuBiS3, CuzSnS3, CuzSbS», CuzBaSnSs, CIGS, CZTS, CZGS,
CuS, CoO, WSy, FeS,, CaFe;04, M0O3, YFeO3, VOx, BiVOs, SnS,, SbaSes, CeaSes, Mg»Si
and NiO), polymers (P;HT, P3Cpent, CPE-K, P>, P3, P, PEDOT:PSS, PCPDT-T, PCPDT-2T,
TFB, PTAA, PFS, g-C3N4, Spiro-OMeTAD), MXenes (Zr;CO2, Hf2CO2, Ti2CO2) and
delafossite HTLs (e.g., CuFeO,, CuGaO;, CuAlO»).

Each class of HTL offers distinct advantages: inorganic semiconductors and
delafossites are recognized for their thermal and chemical robustness, as well as high hole
mobility. Polymers enable flexible fabrication, tunable electronic properties, and good
interfacial compatibility. Meanwhile, MXenes are notable for their intrinsic p-type
conductivity and excellent optical transparency [62—70]. By evaluating these materials based
on band alignment, charge transport properties, and interface compatibility with our CPs
absorbers, we aim to identify the most suitable ETLs and HTLs for high-efficiency, stable solar

cell architectures through theoretical studies.

Theoretical approaches in solar cell design are essential for understanding how they
function, identifying suitable device configurations more efficiently and analyzing the impact
of each layer on the overall device performance. Importantly, modelling solar cells before
fabrication is crucial, as it saves time, resources, and effort. Various software tools are available
for modeling solar cell performance, each with unique capabilities to study the relationship

between structural parameters and efficiency. Popular options include SETFOS, SILVACO-
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ATLAS, COMSOL, Wx-AMPS, and SCAPS-1D. In our research, we utilized SCAPS-1D
(version 3.3.10), a program developed by Professor Marc Burgelman at Ghent University,
Belgium. While other tools like SILVACO-ATLAS and COMSOL offer advanced
multiphysics capabilities and complex three-dimensional device modeling, SCAPS-1D is
notable for its accessibility, user-friendly design, and ability to simulate solar cell performance
accurately. Additionally, SETFOS and GPVDM provide strong functionalities for optical and
electrical modeling. However, SCAPS-1D specializes in detailed electro-optical analysis of
multi-layered structures, making it an excellent choice for our research. Furthermore, SCAPS-
1D is freely available, making it ideal for both academic and industrial researchers. The
software enables detailed simulations of solar cell structures with up to seven layers and
supports batch processing for efficient data analysis. Moreover, SCAPS-1D allows researchers
to modify key material and device parameters, such as bandgap, carrier density, defect levels,
electron affinity, and mobility, offering significant customization for diverse research
objectives. It also supports simulations under various lighting conditions, including AMO,
AMI.5G, and monochromatic sources, allowing for in-depth analysis of performance in
different environments. The program uses fundamental semiconductor equations, including
Poisson’s equation, carrier continuity equations, and drift-diffusion equations, to model device
behavior. These computational strengths make SCAPS-1D a reliable and versatile tool for

studying PV devices and improving their efficiency [71-74].

We analyzed the material properties of each layer by varying key parameters, such as
carrier concentration, defect density, and thickness. We also examined the influence of back
contacts in all the simulated solar cells by tuning the metal work functions. To gain a deeper
understanding of solar cell performance, we employed various analyses, including
recombination profiles, electric field distribution, capacitance-voltage (C-V), capacitance-
frequency (C-F), and quantum efficiency (QE). Additionally, we evaluated the impact of series
resistance, shunt resistance, and working temperature on the performance of the high PCE solar
cells. This research provides a pathway for developing novel, cost-effective, non-toxic, and
highly stable solar cells based on CPs absorbers, featuring an efficient device configuration

suitable for the PV industry.
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2. Background (Antecedents)
2.1. Mechanism of Solar Cell

A solar cell, also known as a PV cell, functions by converting sunlight directly into
electricity through the PV effect. The fundamental structure of a solar cell consists of several
layers, each with a specific role in the conversion process. Fig. 1. Illustrates the schematic
structure and working mechanism of a typical solar cell, include the following layers in a
superstrate configuration: soda lime glass substrate (SLG), Fluorine-doped tin oxide (FTO),

ETL, absorber layer, HTL, and a metal contact.

* Metal Contact

HTL

Absorber

ETL

\\\\\ -

A—
A

Transparent conduction oxide

Fig. 1. Working Mechanism of Solar Cell

Light Absorption and Transmission

When sunlight hits the solar cell, it first passes through the SLG. This layer serves as a
mechanical support and is transparent, allowing light to reach the absorber layers within the
solar cell. SLG has the transparent conductive oxide (TCO) layer, usually composed of FTO.
This layer functions as a front electrode, being both electrically conductive and transparent,

which enables light to pass through it.

Charge Transport

After the light passes through the FTO layer, it reaches the n-type ETL. This layer facilitates
the movement of electrons while blocking holes, ensuring selective charge transport. The ETL
is crucial for transferring the photo-generated electrons from the absorber layer to the FTO

contact.
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Charge Generation

The absorber layer is the core component of the solar cell where the actual light absorption
and conversion of electrical energy occur. When sunlight reaches this layer, photons are
absorbed, exciting electrons and creating electron-hole pairs. This process is known as the PV

effect.
Built-in-Electric Field Charge Separation

A built-in electric field is generated at the p-n junction, driving the separation of the
electron-hole pairs. Electrons move toward the ETL layer, while holes are directed toward the
HTL layer. The p-type HTL allows the movement of holes while blocking electrons, effectively
transferring holes to the metal contact. This selective transport enhances efficiency by

minimizing recombination losses.
Charge Collection and Electricity Generation

Once the charge carriers are separated, they are collected by their respective electrodes.
Electrons travel from the absorber to the FTO and are extracted as current, while holes are
collected by the metal contact through the HTL. This movement of electrons and holes through
an external circuit generates an electric current, which can be harnessed as usable electric

power.

In summary, the solar cell works by allowing sunlight to pass through a TCO layer,
reaching an absorber layer that generates charge carriers. These carriers are separated by an
internal electric field and are transported by the HTL and ETL layers before being collected at
the contacts. The flow of these carriers through an external load generates the usable electrical

energy produced by the solar cell [75,76].
2.2. Role of solar cells

2.2.1. Transparent Conductive Oxides (TCOs)

TCOs are critical components in solar cell architectures due to their dual functionality,
providing both high optical transparency and excellent electrical conductivity. These materials
facilitate the maximum transmission of visible light to the absorber layer while efficiently
collecting and transporting photo-generated charge carriers to the external circuit. Commonly

used TCOs include Indium Tin Oxide (ITO), FTO, and Aluminium-doped Zinc Oxide (AZO),
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Among these, FTO is particularly attractive for PV applications due to its thermal stability,

chemical durability, and cost-effectiveness.

FTO typically exhibits high transparency (>80%) in the visible range and possesses low
series resistance, ranging from 10 to 15 Q/sq, making it suitable for use in various solar
technologies, including dye-sensitized and perovskite solar cells. Their ability to withstand
high-temperature processing (>500°C) enables integration with manufacturing processes such
as screen-printing and sintering, which are common in solar cell fabrication. Additionally, FTO
exhibits good mechanical and environmental stability, making it suitable for long-term
applications. These features make FTO a widely used and reliable TCO for enhancing the
efficiency and longevity of solar cells [77,78].

2.2.2. Electron transport layer (ETL)

In a solar cell, the ETL plays a pivotal role in enhancing performance by effectively
extracting and transporting electrons from the absorber layer to the external circuit while
minimizing recombination losses. A well-designed ETL should possess several key features,
including high electron mobility, excellent optical transparency, proper energy level alignment
with the absorber material, and the ability to block holes to prevent recombination. To meet
these requirements, materials such as TiO2, SnO,, ZnO, and PCBM are commonly employed

for high-performance solar cells [79-81].

Among these materials, TiO2 has emerged as the most extensively used ETL, owing to
its long-standing application across various PV technologies, including dye-sensitized and
perovskite solar cells. Its wide bandgap of ~3.2 eV allows for strong optical transparency,
enabling most visible light to pass through the ETL. In addition, TiO> offers high electron
mobility (~0.1 to 4 cm?/V. s) and exhibits excellent chemical and thermal stability, making it
suitable for stable, long-lifetime devices. Furthermore, it effectively blocks holes, reduces
recombination, and aligns well with the energy levels of perovskite materials to ensure

directional electron flow [60].

On the other hand, BaSnOs has recently gained considerable attention as an advanced
ETL candidate for perovskite solar cells owing to its low lattice mismatch with perovskite
materials. This structural compatibility leads to improved interface quality and reduced defect
density, ultimately improving device performance. Moreover, BaSnO3 exhibits exceptionally
high electron mobility (~ 300 cm?/V. s) and a wide bandgap (~ 3.1 eV), ensuring excellent

electrical conductivity and transparency. Its remarkable thermal and environmental stability
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further underlines the development of high-efficiency and long-term stable perovskite solar
cells [57,58]. Therefore, the strategic selection and engineering of ETLs such as TiO; and

BaSnOs are crucial for enhancing both the efficiency and durability of solar cell technologies.

2.2.3 Absorber layer

In solar cells, the absorber layer is one of the most critical components, as it is
responsible for capturing sunlight and converting it into electrical energy. This layer performs
several key functions: it absorbs light, generates charge carriers (electrons and holes), and
enables the separation and transport of these carriers to the external circuit. The choice of
absorber material directly influences how efficiently a solar cell can convert sunlight into

electricity.

Over the years, a variety of absorber materials have been developed, including Silicon
(Si), Gallium Arsenide (GaAs), Cadmium Telluride (CdTe) and Copper Indium Gallium
Selenide (CIGS) [82,83]. GaAs has achieved the highest reported PCE of 27.6%, but its high-
cost limits large-scale adoption. Si-based solar cells continue to dominate the market; however,
their production requires thick absorbers, which makes them relatively expensive. On the other
hand, CdTe and CIGS are widely used in commercial applications; however, their reliance on
scarce elements raises concerns about long-term sustainability. Although earth-abundant
alternatives such as CZTSSe have been investigated, their efficiencies remain lower than those
of conventional absorbers. Interestingly, the rapid progress of perovskite solar cells (PSCs)
has stirred excitement in the PV industry. Perovskites first entered the PV field in 2009,
replacing dyes in dye-sensitized solar cells and achieved a modest PCE of 3.8% using a liquid
electrolyte. A major breakthrough occurred in 2012, when researchers replaced the liquid
electrolyte with a solid-state Spiro-OMeTAD HTL, resulting in a significant increase in PCE
to 9%. Since then, continuous advancements in film deposition techniques, material
composition, and surface/interface engineering have pushed perovskite efficiency to 26.9% by

2025 [84-86].

Despite the remarkable progress made in perovskite solar cell technology, challenges
remain regarding long-term stability and toxicity, primarily due to the presence of Pb. As a
result, researchers are actively searching for new materials that can match or exceed the
desirable properties of lead-based perovskites while also offering improved environmental
stability and cost-effectiveness [8,19]. In recent years, CPs have emerged as a promising

alternative due to their non-toxic nature, stability, abundance on Earth, and excellent
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optoelectronic characteristics. These materials adhere to the ABX3 formula, where A represents
a group II cation (e.g., Ba*", Ca**, Sr*"), B is a group IV transition metal ion (e.g., Ti*', Zr*,
Hf*"), and X denotes chalcogen elements such as sulfur (S) or selenium (Se) [28-31]. In 2015,
Sun et al. identified several ABX3 CP candidates that showed potential as high-efficiency solar
absorbers [87]. Among them, BaZrS3 has gained significant attention due to its appealing
optoelectronic properties. However, early synthesis methods required very high temperatures,
around 900-1000°C, raising concerns about compatibility with other standard solar cell
components such as substrates and ETLs. For example, Zhonghai Yu et al. synthesized BaZrO3
films at 1050°C, converting them to BaZrS; through sulfurization at high temperatures between
650 and 1100°C. These extreme conditions posed challenges for the practical fabrication of
devices [88]. Fortunately, recent research has made significant progress in reducing the
synthesis temperature. Comparotto et al. demonstrated that BaZrS3 thin films can be produced
using a sputtering-sulfurization approach at temperatures below 600°C [89]. Yu et al. further
improved this process, achieving synthesis at just 500°C by adjusting the reaction chemistry
[90]. Additionally, Lorenza Ramagnoli et al. [41], proposed a straightforward low-temperature
route, while Yang et al. [35] and Zilevu et al. [91] developed colloidal synthesis methods that
operate at temperatures below 350°C, making them especially attractive for solution-based
processing. These advancements represent a significant breakthrough by lowering synthesis
temperatures to levels compatible with existing PV manufacturing processes, enhancing the
practical viability of BaZrS3 and opening the door for further development of high-performance
solar cells. However, it is important to note that, to date, only one report has been published
regarding the fabrication of BaZrS; solar cells, which achieved a PCE of merely 0.17% [92].
This indicates that, while the materials hold great promise, further research and development

are crucial to fully realize their potential in PV applications.

Recent studies have identified S and Se-based CPs with the general formula ABX3 (where A =
Ba, Ca, Sr; B =Zr, Hf; X= S, Se), as highly promising absorber materials for next-generation
PV. Among them, BaZrS; and BaH{fS; have garnered attention due to their non-toxic, earth-
abundant nature, direct bandgaps (~1.7 — 1.95 eV), and high absorption coefficient (>10° cm
1 for photon energies >1.97 eV. These materials also exhibit notable p-type conductivity, stable
charge carrier mobilities of ~30 cm?/V. s, and excellent stability to moisture, light, and heat,
making them suitable for long-term solar performance. To further optimize these properties,
researchers have explored B-site alloying through BaHf1.xZrxS3 (where x = 0.25, 0.5, 0.75),

enabling precise tuning of the bandgap and enhancing light absorption and charge transport
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[28,41,42,44]. In addition, substituting chalcogens of S to Se has resulted in optimized
bandgaps ranging from 1.35 to 1.75 eV, which is ideal for single-junction solar cells [48].

Based on these studies, BaZrS3, BaHf1.xZrS3, and ABSes; have emerged as promising
absorber materials due to their strong light absorption, cost-effective synthesis, and excellent
environmental stability, making them viable candidates for efficient, stable, and sustainable PV

devices.

2.2.4. Hole transport layer (HTL)

HTLs play a vital role in solar cell architectures by efficiently collecting holes from the
absorber layer, transporting them to the back contact, preventing charge recombination, and
facilitating energy level matching at the interface. A well-optimized HTL significantly
enhances the device performance by improving charge extraction and reducing energy losses.
Commonly used HTLs include NiO, Cu2O, MoO3, and Spiro-OMeTAD, each of which
contributes to effective charge transport and energy alignment [69,70]. To identify high-
performing HTLs compatible with our CPs absorbers, we conducted a comprehensive
investigation of 46 HTL materials from diverse material classes, including inorganic

semiconductors, organic polymers, MXenes, and delafossites.

Inorganic HTLs such as MoS», CuzS, SbS;, CuO, SnS, CuBiS3, CuxSnS3, CuzSbS,,
CuxBaSnS;, CIGS, CZTS, CZGS, CuS, CoO, WS,, FeS,, CaFexOs, MoO3, YFeO3, VOx,
BiVOy4, SnS», SbaSes, CezSes, Mg>Si and NiO are known for their high thermal stability, strong
chemical durability, and high hole mobility, making them attractive candidates for stable and
efficient devices [69,70]. Polymers such as P3HT, P3Cpent, CPE-K, P>, P3, P1, PEDOT:PSS,
PCPDT-T, PCPDT-2T, TFB, PTAA, PFS, g-CsN4, Spiro-OMeTAD provide excellent
processability, tunable energy levels, and compatibility with flexible substrates [65,66].
MXene-based HTLs (Zr2CO2, HLCO», Ti2CO») offer promising features such as intrinsic p-
type conductivity and high optical transparency [67,68]. Additionally, delafossite oxides
(CuFeO,, CuGaO,, CuAlOy) exhibit good band alignment and chemical stability, positioning

them as emerging HTLs for next-generation devices [62—64].

Each HTL material was analyzed based on critical criteria such as energy band
alignment with the absorber, charge transport characteristics, and interfacial compatibility.
These theoretical evaluations support the development of optimized solar cell structures with

improved PCEs and long-term stability for CPs solar cells.
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2.2.5. Metal contacts

Metal contacts are essential components in solar cell devices, significantly impacting
charge extraction and the overall performance. Located at the terminal ends of the device
structure, these contacts are responsible for collecting charges from the transport layers,
completing the external high electrical circuit, and minimizing resistive losses. An ideal metal
contact should possess high electrical conductivity and a suitable work function to enable
selective charge extraction. Additionally, it must demonstrate chemical stability and strong
compatibility with adjoining transport layers. Effective metal contacts also need to minimize
carrier recombination at their interface to improve Voc and FF. Traditionally, metals such as
gold (Au), silver (Ag), and platinum (Pt) are preferred due to their excellent conductivity and
inertness. However, their high cost and potential interfacial instability in certain architectures

highlight the need for alternative materials.

Recent studies have examined various emerging metal contacts with tailored work
functions to improve charge selectivity and interface energetics in thin-film and perovskite-
based solar cells. These include Copper (4.6 eV), Silver (4.7 eV), Iron (4.8 eV), Copper-doped
carbon (5.0 eV), gold (5.1 eV), Tungsten (5.22 eV), Nickel (5.5 eV), Palladium (5.6 eV), and
Platinum (5.7 eV). Proper work function alignment between the metal contact and the adjacent
HTL or ETL is critical for forming efficient ohmic or Schottky interfaces. For instance, metals
with higher work functions (> 5.0 eV) are preferable for hole-selective contacts, as they
improve hole extraction and reduce contact resistance in devices that utilize wide-bandgap
HTLs. Additionally, selecting metal contacts must take into account their thermal and chemical
compatibility with both absorber and transport layers, especially under long-term operational

conditions [93-95].

In our theoretical investigation, we conducted a systematic evaluation of these metal
contacts in conjunction with various HTL and CP absorbers. The key criteria for evaluation
included work function alignment, series resistance, interfacial recombination potential, and
contact stability. Our results indicate that optimizing the metal contacts, along with the
properties of the HTL and absorber, can significantly boost PCEs and device stability. This

offers a clear pathway toward optimized and commercially viable PV architectures.

2.2.6. Interface layer

In the architecture of a solar cell, the interface layer serves as a crucial connection

between different functional layers, particularly the absorber and the ETL or HTL. This
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interface is more than just a structural transition zone; it plays a significant role in governing
the flow and behavior of charge carriers. As a result, it can greatly influence the overall
efficiency and stability of the solar device. Imperfections at these interfaces, such as
mismatched crystal lattices, dangling bonds, or high defect densities, can create sites for trap-

assisted recombination, ultimately reducing key performance metrics like the Voc and FF.

This challenge is especially evident in CP solar cells, where polycrystalline films are
often more prone to grain boundary defects and interfacial inconsistencies. To overcome these
issues, researchers have employed various interface engineering strategies. These include the
integration of ultra-thin interlayers, chemical surface treatments, and the use of novel 2D
materials to smooth out energy barriers, reduce recombination, and better align energy levels

between layers.

In the present study, meticulous interface optimization was a key focus. Parameters
such as energy band offsets, recombination rates, and defect concentrations were carefully
analyzed to enhance the interaction between the chalcogenide absorber and adjacent transport
layers. Through these efforts, the interface layer was not only stabilized but also utilized to
improve built-in potential, promote efficient carrier transport, and ensure the long-term

operational reliability of the solar cell.

2.2.7. PV parameters

PV parameters are crucial metrics for assessing the performance and efficiency of solar
cells. They provide quantitative insights into how effectively a solar device converts incident
sunlight into electrical energy. A clear understanding of these parameters allows researchers to
evaluate material quality, interface behavior, and energy conversion mechanisms, which in turn
support the optimization of device architectures. The main PV parameters include open-circuit
voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and power conversion

efficiency (PCE).

1. Open-Circuit Voltage (Voc)

The open-circuit voltage (Voc) is defined as the maximum voltage output of a solar
cell when the circuit is open, meaning there is no external load connected and hence, no
current flows. Voc is determined by the difference in quasi-Fermi levels of electrons and
holes under illumination. It indicates the extent of charge separation that can be achieved
within the cell and is highly sensitive to recombination losses. Mathematically, Voc can be

approximated using the diode equation (1):
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where 7 is the diode ideality factor, k is the Boltzmann constant, 7" is the absolute
temperature, ¢ is the elementary charge, /; is the photocurrent, and /o is the reverse
saturation current. A higher Voc generally indicates reduced recombination losses and
better material quality.

Short-Circuit Current Density (Jsc)

The short-circuit current density (Jsc) represents the current output per unit area
when the terminals of the solar cell are shorted (voltage = 0). Jsc quantifies the number of
charge carriers generated and successfully collected at the electrodes under standard
illumination conditions, typically AM1.5G at 1000 W/m?. It depends on the absorption
efficiency, charge carrier mobility, and the strength of the internal electric field. Jsc can be

expressed by the equation (2):
jse=q [ o) BQED A @
2

where ¢(4) is the incident photon flux at wavelength A, and EQE(A) is the external
quantum efficiency. High Jsc values indicate effective photon absorption and charge carrier

collection.

. Fill Factor (FF)

The fill factor (FF) is a dimensionless parameter that reflects the quality of the solar
cell’s output characteristics. It is defined as the ratio of the maximum obtainable power
(Pmax) to the theoretical power obtained from the product of Voc and Jsc, expressed in
equation (3).

FF = Duplup 3y

Voc-Jsc

Here, Vwvp and Jwmp are the voltage and current density at the maximum power point
(Mpp). A higher FF indicates lower series resistance and better diode quality. Typical FF

values for efficient solar cells range between 70% and 85%.

. Power Conversion Efficiency (PCE)

Power conversion efficiency (PCE) is a critical parameter used to benchmark the
overall performance of a solar cell. It is defined as the percentage of incident solar power
that is converted into usable electrical energy under standard test conditions, as expressed

in equation (4).
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Voc-Jsc- FF
PCE = %x 100 (4)

in
where Pin is the incident light power density, typically 1000 W/m?. All other PV parameters
influence PCE and reflect the cumulative effectiveness of light absorption, charge carrier

separation, and transport.

In this thesis, all PV parameters were derived through numerical simulation using
SCAPS-1D. These parameters served as key indicators for evaluating the performance of
various CP-based architectures, particularly in terms of absorber composition, transport layer
selection, and interface engineering. The interactions between Voc, Jsc, FF, and PCE were
critically analyzed to identify optimal configurations that maximize efficiency while ensuring

device stability and scalability for practical PV applications.

2.3. SCAPS-1D background

SCAPS-1D, developed by Mark Burgelman at the University of Ghent, has become an
essential simulation tool for analyzing and optimizing thin-film solar cells. It plays a significant
role in pre-experimental validation by providing valuable insights into the electrical behavior
of various device architectures, including perovskite, chalcogenide, and heterojunction-based
solar cells. The strength of SCAPS-1D lies in its ability to solve one-dimensional Poisson’s and
continuity equations, which allows for accurate modeling of J-V, C-V, QE, and transient
responses of PV devices. Researchers have widely adopted SCAPS-1D to simulate emerging
solar cell materials and it helps assess their PV potential and optimize key parameters like layer
thickness, carrier concentration, defect density, and contact materials. Although SCAPS-1D is
limited to one-dimensional geometries and requires external input for optical absorption, it
remains a reliable and user-friendly platform for designing and refining next-generation solar
cell devices, effectively bridging the gap between theoretical predictions and experimental

implementations [96—100].

3. Hypothesis

Novel ABX3 (where A =Ba, Sr, Ca; B=HT, Zr; and X =S, Se) chalcogenide perovskites
demonstrate potential as highly efficient photo-active materials due to their strong absorption
coefficient and low effective masses contributing to high charge carrier mobility, which, when
appropriately integrated with optimal hole transport layers could enhance energy level
alignment, minimize interfacial recombination, and strengthen the built-in electric field,

ultimately leading to improved solar cell performance.
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4. Objectives

4.1. General objectives

To investigate the performance of eco-friendly and low-cost solar cells utilizing
chalcogenide perovskite absorbers, specifically SrHfSe; and BaZrS; with various hole
transport layers, as well as engineered properties of ABSes; (where A = Ca, Ba and B = Zr, Hf),
and Zr-alloyed BaHfS3, with the goal of gaining insights into the device physics and the

fundamental mechanisms that affect the efficiency of these innovative devices.

4.2. Specific objectives

1. To investigate the performance of a new SrHfSe; chalcogenide perovskite solar cell
with the structure FTO/BaSnO3/SrHfSe3/MoS; and analyze the influence of Voc, Jsc,
FF and PCE using SCAPS-1D theoretical simulations.

2. To evaluate the impact of 41 HTLs, including inorganic semiconductors, polymers, and
MXenes, as well as 9 metal contacts, on the performance of StHfSes solar cells, through
detailed analysis on energy band alignment and interfacial properties.

3. To study the performance of chalcogenide perovskite solar cells utilizing CaZrSes,
BaZrSes;, CaHfSe; and BaHfSes absorbers and analyzing their absorption rate, carrier
generation mechanisms, and J-V profiles to better understand absorber properties and
enhance overall performance.

4. To analyze the role of Zr-alloying concentrations in BaHfS; solar cells and examine the
impact of bandgap tuning, accumulation capacitance at the interfaces, energy band
shifts and built-in potential to improve overall device performance.

5. To explore the suitability of inorganic delafossite HTLs as an alternative to Spiro-
OMEeTAD in BaZrSs; solar cells by evaluating their influence on electric field behavior,
carrier recombination dynamics, charge transfer resistance, and interface

characteristics.
4.3. Overview of the Objectives

Objectives 1 and 2

A comprehensive investigation pertaining to objectives 1 and 2 is detailed in
Sections 5.1 and 6.1. In this section, we have numerically designed a novel StHfSe3-based
chalcogenide  perovskite (CPs) solar  cell ~ with  the configuration
FTO/BaSnO3/SrHfSe3/MoS2/Au, utilizing SCAPS-1D. This marks the first exploration of

its suitability for photovoltaic (PV) applications. The performance of the solar cell was
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enhanced through the optimization of critical parameters associated with the electron
transport layer (ETL), absorber, hole transport layers (HTLs), and back metal work function
(BMWF). Following this, we simulated 1,627 solar cell configurations by substituting
MoS; with 40 different HTLs, encompassing inorganic semiconductors, polymers, and
MXenes, while optimizing their material properties and BMWEF. A thorough analysis was
conducted to extract current density-voltage (J-V), capacitance-voltage (C-V), Mott—
Schottky, capacitance-frequency, energy band alignment, and quantum efficiency (QE)
characteristics, offering detailed insights into the function of each layer within the device.
Our findings demonstrated that the novel SrHfSes solar cells, in conjunction with the 41
HTLs, significantly improved efficiency, achieving a low energy deficit of approximately
0.4 V, a high short-circuit current density of around 26.22 mA/cm? and enhanced
absorption of about 60.4%. Among all HTL categories, the highest power conversion
efficiencies (PCEs) of 27.87%, 27.39%, and 26.30% were recorded with SnS, CPE-K, and
Ti2CO2 for the inorganic semiconductor, polymer, and MXenes-based HTLs, respectively.
This research has been published: D. Srinivasan, A.-D. Rasu Chettiar, K.T. Arockiadoss,
L. Marasamy, “A new class of SrHfSes chalcogenide perovskite solar cells with diverse
HTMs: Theoretical modelling towards efficiency enhancement”, Solar Energy Materials
and Solar Cells 290 (2025) 113727. https://doi.org/10.1016/j.solmat.2025.113727.
Objective 3

An in-depth study aligned with objective 3 is presented in Sections 5.2 and 6.2. In
this section, we introduce the CaZrSes, BaZrSe;, CaHfSes;, and BaHfSes solar cells in a
superstrate configuration, employing SCAPS-1D numerical simulation. Remarkably, initial
power conversion efficiencies (PCEs) of 9.94%, 10.14%, 8.20%, and 13.04% are achieved
for the innovative CaZrSes, BaZrSe;, CaHfSes;, and BaHfSes solar cells, respectively.
Subsequently, we analyze the material properties of each layer and enhance their
performance through the optimization of key parameters and interface defects. Notably,
adjusting the absorber thickness and carrier concentration increases light absorption by
approximately 11.93% and boosts the conductivity and built-in potential of the solar cells,
facilitating the efficient transfer of charge carriers. Additionally, optimizing the carrier
concentration of the hole transport layer (HTL) enhances the PCE by about 5%, attributed
to the elevated electric field at the absorber/HTL interface. Ultimately, after systematic
optimization of each layer, we achieve maximum PCEs of 30.08%, 30.58%, 22.74%, and
27.60% for the CaZrSes, BaZrSes, CaHfSes, and BaHfSes solar cells, respectively. Notably,
the CaZrSes; and BaZrSe;s solar cells exceed a PCE of 30%, owing to their narrow bandgap,
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which leads to improved light absorption, the highest generation rates of charge carriers,
and elevated Jsc values of approximately 29 mA/cm?. This work has been published: D.
Srinivasan, A.-D. Rasu Chettiar, E.N. Vincent Mercy, L. Marasamy, “Scrutinizing the
untapped potential of emerging ABSes (A = Ca, Ba; B = Zr, Hf) chalcogenide perovskites
solar cells”, Scientific Reports 15 (2025) 3454. https://doi.org/10.1038/s41598-024-
80473-4.
Objective 4

To comprehensively address objective 4, Sections 5.3 and 6.3, introduce novel CPs
absorbers, specifically BaHfS3;, BaHfo75Zr025Ses, BaHfo.5Zr0.5S3, and BaHfo.25Z10.75S3,
aimed at evaluating their potential and suitability for PV applications using SCAPS-1D.
We achieved base PCEs of 3.42%, 4.31%, 5.05%, and 5.92% for the BaHfSs,
BaHfo.75Zr0.25S3, BaHfo.5Zr0.5S3, and BaH{fo.25Zr0.75S3 solar cells, respectively. The material
properties of each layer were then analyzed, and performance was further optimized by
fine-tuning key parameters of each layer, their interface defects, and metal work function
behaviors. Notably, tuning the absorber's acceptor density altered the energy band
positions, suppressed barriers, and intensified the electric field. Moreover, increasing the
absorber thickness to 1000 nm enhanced light absorption by approximately 25% across all
absorbers, leading to increased carrier generation in solar cells. By optimizing the HTL
electron affinity, we achieved appropriate CBO and VBO of ~1.15 eV and ~0.13 eV,
respectively, at all absorber/HTL interfaces. Ultimately, the optimized devices of BaHfS3,
BaHf 75Z10.25S3, BaHfo 5710 5S3, and BaHf, 25710 .75S3 achieved PCEs of 14.26%, 16.75%,
19.28%, and 21.94%, respectively, due to a high built-in potential (~1.5 V), high diffusion
length (~0.4 pm), high absorption rate (~51.05%), and strong resistance to recombination.
The highest PCE exceeding 20% was obtained for the FTO/TiO2/BaHf).25Zr0.75S3/N1O/Ni
device. This work has been published: D. Srinivasan, A.-D. Rasu Chettiar, L. Marasamy,
“Engineering BaHfS3 with Zr alloying to improve solar cell performance: Insights from
SCAPS-1D simulations”, Materials Science and Engineering: B 315 (2025) 118126.
https://doi.org/10.1016/j.mseb.2025.118126.
Objective 5

An extensive study focusing on objective 5 is detailed in Sections 5.4 and 6.4. This
section presents our design of innovative BaZrS3 solar cells utilizing inorganic delafossite
hole transport layers (HTLs), specifically CuFeO,, CuGaO,, and CuAlO;, through SCAPS-

1D numerical simulations. We then compare their performance to that of the conventional

32


https://doi.org/10.1038/s41598-024-80473-4
https://doi.org/10.1038/s41598-024-80473-4
https://doi.org/10.1016/j.mseb.2025.118126

HTL, Spiro-OMeTAD. Initial power conversion efficiencies (PCEs) of 8.25%, 10.35%,
7.42%, and 9.86% were achieved for the CuFeO,, CuGa0,, CuAlO,, and Spiro-OMeTAD-
based solar cells, respectively. Notably, adjusting the carrier concentration in the absorber
facilitates changes in energy band positions, reducing interface barriers, and enhancing the
PCE by approximately 3% across all solar cells. Additionally, optimizing the affinity of the
HTL contributes to an ideal conduction band offset (CBO) and valence band offset (VBO),
which further improves solar cell performance. Ultimately, maximum PCEs of 28.35%,
27.83%, 25.05%, and 27.80% were attained for the CuFeO,, CuGaO;, CuAlO», and Spiro-
OMeTAD-based solar cells, respectively. Our findings reveal that the increased PCE results
from favorable band alignment, enhanced absorption, a rise in charge carrier generation,
and improved built-in potential, demonstrating the potential of delafossite HTLs as a viable
alternative to the conventional Spiro-OMeTAD for novel BaZrS; solar cells. This research

has been published: D. Srinivasan, A.-D. Rasu Chettiar, S. Rajendran, H. Bencherif,

P. Sasikumar, J. Ramanujam, L. Marasamy, “Boosting the efficiency of BaZrS3 solar cells
with inorganic delafossite HTLs: A promising alternative to Spiro-OMeTAD”, Inorganic
Chemistry Communications (2025) 114997.
https://doi.org/10.1016/j.mseb.2025.118126.

5. Methodology

SCAPS-1D is a simulation software developed by Mark Burgelmann at the University
of Ghent in Belgium. It is designed to predict the performance of solar cells based on the
properties of each layer and their interfaces. The software solves three key equations: the
Poisson equation (5) hole and electron continuity equations, (6) and (7) and carrier transport
equations (8) and (9) for its analysis.

62
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Where q represents the elemental charge, € is the dielectric constant, ¢ is the electrostatic
potential, N7 is the donor carrier concentration, N, is the acceptor carrier concentration, p is

hole concentration, n is the electron concentration.
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Here, Ry, Rp, G, Gy, Jn, and J;, are the electron recombination rate, hole recombination rate, the
generation rate of electrons, the generation rate of holes, hole current density, and electron

current density, respectively.
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The D, signifies the electron diffusion coefficient, D is the hole diffusion coefficient, p, and

Wp are the electron and hole mobility, respectively [97,98].

5.1. Approach of SrHfSes Solar Cells: Influence of 41 HTLs and Back Contacts

A detailed simulation related to objectives 1 and 2 is presented in this section. This
work describes the numerical design of a novel solar cell made of SrHfSe; CPs absorber. The
solar cell has the initial device structure of FTO/BaSnO3/SrHfSe3;/MoS»/Au, as shown in Fig.
2. In this structure, FTO acts as a transparent conductive oxide, BaSnOs; serves as the ETL,
SrHfSes functions as the CP absorber, MoS, works as the HTL, and Au is the back contact.
Each layer's input parameters are taken from the literature and are listed in Table 1. The thermal
velocity of electrons and holes in each layer is 1x107 ¢cm/s. The simulations are carried out
under AM 1.5G (100mW/cm?, one sun) spectral irradiance, with a working temperature of 300
K. During the optimization process, the series resistance, shunt resistance are not considered,
and the flat band potential is set at the front contact. Fig. 3 demonstrates the process of SCAPS-
1D simulation and the optimization details. [52] The study focuses on investigating the
properties of each layer by varying parameters such as electron affinity, carrier concentration,
defect density, and thickness. This allows us to obtain corresponding solar cell parameters such
as Voc, Jsc, FF, and PCE. Once the initial solar cell is optimized, the study proceeds to
investigate the influence of the properties of HTLs. In total, 41 HTLs are examined, including
inorganic semiconductors, polymers, and MXenes. Like the initial solar cell, each HTL is
optimized by modifying its material parameters. In addition, the impact of the back contact is
analyzed by tuning the metal work function from 4.5 eV to 5.7 eV. The solar cell performances
are elucidated using C-V, QE, Nyquist plots, energy bands, recombination profiles, and electric

field distribution, all extracted from SCAPS-1D. Finally, the study investigates the impact of

34



series resistance, shunt resistance, and working temperature on the performance of high PCE

solar cells under each category of HTLs.

Fig. 2. Initial solar cell structure of SrHfSe; solar cell [52].

Table 1. SCAPS-1D input parameters of FTO, BaSnO3, SrHfSe; and MoS; [52].

Parameter FTO BaSnO3 SrHfSes MoS:
Thickness (um) 100 50 400 70

Eg (eV) 3.5 3.12 1.75 1.29

1 (eV) 4.0 4.4 4.1 3.6

&r 9.0 17.0 9.6 30.600
Nc (em?) 2.2E+18 1.2E+19 54E+17 2.2E+18
Nv (em?) 1.8E+19 1.8E+19 8.5E+18 1.8E+19
tm (cm?/Vs) 2E+1 2E+2 1.130E+1 1E+2

ih (cm?/Vs) 1E+1 2.5E+1 5.580E+0 2.5E+1
Np (cm) 1E+18 1E+19 0 0

Na (em?) 0 0 1E+18 1E+18
Nt (ecm™) 1E+15 1E+15 1E+16 1E+16
Defect type SA SA SD SD
Abbreviation: SA-Single acceptor; SD- Single Donor

References | [39] | [57,58] | [87] | [101,102]
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Fig. 3. Flowchart representation of SCAPS-1D process and optimization parameters of

SeHfSes; CPs solar cells [52].

5.2. Methods of ABSe3 (A=Ca, Ba; B=Zr, Hf) CPs Solar Cells

This section describes the simulation methodology employed to address objective 3. In
this work, we conducted a detailed investigation into the performance of novel chalcogenide
solar cells using the SCAPS-1D. The solar cells featured innovative CPs absorbers: CaZrSes,
BaZrSes, CaHfSe3, and BaHfSe3. We employed a superstrate device configuration, structured
as follows: FTO/TiO2/A (Ca, Ba) B (Zr, Hf) Ses/NiO/Au, as illustrated in Fig. 4 and a flow
chart of the simulation in Fig. 5. The parameters for each layer were set based on existing
literature, detailed comprehensively in Table 2. The simulations were conducted at 300 K under
AM 1.5G solar spectrum irradiance. The work functions were -4.07 eV for FTO and -5.1 eV
for Au. Additionally, the surface recombination velocities for both electrons and holes were set
at 1x107, as indicated in Table 3. To simulate realistic solar cell conditions, we introduced

neutral defects at the Absorber/HTL and ETL/Absorber interfaces, as detailed in Table 3.
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Initially, the study concentrated on designing solar cells using the parameters outlined in Tables
2 and 3. Subsequently, we explicitly investigated the effects of varying the thickness (ranging
from 50 nm to 150 nm), carrier concentration (from 10'2cm™ to 10%° cm™), and defect density
(also from 10'2 cm™ to 10%° cm™) of the ETL. Moreover, we assessed the potential of CP
absorbers such as CaZrSes;, BaZrSe;, CaHfSe;, and BaHfSe; by altering their thickness
(between 100 nm and 1500 nm), carrier concentration, and defect density within the same
ranges mentioned above. Furthermore, we explored the role of HTL by optimizing its thickness
(from 50 nm to 150 nm), carrier concentration (from 10'2 cm™ to 10*° cm™), and defect density
(from 10 cm™ to 10*° cm™). The impact of defects at both the ETL/Absorber and
Absorber/HTL interfaces was also examined. Overall, the findings were supported by various
measurements, including J-V, C-F, electric field distribution, recombination profiles,
generation rate, energy band diagram and QE. The series resistance, shunt resistance, and
operating temperature were varied from 1 to 10 Q cm?, 1000 to 5000, and 300 to 480K,
respectively, for CaZrSes, BaZrSes;, CaHfSes, and BaHfSes solar cells [47].

Fig. 4. Schematic representation of novel CP solar cells [47].
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Table 2. SCAPS input parameters for initial CP solar cells [47].

Parameter | FTO TiO> CaZrSes | BaZrSes; | CaHfSes | BaHfSe3 | NiO
Thickness | 200 50 500 500 500 500 80

(pm)

E¢ (eV) 3.5 3.2 1.4 1.35 1.65 1.5 3.25

1 (eV) 4.0 4.0 3.8 3.8 3.7 3.8 1.8

&r 9.0 9.0 11.0 11.0 11.0 11.0 11.75
Nc (cm?) 22E+18 | 2.2E+18 | 2.2E+18 | 2.2E+18 | 2.2E+18 | 2.2E+18 | 2.0E+18
Nv (cm?) 1.8E+19 | 1.8E+19 | 1.8E+19 | 1.8E+19 | 1.8E+19 | 1.8E+19 | 1.8E+19
pm (cm?/Vs) | 2E+1 2E+2 2.8E-2 2.8E-2 7.6E-2 9.4E-2 8E-+0

pn (cm?/Vs) | 1E+] 1E+1 5.9E-2 8.2E-2 3.4E-2 3.5E-2 2E+0
Np (cm™) 1E+20 1E+17 |0 0 0 0 0

Na (cm?) 0 0 1E+18 1E+18 1E+18 1E+18 1E+16
Nt (em™) 1E+15 1E+15 1E+15 1E+15 1E+15 1E+15 1E+15
References | [39] [39] [87] [87] [87] [87] [103,104]
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Table 3. Parameters for front and back contact, as well as interface defects, in novel CP solar

cells [47].

Front and back contact parameters

Contacts Back metal contact Front metal contact
properties (Au) Properties (FTO)
Metal work function (eV) 5.10 4.07
Surface recombination 1.000 x 107 1.000 x 107
velocity of electron (cm/s)
Surface recombination 1.000 x 107 1.000 x 107

velocity of hole (cm/s)

Interface defect parameter

Parameters (unit) A (Ca, Ba) B (Zr, Hf) A (Ca, Ba) B (Zr, Hf)
Se3/TiO: interface Se3/NiO interface
Defect density (cm™) 1.0x10'2 cm™ 1.0x10'2 cm™
Defect type neutral neutral
Capture cross section for 1.0x107" cm? 1.0x107" cm?
electrons (cm?)
Capture cross section for 1.0x107" cm? 1.0x107" cm?
holes (cm?)
Energetic distribution single single
Reference for defect energy | Above the highest valence Above the highest valence
level Eq band band
Energy level with respect to 0.6 eV 0.6 eV

valence band maximum (eV)

5.3. Strategy of Zr-alloying BaHfS3 CPs Solar Cells

The simulation framework and setup for objective 4 are presented in this section. This
research meticulously analyzed the performance of novel chalcogenide solar cells using
SCAPS-1D, focusing on BaHfS3, BaHfo.75Zr025S3, BaHfo.5Zro5S3, and BaHfo.25Zr0.75S3 CP
absorbers. The solar cell were designed with a superstrate configuration, as shown in Fig. 6a
and the energy band diagram, as displayed in Fig. 6b. TiO, was employed as the ETL and NiO
as the HTL due to their excellent charge carrier dynamics. Au was chosen as the back metal
contact because of its high electrical conductivity, approximately 4.1x10” S/m. This elevated
conductivity minimizes resistance at the contact interface, reduces energy losses, and enhances
the overall PCE of the solar cells. Another notable advantage of Au is its high work function,
around 5.1 eV, which aligns well with the energy levels of many absorber materials, ensuring
long-term stability and reliability for solar cells. The parameters for each layer were initially
established based on existing literature, which is comprehensively listed in Table 4. These

parameters include critical aspects such as carrier concentrations (Na), and defect densities (Ny)
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and thickness (nm). Simulations were carried out at 300K under AM 1.5G solar spectrum
irradiance, considering flat band conditions for the front contact while excluding Rsy and Rs.
Realistic solar cell conditions were implemented by introducing neutral defects at the
ETL/absorber and absorber/HTL interfaces, as detailed in Table 5. The research initially
focused on designing the initial solar cells presented in Table 4. Subsequent investigations
explicitly examined the thickness (50 nm to 150 nm) and carrier concentration (10'?> cm™ to
10%° cm™) of the ETL. Moreover, the study examined the potential of BaHfS3, BaHfo.75Zr0.25S3,
BaHfo.5Zr0.5S3, and BaHf0.25Zr0.75S3 CPs absorbers by altering the carrier concentration, defect
density and thickness from 10> cm™ to 10*° cm™, 10" cm™ to 10?° cm™ and 100 nm to 2000
nm, respectively. Additionally, the impact of HTL was explored by optimizing the thickness
(50 nm to 150 nm), carrier concentration (10" cm™ to 10?° cm™), and defect density (10'? cm’
3to 10%°cm™). The study evaluated the effects of these parameter variations through a series of
measurements, including J-V, C-V, Mott-Schottky, C-F, electric field distribution,
recombination profiles, and QE. Furthermore, we investigated the influence of Rs, Rsy, and
working temperature for BaHfS3, BaHfo.75Z10.25S3, BaHf0.5Zr05S3 and BaHfo25Zr0.75S3 solar
cells [44].

40



(b)

Energy level (eV)

-15

BaHIS,

S ——.

Ba(Hf,, ;5Zr,5)S;
Ba(Hf, <Zr5)S;
Ba(Hfj ,sZr, 75)S;

-1.2
ETL

Chalcogenide Perovskite Absorbers

Fig. 6. (a) Schematic representation of the novel CP solar cell structure and (b) energy band

diagram of the solar cell [44].

Table 4. SCAPS input parameters for BaHfi xZrxS; base CPs solar cells [44].

Parameter | FTO TiO; BaHfS; BaHfy.7s BaHfys BaHfy.»s NiO
Zr.25S3 ZrysS; Zr.75S3

Thickness | 200 50 500 500 500 500 80

(nm)

E; (eV) 3.5 3.2 2.11 (exp) | 2.02 (exp) | 1.94 (exp) | 1.85 (exp) | 3.6

1 (eV) 4.0 4.0 3.20 3.40 3.50 3.60 1.8

& 9.0 9.0 8 8.4 8.6 9.8 11.75

Nc (em™) 2.2E+18 | 2.2E+18 | 4.0E+18 3.5E+18 | 3.3E+18 | 3.0E+18 | 2.5E+20

Ny (cm™) 1.8E+19 | 1.8E+19 | 3.2E+19 2.7E+19 | 24E+19 | 2.1E+19 | 2.5E+20

ta (cm?/Vs) | 2E+1 2E+1 1.40E-2 1.30E-2 1.20E-2 1.10E-2 2.8E+0

un (em?/Vs) | 1E+1 1E+1 3.6E-2 3.7E-2 3.8E-2 3.9E-2 2.8E+0

Np (cm?) 1E+20 1E+17 0 0 0 0 0

Na (cm?) 0 0 1E+18 1E+18 1E+18 1E+18 1E+16
(variable) | (variable) | (variable) | (variable) | (variable)

N¢ (em™) 1E+15 1E+15 1E+15 1E+15 1E+15 1E+15 1E+15
(variable) | (variable) | (variable) | (variable) | (variable)

References | [39] [39] [41,43,90, | [41,43,90, | [41,43,90, | [41,43,90, | [103,104]
105] 105] 105] 105]
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Table 5. Interface defect parameters for novel CP solar cells [44].

Parameters (unit) BaHf1xZrxS3/TiO2 BaHf1xZrxS3/NiO
interface interface

Defect density (cm™) 1.0x10'2 cm 1.0x10'2 cm?

Defect type neutral neutral

Capture cross section for electrons | 1E-19 cm? 1E-19 cm?

(cm?)

Capture cross section for holes (cm?) | 1E-19 cm? 1E-19 cm®

Energetic distribution single single

Reference for defect energy level Et | Above the highest valence | Above the  highest
band valence band

Energy level with respect to valence | 0.6 eV 0.6 eV

band maximum (eV)

5.4. Process of BaZrS3-based CPs Solar Cells with Delafossite and Spiro-OMeTAD HTLs

This section details the simulation approach used to investigate objective 5. This study
focuses on the efficiency of BaZrS3; PV devices that incorporate delafossite HTLs, namely
CuFe0O,, CuGa0,, and CuAlO;, and compares their performances with the conventional Spiro-
OMeTAD. This analysis is conducted utilizing SCAPS-1D simulation. The device
configuration consists of a superstrate structure: FTO/Ti02/BaZrSs/delafossite HTL/Au, as
illustrated in Fig. 7. As shown in Table 6, the initial settings for each layer are sourced from
existing studies. The table lists essential parameters, such as the bandgap (Eg), electron affinity
(), and dielectric permittivity (). It further outlines the effective density of states in both the
conduction band (Nc) and the valence band (Nv), as well as electron mobility (u,) and hole
mobility (). Moreover, it includes details on donor density (Np), acceptor density (Na), and
defect density (Ny). In the simulations, thermal velocities of electrons and holes are set at 10’
cm.s™ throughout all layers. FTO serves as the front contact, while Au acts as a back contact.
The simulations are conducted at a temperature of 300 K, utilizing AM 1.5G spectral irradiance.
To accurately represent the operational environment of the PV devices, fixed defects are
introduced at the ETL/BaZrS3 and BaZrS;/HTL interfaces, as outlined in Table 7. Initially, a
solar cell is designed based on the parameters outlined in Table 6. Following this, a detailed
analysis is conducted to assess the impact of varying carrier concentrations (from 10'2 cm™ to
10%° cm) and defect densities (ranging from 10'2 cm™ to 10%° cm™). Additionally, the effect
of defects at the interfaces of ETL/BaZrSs and BaZrS;/HTL is assessed, with defect levels

varying from 10'2 cm™ to 10%° cm™.
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Fig. 7. Depiction of the BaZrS; solar cell device with different HTLs [260].

Table 6. SCAPS simulation inputs for the baseline configuration [260].

Parameter | FTO TiO; BaZrS; CuFeO; | CuGaO; | CuAlO; | Spiro-
OMeTAD
Thickness | 0.200 0.50 0.500 0.50 0.50 0.50 0.50
(nm)
E; (eV) 3.50 32 1.7 2.45 2.51 2.65 32
% (eV) 4.00 3.8 4.1 2.7 3.0 2.4 2.1
& 9.0 9.0 9.6 11.75 11.75 11.75 3.0
Nc (em?) 22 %101 2.2 x| 22x10% 1 2.0x10"® | 2.0x10" | 2.0x10'® | 2.2 x 10"
1018
Ny (cm™) 1.8 x 10" 1.8 x| 1.8x10Y | 1.8 x10¥ | 1.8 x10¥ | 1.8 x10" | 1.0 x 10"
1019
tn (cm?/Vs) | 2.0 x 10! 2.0x 10" | 3.4x102 | 8.0x 10" | 8.0x10" |8.0x10" | 1.0x 10*
mn (em?/Vs) | 1.0 x 10! 1.0 x 10! | 7.6x 102 | 2.0x 10" | 2.0 x 10" [2.0x10' |2.0x10*
Np (cm™?) 1.0 x 10%° 1x10%° |0 0 0 0 0
Na (em?) 0 0 1 x10™ 1 x10" 1 x10" 1 x10"Y7 1 x10™
N¢ (em?) 1.0 x 10" 1 x10% | 1x10% 1 x 10" 1 x10' 1 x 10 1 x 10
References | [39] [39] [39] [106] [106] [106] [107]
Table 7. Interface defect characteristics for the BaZrS; devices [260].
Parameters (unit) BaZrS3/ETL interface BaZrS3/HTL interface

Defect density (cm™)

1.0x10'2 ¢cm™

1.0x10'2 ¢cm?

Defect type neutral neutral
Capture cross section for | 1E-19 cm? 1E-19 cm?
electrons (cm?)

Capture cross section for | 1E-19 cm? 1E-19 cm?
holes (cm?)

Energetic distribution single single

Reference for defect energy
level Et

Above the highest valence
band

Above the highest wvalence
band

Energy level with respect to
valence band maximum (eV)

0.6 eV

0.6eV
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6. Result and Discussions

6.1. Performance of SrHfSes Solar Cells: Influence of HTLs and Back Contacts

This section outlines the detailed simulation results related to objectives 1 and 2.
Section 6.1.1 presents the initial solar cell performance. Sections 6.1.2 to 6.1.5 analyze the
performance of the SrHfSes absorber layer. Sections 6.1.6 to 6.1.8 evaluate the performance
of the MoS, HTL, while Section 6.1.9 examines the metal contact properties. Section 6.1.10
focuses on the design and analysis of 40 different HTLs. Sections 6.1.11 to 6.1.16 investigate
the influence of high-efficiency HTLs, and Section 6.1.17 discusses experimental strategies

for achieving optimal power conversion efficiency (PCE).

6.1.1 Initial Solar Cell Performance of SrHfSes Solar Cells

The initial simulations were conducted based on the parameters listed in Table 1, using the
solar cell structure FTO/BaSnO3/SrHfSe3/MoS2/Au, as illustrated in Fig. 2. The corresponding
current density-voltage (J-V) characteristics, shown in Fig. 8, revealed an initial Voc of 1.00
V, Jsc of 14.08 mA/cm?, FF of 80.81%, and PCE of 11.42%. Further improvement was
achieved by optimizing key parameters of each layer, including electron affinity, carrier

concentration, defect density, and thickness, as discussed in the following sections.

FTO/BaSnO,/SrHfSe,/Au

Voe -1.00 V
-10 4 Jg. - 14.08 mA/cm?

FF -80.81%
- PCE -11.42%

J (mA/cm?)

154

T T T T

T T
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig. 8. Initial J-V of SrHfSe; solar cell [52].
6.1.2. Optimization of SrHfSe3 Absorber Parameters

Optimizing the absorber is key to boosting solar cell performance. To understand its

effect, we varied the carrier concentration, defect density, and thickness from 10'? cm™ to 108
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cm>, 102 cm™ to 10*° cm™, and 100 nm to 1000 nm, respectively. The results of optimizing

SrHfSe; are discussed in the following sections.

6.1.3. Impact of SrHfSe3 Absorber’s Carrier Concentration

The absorber's carrier concentration determines solar cells' charge transport and
stability [29]. Finding the optimal carrier concentration of the absorber is key to maximizing
solar cell efficiency. In this work, SrHfSes’s carrier concentration was adjusted between 102
cm™ and 10" cm?, and its impact on J-V characteristics, Voc, Jsc, FF, and PCE is illustrated
in Fig. 9(a-c). The results indicate that Voc and FF remain stable up to 10'> cm™ but show a
significant increase beyond this level. Specifically, as the carrier concentration rises from 10'2
cm™ to 10" cm™, Voc improves from 0.94 V to 1.18 V, while FF increases from 44.43% to
88.77%, ultimately boosting PCE from 9.17% to 11.67%. The increase in Voc is attributed to
the enhanced built-in potential (Vb) of the solar cells, resulting from the improved carrier
concentration, as illustrated in Mott-Schottky plots (Fig. 9d). To explain this, Mott-Schottky
(1/C?) plots for StHfSes were generated from C-V data using SCAPS-1D simulation software.
The built-in potential (Vy) was then determined from the intercept of these plots, as shown in
Fig. 9d, where Vg increases from 1.02 V to 1.05 V for the variation in carrier concentration
from 10'2 cm™ to 10'® cm™. This enriches the transportation of charge carriers and aids in their
successful collection at the corresponding contacts without recombination, resulting in
improved FF [108]. Additionally, the rise in carrier concentration causes an upward shift in
both the conduction band (Ec) and valence band (Ev), as shown in Fig. 9(e). This shift moves
the valence band of SrHfSe; closer to the quasi-Fermi level of holes (Fp), enhancing
conductivity and improving charge carrier transport within the solar cell. Furthermore, these
also reveals a splitting of quasi-fermi levels, i.e., Fpand Fx (electron quasi-fermi level), increase
along the absorber region for 10'® cm?, which explicitly improves Voc, leading to an overall
improvement in solar cell performance. Additionally, a higher carrier concentration strengthens
the electric field at the StHfSe3/MoS: interface, as seen in Fig. 9(f). This helps drive more holes
from the absorber to the HTL while preventing electron leakage, ultimately improving hole
collection at the back contact and enhancing overall performance [109]. On the contrary, Jsc is
unaltered till 10'” cm™ and sharply decreases for 10'® cm™. At higher carrier concentrations,
most of the depletion region moves into the ETL, leaving a much thinner depletion layer in the
absorber [110]. Eventually, the absorption in the solar cell declines since the majority of photon
absorption occurs along the absorber region. This reduces the charge carrier generation rate,

leading to a drop in Jsc. However, the overall solar cell efficiency originates from the increment
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in Voc and FF while it is independent of Jsc. Overall, increasing the carrier concentration of

SrHfSe3 significantly impacts the energy band positions, enhances quai-Fermi level splitting,

strengthens the Vg, and improves the internal electric field, all contributing to higher PCE.

Based on these findings, a carrier concentration of 10'® cm™ is identified as the optimal value

for further simulations.
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6.1.4. Impact of SrHfSes Absorber’s Defect Density

The presence of defects in the absorber layer plays a crucial role in shaping the overall
performance of a solar cell. It is usually formed due to structural imperfections, non-
stoichiometry, impurities, fabrication methods, etc [111,112]. Thus, it is essential to control the
absorber defects to attain the best solar cell performance. In this work, we adjusted the defect
density of SrHfSes, ranging from 10'2 cm™ to 10*° cm?, to thoroughly analyze its influence.
Fig. 10(a-c) shows the variation in J-V, Voc, Jsc, FF, and PCE with respect to the defect density
of SrHfSes. The Voc remains unchanged up to a defect density of 10' cm™, then rises at a
defect density of 10'® cm™, and decreases as the defect density continues to increase. The
reason for the observed fluctuation is unknown. On the other hand, the Jsc, FF, and PCE stay
steady up to a defect density of 10'> cm™ and drop sharply beyond this threshold. In particular,
Jsc, FF, and PCE drop from 16.79 mA/cm? to 2.12 mA/cm?, 83.33% to 64.12%, and 14.07%
to 1.43%, respectively, when the defect density is raised from 10> cm™ to 10°° cm?. This
happens because the defects trap the photogenerated charge carriers on their way to the
contacts, reducing their diffusion length and lifetime [113]. This trend is also evident in Fig.
10(d), where the minority carrier diffusion length reduces from 54 pm to 0.054 pm while their
lifetime decreases from 10° to 10 ns, when the defect density of SrHfSes rises from 10! cm-
3 to 10%° cm?, the charge carrier recombination rate increases significantly (Fig. 10 (e)),
impeding their collection at the corresponding contacts [39,114]. Fig. 10(f) illustrates the
changes in the electric field for the defect density 10'2 cm™ and 10%° cm™. As the defect density
increases, the electric field at the absorber/HTL interface decreases. This consequently
diminishes the separation and collection of holes from the absorber to the back contact,
negatively impacting the performance of solar cell. In our study, we found that maintaining a
defect density of 10'* cm™ in the absorber layer significantly improves PCE. Since the SrHfSes
materials are still under development, we have proposed strategies inspired by previous
research on similar BaZrS3; CPs to enhance solar cell performance. Meng et al. reported that
synthesizing CPs films under sulfur-rich and zirconium-poor conditions leads to strong p-type
behavior and a lower defect density. This improvement is linked to the increased formation
energy of deep-level defects, which reduces their occurrence. Controlling elemental
composition during synthesis is therefore essential for achieving optimal carrier concentration
and minimizing deep-level defects [115]. Hwang et al. experimentally showed that post-heat
treatment of absorber materials can lower defect densities to 10'* cm™, contributing to high

PCE [116]. Moreover, Yanping et al. explored bromine (Br) doping in perovskite absorbers,
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achieving a defect density of approximately 10'4cm™ [117]. Taking these findings into account,
we selected 10" ¢cm™ as the optimal defect density for SrHfSes-based solar cells to balance

defect reduction and solar cell performance improvement.
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6.1.5. Impact of SrHfSes Absorber’s Thickness

The absorber’s thickness influences the solar cell performance to a great extent. A thin

absorber partly absorbs the photons and transmits the majority of light, reducing the charge
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carrier generation, although a thick absorber can decline the solar cell performance due to the
limitation in diffusion length of charge carriers [118]. Thus, optimizing the absorber thickness
to achieve maximum PCE is crucial. Therefore, the StHfSe; absorber thickness is altering from
100 nm to 1000 nm, as shown in Fig. 11(a—c). It can be noticed that all the solar cell parameters
increase with the increasing absorber’s thickness. That is, when the thickness is enhanced from
100 nm to 1000 nm, the Voc, Jsc, FF, and PCE rise from 0.98 V to 1.02 V, 15.47 mA/cm? to
18.30 mA/cm?, 77.84% to 84.95% and 11.82 % to 15.97% respectively. Nevertheless, we could
see that the increment in PCE is around 1.29 times, as the thickness is extended from 100 nm
to 700 nm, whereas it is just 1.04 times when it is further increased to 1000 nm. This occurs
because the photon absorption in SrHfSe; drastically improves with its thickness, resulting in
the effective charge carrier generation [118]. However, when the absorber is too thick, the
diffusion length and lifetime of photogenerated charge carriers will be inadequate to reach the
required metal contacts. Consequently, Shockley—Read—Hall recombination also enhances
along with larger charge carrier generation in SrHfSes, which eventually saturates the
performance of the solar cell [119]. This behavior is evidenced in QE of varying thickness Fig.
11(d), where the absorption increases by 1.26 times when it is increased from 100 nm to 700
nm while improving by just 1.01 times on further increment to 1000 nm. Recent research on
CPs solar cells has shown that increasing the absorber layer thickness from 600 nm to 1000 nm
enhances the built-in electric field, which in turn improves carrier extraction and boosts PCE.
Sun et al. studied the optoelectronic properties of CaTiS3, BaZrSs, CaZrS3, and CaHfS; using
density functional theory (DFT). Their findings suggest that strong light absorption and
efficient carrier transport can be achieved with absorber layers thinner than 1000 nm, providing
flexibility in device design [87]. Similarly, Nishigaki et al. synthesized various chalcogenide
compounds, including BaZrS3, Ba(Zr,T1)S3, and BaZr(S,Se)3, and highlighted the importance
of absorber layer thickness. Their results indicate that an optimal thickness of around 700 nm
is ideal for maximizing light absorption, a key factor in achieving high-efficiency solar cells
[120]. Eupsy et al. also explored the performance of BaZrS3 using SCAPS-1D simulations and
found that a 700 nm thick absorber layer can Pb to impressive PCE, reinforcing its potential
for practical use [39]. Further supporting this, Swarnkar et al. synthesized materials such as
BaZrS;, SrZrS3, and the layered perovskite Ba3Zr,S7. Their study suggested that an absorber
thickness of approximately 600 nm could enhance PCE, aligning with the general consensus
that the optimal range lies between 600 nm and 1000 nm [121]. In conclusion, multiple studies
agree that absorber layer thickness plays a crucial role in optimizing the efficiency of CPs solar

cells. Considering the evidence from these studies, an absorber thickness of 700 nm has been
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chosen for SrHfSes-based solar cells, as it aligns with established best practices in solar cell

design.
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6.1.6. Optimization of MoS: HTL Parameters

The insertion of HTL between the absorber and back contact diminishes the large
barrier for photogenerated holes and results in efficient transportation to the back contact [122].
Therefore, it is crucial to study the material properties of MoS: to enhance solar cell
performance. In this context, electron affinity, carrier concentration, defect density, and
thickness are altered from 3.5 eV to 3.8 eV, 107 cm™ to 10?° cm™, 10" cm™ to 10%° cm™, and

60 nm to 150 nm, respectively to understand its influence on device performance.

6.1.7. Impact of MoS2’s Electron Affinity and Carrier Concentration

The conduction band offset (CBO) and valence band offset (VBO) at the absorber/HTL
interface are directly determined by the electron affinity of HTL [109]. Thus, optimization of
HTL’s electron affinity is important in solar cells to mitigate the formation of energy barriers.

Therefore, we altered the electron affinity of MoS: from 3.5 eV to 3.8 eV to detect the optimum
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value for the enhanced transportation of holes. The corresponding variation in J-V, Voc, Jsc,
FF, and PCE is shown in Fig. 12(a-c). It is evident that the Voc and FF display an upward trend
while Jsc and PCE show a downward trend with increasing affinity values. Generally, a high
CBO and low VBO are required at the absorber/HTL interface indicating a large barrier for
electrons and less barrier for holes. This will restrict the electron flow and enhance the transport
of holes through HTL. Therefore, CBO and VBO for each affinity value are calculated using
eqn (10) and eqn (11) [123,124], and the corresponding values are listed in Table 8.

CBO = X aBs — X HTL (10)
VBO = xuri+ Egur. — (Xaps + Ecaps) (11)

Where x aps 1s the affinity of absorber, x yry, is the affinity of HTL while E; 455 and Eg yry,
are the absorber bandgaps and HTL respectively.

According to Table 8, it can be noticed that the VBO decreases and thus the barrier for
holes decreases with increasing electron affinity. On the other hand, CBO also declines,
representing a simultaneous reduction in the barrier for electrons. Thus, the optimum VBO and
CBO must be identified to enhance solar cell performance. On comparing Fig. 12(a-c) with
offset values, it can be observed that PCE decreases from 18.61 % to 14.47% when VBO
(CBO) shrinks from -1.06 eV to -0.76 eV (0.6 eV to 0.3 eV). This strongly reveals that though
the barrier for holes is reduced by decreasing VBO, the decrement in CBO intensely decreases
the barrier height for electrons at the absorber/HTL interface, allowing the majority of
photogenerated electrons to be collected by HTL instead of ETL, negatively impacting the
performance of solar cell. This consequently leads to high recombination as can be seen in Fig.
12(d). Thus, an electron affinity of 3.5 eV is the optimum value to enhance the solar cell

performance.

Table 8. Variation in CBO and VBO concerning electron affinity of MoS> HTL.

7 (eV) 3.5 3.6 3.7 3.8
CBO (eV) 0.6 0.5 0.4 0.3
VBO (eV) -1.06 -0.96 -0.86 0.76

After that, the effect of MoS>’s carrier concentration was examined by altering it from
10" em™ to 10% cm™. Fig. 12(e-g) presents the change in J-V, Voc, Jsc, FF, and PCE with
changes in MoS>’s carrier concentration. It evidenced that all the PV parameters increase when

the carrier concentration is enhanced from 10'” cm™ to 10*°°cm™ i.e., Voc from 0.97 V to 1.09
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Voc, Jsc from 20.92 mA/cm? to 23.05 mA/cm? and FF from 83.93% to 86.81%. This Voc, Jsc,
and FF improvement has enhanced PCE from 17.11% to 21.91%. The observed elevation in
performance can be explained by extracting the energy band diagram with respect to MoS2’s
carrier concentration Fig. 12(h). It can be noticed that when MoS,’s carrier concentration is
improved from 10!” cm™ to 10*° cm™, the Ec and Ey slightly shift upwards such that the latter
moves towards the Fp. As a result, a strong built-in electric field is developed at the
SrHfSe3/MoS: interface. The enhancement in the electric field within the HTL region for
increasing carrier concentration can be seen in Fig. 12(i). The presence of an intense electric
field at the interface elevates the hole transportation from SrHfSes to the back contact through
MoS; [125]. Moreover, the obtained results reveal a solution for the case where the optimal
CBO and VBO cannot be achieved experimentally at the absorber/HTL interface. Increasing
the HTL’s carrier concentration can diminish the barrier for holes and boost the barrier for
electrons by shifting the respective bands upwards. Overall, it can be seen that that MoS2’s

3

carrier concentration of 10%° cm™ is needed to acquire high performance of solar cell and thus

it is fixed for further simulations.
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alignment, and (i) electric field corresponding to MoS:’s carrier concentration [52].

6.1.8. Impact of MoS2’s Defect Density and Thickness

Fig. 13(a—c) depicts the influence of MoS;’s defect density on the J-V, Voc, Jsc, FF,
and PCE of solar cells for the defect density range from 10'*cmto 10%° cm™. It is evidenced,
when the defect density is increased from 10 cm™ to 10%° ¢cm?, the Voc, Jsc, and PCE are
reduced from 1.19 V to 0.95 V, 23.12 mA/cm? to 16.28 mA/cm? and 23.02% to 13.01%
respectively while a discrepancy is observed in the behavior of FF. The significant drop in
performance of solar cell is largely attributed to an increased number of recombination centers
at the interface between at the interface between SrHfSes/MoS: with increasing defect density
which acts as a trap for the photogenerated carriers, thereby boosting the recombination rate
[126]. This can also be witnessed in Fig. 13(d) where the recombination rate dramatically
increases with defect density, deteriorating the PCE. Therefore, a defect density of 10'*cm™ is

optimized to attain high performance of the solar cell.
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The thickness of HTL is a key to improving the performance of the solar cell and
reducing the direct contact between the SrHfSes absorber and back contact [127]. For analysis,
the thickness of MoS; is altered from 60 nm to 150 nm with a fixed SrHfSes thickness of 700
nm, as shown in Fig. 13(e-g). It can be noticed that PCE drastically rose from 22.48% to
26.55% which stems from the significant improvement in Jsc from 19.33 mA/cm? to 24.54
mA/cm? with increasing thickness of MoSa. The enhancement in Jsc is directly related to the
improved light absorption in solar cells with increasing MoS: thickness which can be witnessed
in QE measurements Fig. 13(h). When the thickness is 60 nm, the QE is above 95% in the UV-
Vis region (300-700 nm) due to high light absorption in SrHfSes, resulting in large
photoinduced carrier generation. It is important to mention that photons with energy below the
active layer’s bandgap are unable to be absorber and pass through to the HTL [128]. Thus, QE
drops to 25% at 708 nm as the bandgap of SrHfSes is 1.75 eV. In addition, QE is maintained at
25% in the NIR region (708-960 nm) and falls to zero at 960 nm indicating a minute light
absorption in MoS. Interestingly, when the thickness raised from 60 to 150 nm, QE in the NIR
region improves from 25% to 45%. It strongly reveals that photocarrier generation in MoS»
enhanced with its thickness. Specifically, as the bandgap of MoS; is 1.29 eV, it absorbs the
low-energy photons transmitted from SrHfSes and enhances the absorption to a larger
wavelength. Thus, the outcomes indicate that MoS: performs dual action of light absorption

and transportation of holes, resulting in high performance of the solar cell.
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6.1.9. Impact of Back Metal Work Function

The work function of back contacts is important to provide ohmic contact for potential
transportation of hole and to increase the Vy in solar cells. Thus, metals such as Cu/Mo, Ag,
Fe, Cu doped C, Au, W, Ni, and Pd with work functions 4.6, 4.7, 4.8, 5.0, 5.1, 5.22, 5.5, and
5.6 eV respectively are used in the proposed structure of solar cell to identify suitable back
metal contact. The J-V, Voc, Jsc, FF, and PCE as changes of metalwork function are displayed
in Fig. 14(a-c). It can be noticed that all the PV parameters increased with the metal work
function till 5.22 eV and became constant. This behavior can be illustrated with the schematic
diagram given in Fig. 14(d). A low work function causes the metal’s Fermi level to be situated
close to the Ec of the HTL. Thus, it generates a huge barrier (Schottky) for holes, hindering its
transfer from HTL to metal contact [129]. Moreover, as the barrier for electrons is very low, it
can quickly transfer from the Ec of HTL to metal contact or vice versa leading to high
recombination in solar cells. On the other hand, if the work function is high, the fermi level is
near the Ev of HTL which reduces the barrier for holes, resulting in the efficient hole transfer
to the metal contact [129]. Hence, it is evident that enhancement in performance of solar cell
with escalating work function occurs due to the movement of the metal’s fermi level towards
the Ev of HTL [130]. The maximum PCE of 26.21% is obtained for Ni as it forms ohmic
contact at the MoS»/Ni interface to efficiently flow holes while displaying the Schottky barrier
towards electrons. It can also be noticed that the PV parameters become saturated beyond 5.22

eV, happening due to the increasing ohmic resistance at the HTL/metal interface [130,131].
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[52].

6.1.10. Design of 41 Solar Cells

After the optimization of SrHfSes;, MoSz, and back contact with the initial solar cell structure,
the Voc, Jsc, FF, and PCE increased from 1.00 V to 1.18 V, 14.08 mA/cm? to 26.14 mA/cm?,
80.81% to 84.59% and 11.42% to 26.21% respectively. It can be illustrated from the results
that PCE increases by 1.72 times after the optimisation of MoS; revealing that the impact of
HTL on the performance of solar cell is considerably high. Thus, to investigate its properties
comprehensively as well as to identify the suitable device configuration, MoS: was replaced
by 40 HTLs including inorganic semiconductors (MoS>, CuzS, SboS3, CuO, SnS, CuBiSs,
CuzSnS;3, CuzSbS,, CuaBaSnSs, CIGS, CZTS, CZGS, CuS, CoO, WS», FeS», CaFe204, M00O3,
YFeOs3, VOy, BiVOs, SnS;, SbaSes, CexSes, Mg Si), polymers (P3HT, P3Cpent, CPE-K, P>, P3,
P1, PEDOT: PSS, PCPDT-T, PCPDT-2T, TFB, PTAA, PFS, g-C3N4), and MXenes (Zr2CO»,
Hf>2CO», T12CO3) and parameters such as y, Na, Niand thickness are optimized for all HTLs by
keeping the other layers parameters constant. Furthermore, their back metal work functions are

also optimized. As a result, 1627 solar cells were designed involving 1033 solar cells with
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inorganic semiconductors, 117 with polymers, and 477 using MXenes as HTLs. The
parameters are employed in the simulation of different HTL-based solar cells. Fig. 15 displays
the bar diagram where the number of solar cells that exhibited PCE above 20% is plotted for
each category of HTLs. In the case of inorganic semiconductors, among 1033 solar cells, 429
devices displayed PCE >20%, and 240 devices demonstrated PCE>25% wherein the highest
PCE of 27.87% was achieved for SnS-based solar cell with structure
FTO/BaSnO3/SrHfSe3/SnS/Ni. Similarly, nearly 10 out of 117 solar cells exhibited PCE above
25% in polymer-based solar cells and the FTO/BaSnO3/SrHfSes/CPE-K/Ni device structure
has presented the best PCE 0f 27.39%. Considering M Xenes-based solar cells, the highest PCE
0f26.30% is delivered for FTO/BaSnO3/SrHfSe3/Ti2CO2/Ni device structure where more than
420 and 160 solar cells portrayed PCE >20% and >25% respectively. Among the 1627
simulated solar cells, 888 devices achieved PCE above 20% while 410 devices achieved PCE
above 25%, demonstrating the high potential of the novel SrHfSe; absorber for achieving high
performance. The solar cell parameters before and after optimization of each HTL along with
their corresponding optimized metal contacts are provided in Table 9. It is evident that the
results of the different HTL-based solar cells after the optimization of HTL’s material
parameters and metal contacts are different. This occurs due to the variation in their energy
band positions and the consequent modification in the band alignment of each HTL with
SrHfSe; and corresponding metal contacts as displayed in Fig. 16. Overall, the best PCE is
attained for SnS, CPE-K, and Ti2CO; HTLs under the category of inorganic semiconductors,
polymers, and MXenes-based solar cells respectively. Here, studying their properties
elaborately to understand why they have high PCE among the other solar cells is crucial.
However, comparing its properties and variations in PV performance with all 41 HTLs may
become an intense work. Therefore, their superiority over the other HTLs is broadly elucidated
by comparing their optical, electrical, and material properties with the HTLs that presented low
PCEs. According to Table 9, Mg>Si, PEDOT: PSS, and Hf2CO;-based solar cells have shown
the least PCEs among inorganic semiconductors, polymers, and MXenes-based solar cells
respectively. Thus, the above-mentioned solar cells are selected for comparison with SnS, CPE-
K, and Ti2COz-based solar cells to gain deep insights into their dominance over other devices.
In the comparative study performed in the following sections, the low PCE devices denote
Mg,Si, PEDOT: PSS, and Hf>2CO»-based solar cells and the high PCE devices represent the
SnS, CPE-K, and Ti2CO»-based solar cells.
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Table 9. Solar cell parameters before and after the optimization of HTLs including inorganic

semiconductors, polymers and MXenes with their optimized back contacts [52].

Before Optimization with Au Back After Optimization o
Number | Different Contact Optimized
of SCs HTL Back
Voc Jsc FF PCE Voc Jsc FF PCE contact
™ (mA/em’) (%) (%) ™ (mA/cm’) (%) (%)
Inorganic semiconductor
1 MoS; 1.00 14.08 80.81 11.42 1.18 26.14 84.33 26.21 Ni
2 CusS 1.24 14.80 87.05 16.02 1.34 14.83 87.48 17.41 Ni
3 SbyS; 1.39 14.84 87.69 18.12 1.43 20.61 86.79 25.61 w
4 CuO 1.19 14.79 86.83 15.38 1.20 21.82 85.19 22.37 Ni
*5 SnS 1.25 14.80 87.12 16.16 1.21 26.22 87.72 27.87 Ni
6 CuBiS; 1.31 14.82 87.35 16.97 1.34 21.20 85.55 24.48 Ni
7 CuzSnS; 1.29 14.81 87.30 16.80 1.42 14.85 87.80 18.56 Ni
8 Cu,SbS, 1.36 14.90 87.64 17.86 1.43 14.90 87.87 18.73 Pt
9 Cu,BaSnS; 1.35 14.87 87.57 17.64 1.43 14.88 87.86 18.71 Au
10 CIGS 1.25 14.80 87.11 16.13 1.38 14.84 87.65 18.01 Au
11 CZTS 1.25 14.81 87.11 16.24 1.43 14.89 87.87 18.73 Au
12 CZGS 1.25 14.87 86.68 16.23 1.43 14.94 87.89 18.79 Pt
13 CuS 0.88 17.25 85.96 13.18 1.52 18.94 91.39 26.47 Pt
14 CoO 1.54 18.92 88.90 25.97 1.54 18.91 90.91 26.50 Pt
15 WS, 1.14 14.78 86.52 14.61 1.54 18.95 91.05 26.64 Au
16 FeS, 1.18 16.14 87.56 16.73 1.42 14.85 87.80 18.56 Au
17 CaFe,04 1.03 14.86 85.95 13.20 1.54 18.94 91.05 26.60 Pt
18 MoO; 1.54 18.91 88.32 25.79 1.54 18.92 88.61 25.87 Pt
19 YFeO; 1.47 16.91 88.14 21.92 1.54 18.98 87.92 25.73 Ni
20 Vox 1.16 14.84 86.37 14.90 1.24 20.25 87.24 21.94 Ni
21 BiVO, 0.97 15.20 85.69 12.70 1.52 18.92 91.30 26.28 Ni
22 SnS, 0.92 14.83 85.15 11.72 1.43 15.50 88.29 19.66 Ni
23 SbySes 1.04 14.75 85.99 13.30 1.31 14.82 87.38 17.08 Au
24 CesSes 1.54 18.87 90.57 26.36 1.54 18.95 91.01 26.63 Pt
25 Mg,Si 1.19 14.77 86.40 14.28 1.18 14.79 86.80 15.26 Au
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Before Optimization with Au Back After Optimization o
. Contact Optimized
Number Different
of SCs HTL Back
V()(; Jsc FF PCE Voc Jsc FF PCE contact
) (mA/cm?) (%) (%) (\%) (mA/cm?) (%) (%)
Polymers
26 P;HT 1.25 14.90 87.18 16.37 1.52 19.09 91.10 26.52 Au
27 P;Cpent 1.54 18.92 87.06 25.43 1.54 18.94 87.80 25.67 Ni
*28 CPE-K 1.16 16.83 85.35 16.69 1.29 24.25 87.11 27.39 Ni
29 P, 1.42 14.89 87.86 18.71 1.47 19.00 88.14 24.78 Ni
30 P 1.30 15.09 86.14 16.92 1.45 19.51 86.71 24.60 Ni
31 P, 0.87 14.82 84.67 10.97 1.52 18.93 91.38 26.41 Pt
PEDOT: 1.27 18.53 86.11 20.32 1.31 19.39 87.72 22.33 Ni
32
PSS
33 PCPDT-T 1.41 16.00 86.59 19.67 1.50 19.01 89.10 25.50 Ni
34 PCPDT-2T 1.33 16.09 85.62 18.37 1.41 19.21 88.05 23.94 Ni
35 TFB 1.54 18.92 90.29 26.37 1.54 18.92 91.04 26.59 Au
36 PTAA 1.54 18.92 90.94 26.55 1.54 18.92 91.05 26.60 Ni
37 PFS 1.54 18.91 86.60 25.29 1.54 18.92 91.05 26.59 Ni
38 g-C3Ny 1.54 18.92 90.92 26.55 1.54 18.92 91.04 26.59 Au
MXenes
39 71,CO, 1.29 14.91 87.36 16.89 1.45 17.19 89.49 22.49 Pt
40 Hf,CO, 0.92 14.84 85.17 11.74 1.44 16.45 88.98 21.16 Ni
*41 Ti,CO, 1.04 17.82 84.51 15.73 1.13 26.66 86.97 26.30 Ni

6.1.11. Energy Band Diagram

energy bands between each layer [132,133]. Thus, to investigate the impact of simulated solar
cells as a changes of band alignment, the energy band diagram of the low and high PCE solar
cells under each category of HTLs, i.e., inorganic semiconductors, polymers, and MXenes are
extracted from SCAPS-1D Fig. 17(a-f). It can be seen that the alignment of Ec and Ev at the
absorber/ETL and ETL/FTO interface is almost the same in all 6 solar cells due to the presence
of the same absorber and ETL. Hence, it is evident that the difference in their PCE arises from
the changes in band alignment between absorber and HTL. On comparing the Mg>Si and SnS-

based solar cells Fig. 17(a) and (b), the alignment of Ev is almost similar in both cases at the
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interface of absorber/HTL, demonstrating that the barrier for holes is the same. Whereas, a
cliff-like barrier is observed for electrons at the Ec of SrHfSe3/Mg»Si interface, which results
in electrons flowing through Mg>Si instead of BaSnO3 leading to high recombination of charge
carriers [134]. On the other hand, a spike-like barrier is observed at the StHfSe3/SnS interface,
which restricts the collection of electrons via SnS; thus, reducing the recombination rate and
elevating the performance of solar cell. In the case of polymers and MXenes-based solar cells,
the primary difference between low and high PCE solar cells begins from the alignment of the
HTL’s energy bands with the fermi level of back contacts. Considering their low PCE solar
cells, the Schottky barrier is formed at the interface of HTL/back contact. This blocks the
collection of holes at the back contact, raising their accumulation in the HTL which adversely
deteriorates the solar cell performance [129,130]. Contrarily, ohmic contact is observed for
high PCE polymers and MXenes-based solar cells at the interface of HTL/back contact where
a compelling collection of holes occurs, boosting their PCE. Overall, it is clear that the proper
energy band alignment at absorber/HTL and HTL/back contact interface gave rise to the best
PCEs in SnS, CPE-K, and Ti2CO»-based solar cells.
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6.1.12. Nyquist Plot

Impedance spectroscopy has been utilized to characterize solar cells and understand the
movement of charge carriers, offering valuable insights into their operational mechanisms
[135]. Hence, the Nyquist plot of low and high PCE inorganic semiconductors, polymers, and
MXenes-based solar cells are plotted from C-F measurements (Fig. 18(a-c)). All the solar cells

display semi-circular plot which strongly reveals the superiority of the depletion regions in the
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solar cells. The Nyquist plots of solar cells generally consist of two semicircles in different
frequency regions. The low-frequency semicircle corresponds to the recombination resistance
(Rrec) while the one at the high frequency represents the charge transfer resistance (Rct) of the
solar cells [136]. In our case, a single semicircle has been observed in the entire frequency
region, indicating the Ry of the solar cells. In addition, the semicircle of high PCE solar cells
is larger than their counterparts, disclosing that Ry is vast in high PCE solar cells while it is
small in low PCE solar cells. Thus, due to large Riec, the photogenerated charge carriers in high
PCE solar cells can be effectively separated and collected at the respective contacts without
recombination, attributing to their surpassing PCE. In contrast, the less Ryec in low PCE solar
cells boosts the carrier’s recombination, ascribing to their poor performance of solar cell. This
is also witnessed in the energy band diagram Fig. 17(a—f)) where the possibility of
recombination is high in low PCE solar cells due to the improper alignment of energy bands at

the absorber/HTL and HTL/back contact interface.

6.1.13. J-V and QE

Fig. 18(d-f) demonstrates the J-V characteristics of low and high PCE devices and their
corresponding PV parameters in Table 9. For MXenes-based solar cells, the Voc and FF of
Ti2COz are less than H,CO»-based devices whereas its Jsc is comparatively large. Thus, it is
obvious that the high PCE of Ti,CO;-based solar cells mainly comes from their towering Jsc
values. In the case of inorganic semiconductor and polymer-based solar cells, the Voc and FF
are approximately similar for both high and low-PCE solar cells. Notably, there is a massive
difference in their Jsc. Specifically, the Jsc of SnS is 26.22 mA/cm? and CPE-K is 24.25
mA/cm? which is 1.77 and 1.25 times higher than Mg,Si and PEDOT: PSS respectively.
Overall, the results precisely demonstrate that the best PCE achieved in SnS, CPE-K, and
Ti12CO»-based solar cells originates from their drastically high Jsc values while the Voc and FF
do not contribute to their performance. It is worth noting that the Jsc of the high PCE devices
is also larger than the other HTL-based solar cells, exhibiting their superiority over all the
simulated devices.

QE is an important technique that gives the maximum amount of current produced when
the solar cell is irradiated by photon flux [137]. Therefore, QE for low and high PCE solar cells
are plotted to understand the reason behind the difference in their Jsc values. In all the low PCE
solar cells, the absorption terminates at 708 nm, indicating the absorption edge of StHfSes; with
the bandgap 1.75 eV. Whereas it extends till 960 nm, 850 nm, and 970 nm for SnS, CPE-K,

and Ti2CO»-based solar cells respectively, occurring due to the additional absorption in the
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HTL region due to their low bandgap than the absorber as discussed in section 3.3.2 (Fig. 18
(g—1)). In addition, we could notice that the QE is 100% in the visible region (400-700 nm) in
all high PCE solar cells. This denotes that StHfSe3 absorbs all possible photons of wavelength
400-700 nm, generating the colossal amount of charge carriers collected at the respective
contacts owing to the proper alignment of energy bands in high PCE solar cells. Conversely,
in the visible region, the QE is <80% in Mg>Si and Hf2CO»-based solar cells and it reduces
from 100% to <95% at 595 nm in PEDOT: PSS-based solar cells, arising from the poor band
alignment of HTLs with the absorber and back contact which terminates the carrier generation
in these solar cells due to high minority carrier recombination. Thus, the Jsc holds greater
values in high PCE devices owing to overall absorption of 58.22%, 56.67%, and 60.48% in
SnS, CPE-K, and Ti2CO»-based solar cells respectively which is 1.51, 1.18, and 1.44 times
larger than Mg>Si, PEDOT: PSS and Hf2CO; based solar cells respectively.

Overall, among the 41 HTLs, SnS, CPE-K, and Ti,CO; portrayed exceptional solar cell
performance under the category of inorganic semiconductors, polymers, and MXenes
respectively due to their favorable band alignment at absorber/HTL and HTL/back contact
interface, large Riec, and high light absorption. Thus, these high PCE solar cells are selected
further to the impact of series resistance, shunt resistance, and working temperature on their

achievement which are elaborated in the following sections.
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Fig. 18. (a-c) Nyquist plot (e-f) J-V and (g-1) QE of high and low PCE solar cells [52].

6.1.14. Effect of Series and Shunt Resistance

Series resistance and Shunt resistance, called parasitic resistances, have an immense
effect on the behaviour of solar cells [138]. In general, the resistance between metal contacts
(front and back) and transport layers as well as the resistance of the absorber outside the space
charge region improved the series resistance in devices. On the other hand, Rshunt mainly stems
from the reverse saturation current in devices [138]. Thus, we investigated their effect on the
behaviour of high-PCE solar cells. Firstly, the series resistance of all the solar cells is optimized
from 1 to 10 Q cm?. Voc, Jsc FF, and PCE corresponding to series resistance are displayed in
Fig. 19(a—d). In all the solar cells, it can be noticed that Voc and Jsc remain unaltered. On the
contrary, FF drastically reduces from 85.67% to 67.78%, 85.36% to 70.07%, and 84.75% to
65.51% in SnS, CPE-K, and Ti2CO»-based solar cells respectively. This is due to the vast power

loss (Pioss) in the solar cells for large series resistance, as seen in the following eqn (12) [139].
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Poss =

As power loss (Pioss) is directly proportional to series resistance, a rise in series
resistance will increase Pioss in the solar cells, affecting FF. It eventually reduces the PCE of
SnS, CPE-K, and Ti,CO»-based solar cells to 21.55%, 22.05%, and 19.83% respectively. Thus,
a low Rseries of 1 Q ¢cm?is required for the potential solar cell operation. Secondly, we altered
shunt resistance from 500 to 5000 Q cm? to explore their effect on the behaviour of all solar
cells (Fig. 20(a—d)). The results demonstrated that Jsc and Voc of both solar cells remains
constant while FF and PCE are enhanced with rising shunt resistance. However, the difference
in the PCE between 500 Q cm? and 5000 Q cm? is small, i.e., 2.16%, 2.47%, and 1.87% for
SnS, CPE-K, and Ti,CO»-based devices respectively. It highlighted that the effect of Rshunt on

Iszc Rseries ( 12)

solar cell behaviour is negligible compared to series resistance.
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6.1.15. Effect of Working Temperature

As the solar panels are installed in an open atmosphere, the working temperature plays
a significant role in the solar cell performance [140]. Thus, its influence on SnS, CPE-K, and
Ti12CO»-based solar is investigated by varying it from 300 to 480 K. Fig. 21(a—d) shows the
changes in Voc, Jsc, FF, and PCE as a function of temperature. All the PV parameters decrease
with the increasing temperature. Specifically, PCE deteriorated from 27.87% to 17.92%,
27.39% to 21.10%, and 26.30% to 14.47% in SnS, CPE-K, and Ti,CO»-based solar cells
respectively. This behiours is attributed to increase in temperature, parameters such as carrier
concentration, bandgap of absorber, mobility of charge carriers, etc of solar cells are adversely
affected, deteriorating the solar cell performance [141]. Additionally, the connection between

Voc and temperature can be described using the following eqn (13) [142]:

Voc =222 1y 190 (13)
q 4 J

iPD
where T represents temperature, M is the ideality factor, E, is the activation energy for

recombination, q is the elementary charge, k is the Boltzmann constant, Joo is a prefactor, and
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Jpp 1s the photocurrent density. Assuming that M, Joo, and Jpp do not vary with temperature,
plotting Voc against T should produce a straight line. By extending this line to absolute zero
(0 K), the activation energy E. can be determined. If E. is lower than the bandgap of the
absorber, it suggests that interface-induced recombination is the dominant loss mechanism,
typically occurring at the interfaces between the absorber and either the ETL or HTL. On the
other hand, if Ea is close to or equal to the absorber bandgap, recombination within the space
charge or neutral region of the absorber mainly through the Shockley—Read—Hall (SRH)
process becomes the primary loss mechanism [143,144]. This indicates that improper energy
level alignment and interface defects contribute significantly to Voc losses in these devices.
Notably, E. of CPE-K HTL is higher than the other HTLs which signifies that it has better
energy level alignment and lower recombination losses than its counterparts. The observed Ea
rise may also include additional contributions, such as the effective density of states and the
temperature-dependent thermal velocity [145]. This reveals that CPE-K HTL has higher
thermal stability than SnS and Ti2CO»-based solar cells leading to comparatively less
degradation in PCE with increasing temperature. Furthermore, it evidenced that the
degradation in PCE is less in CPE-K-based devices, indicating that it is comparatively stable

towards temperature than SnS and Ti,CO;-based solar cells.
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Fig. 21. Changes in (a) Voc (b) Jsc (c) FF and (d) PCE of high PCE solar cells concerning the

working temperature [52].

6.1.16. Comparison of SCAPS-1D Results with Previous Works in the Literature

As mentioned in the introduction, the applicability of CPs as an absorber in solar cells
has not been studied via experiments. However, theoretical reports focusing on the potential of
CPs in solar cells have fledged recently. Table 10 compares the present simulation work with
the SCAPS-1D results of other CPs-based solar cells. To date, only Zr-based CPs are
investigated in the literature. In particular, BaZr(S/Se)s is the widely studied CPs; the highest
PCE reported is 25.84%. Recently, Chawki et al. have demonstrated PCE of 25.97% using
SrZrS; CPs absorber. Remarkably, for the first time, we have designed a Hf-based CPs solar
cell using SrHfSe; absorber and simulated 1627 solar cells to identify suitable configurations.
Notably, we have achieved PCEs of 27.87%, 27.39%, and 26.30% for SnS, CPE-K, and
Ti2CO»-based solar cells which is the highest among the reported works. This reveals the
potential of SrHfSe; as an alternative emerging absorber to LHPSCs. Therefore, we believe
that our comprehensive work on the properties of novel SrHfSe; and its device structure
engineering kindles the research community's interest in fabricating novel StHfSe3 PSCs with

efficient solar cell configuration.
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Table 10. Comparison between SCAPS-1D results of CPs-based solar cells [52].

. Voc Jsc FF PCE
Device structure V) (mA/cm?) (%) (%) Ref
FTO/Ti02/BaZrS3/Spiro-
OMeTAD/Au 0.70 22.00 79.40 12.12 | [146]
FTO/TiO; /BaZrS3/Cux0 /Au 1.16 12.24 87.13 12.42 | [29]
FTO/ TiO; /BaZrS3/CuSbS,/W 1.00 22.57 73.7 17.13 | [147]
AZO/i-ZnO/CdS/ BaZrS3/ a-Si 1.31 19.08 78.88 19.72 | [137]
FTO/Ti02/BaZrSes/Spiro-
OMeTAD/Au 0.72 46.65 77.32 25.84 | [147]
FTO/ZnO /SrZrS3/NiO/Ni 1.18 26.13 84.29 25.97 | [148]
FTO/BaSnO3/SrHfSes/SnS/Ni 1.21 26.22 87.72 27.87 | *
FTO/BaSnO3/SrHfSes/CPE-K/Ni 1.29 24.25 87.11 27.39 | *
FTO/BaSnO3/SrHfSes/Ti2CO2/Ni 1.13 26.66 86.97 2630 | *

The * indicates the results of the present work.

6.1.17. Experimental Suggestions to Enhance Solar Cell Performance in Practice Based

on Simulation Results

The performed simulation provides a comprehensive theoretical investigation of the
device engineering of SrHfSe; based solar cells. Wherein, the highest PCE of 27.87%, 27.39%,
and 26.30% has been demonstrated for the champion device structures
FTO/BaSnOs/SrHfSe3/SnS/Ni, FTO/BaSnOs3/SrHfSe3/CPE-K/Ni and
FTO/BaSnO3/SrHfSes/Ti2Co2/Ni respectively. Since there are no reports available on the
fabrication of these novel solar cells, it is indeed important to offer effective guidelines for
experimentalists to attain the best PCEs practically. SCAPS-1D is a commonly used tool for
simulating PV devices, offering valuable insights into their electrical and optical properties.
However, there are some limitations to the software that might affect this study. For example,
it doesn’t take into account reflection losses at intermediate interfaces or lattice mismatches.
To account for these effects, future work could consider the wavelength-dependent complex
refractive index (n-k values) of each BaHf| xZrxS3; material, which is important for accurately
modeling light absorption and propagation in multi-layer solar cells. Including these factors
would improve simulations and allow for a more detailed evaluation of new materials and
device structures. Therefore, we have proposed several strategies from the literature to prepare
each layer by overcoming the experimental challenges and fabricating an efficient solar cell.

BaSnOs has been applied as an ETL in the present work due to its wide bandgap, high

chemical stability, and carrier kinetics [ 149—151]. It has been reported to be easily synthesized
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using chemical methods, molecular beam epitaxy, pulsed layer deposition, and solid-state
reaction method [152—157]. Moreover, its thickness can be tuned by changing the substrate
temperature, growth rate, deposition time, pressure, etc [158—161]. Also, several ways have
been demonstrated in literature for controlling its defects and carrier concentration. Zhang et
al. varied the stochiometric ratio of Ba:Sn in BaSnOs3 to improve its carrier concentration and
mobility [159,161]. In addition, Liu and his co-authors have proposed that the modulation of
oxygen vacancies is an effective path to tune the carrier concentration. They performed heat
treatment of BaSnO; under a nitrogen atmosphere to improve its oxygen vacancies and
crystallinity. Afterward, they cooled it in the oxygen gas to passivate the defects [162,163].
Similarly, vacuum annealing of BaSnOs3 can effectively enhance the carrier concentration and
control the defects [164]. Apart from these, external doping of elements such as La, Sb, Gd,
and Ta is another method for elevating their carrier concentration [165—168].

So far, chalcogenide PSCs have not been fabricated due to the requirement of high
temperature (>900°C) for preparing CPs films, according to the earlier reports [169]. Recent
studies on low-temperature synthesis are increasing, which opens doors for their fabrication.
For instance, Vincent et al. prepared high-quality BaZrS; films at around 500-575°C using a
solution method followed by sulfurization [170]. Also, Comparotto et al. synthesized CPs thin
film by sputter-sulfurization approach at <600°C while Nag et al. prepared BaZrS;
nanopowders at 600° C and coated films using the ink formulation [171]. Similarly, Yang et al.
and Zilevu et al. demonstrated the colloidal synthesis of BaZrS3 at temperatures much below
350° C, highlighting the promise of CP’s solution-based approaches [41,172,173]. Thus, it is
evident that SrHfSes can also be prepared at low temperatures <600° C following similar
approaches. Also, its carrier concentration and defect densities can be controlled by tuning its
stoichiometric ratio [173,174].

Thin films for all HTLs can be deposited using various techniques such as chemical
vapor deposition (CVD), thermal evaporation, solution processing, and sputtering. The
required deposition temperatures vary depending on the type of HTL. For example, inorganic
material-based HTLs typically require temperatures in the range of approximately 300—-500°C.
Polymer-based HTLs are processed at lower temperatures, ranging from room temperature to
approximately 80°C and MXenes-based HTLs require deposition temperatures in the range of
400-500°C. Furthermore, among the 25 inorganic HTLs, the highest PCE was obtained for
SnS-based solar cells. SnS is an earth-abundant material that already finds potential application
in PVs as an absorber and HTL [175]. It can be easily synthesized using precipitation, chemical

bath deposition, hot injection, hydrothermal, solvothermal, etc. However, the formation of
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secondary phases such as Sn,S3 and SnS; is a critical problem during the synthesis [176—180].
Therefore, various steps have been undertaken to overcome the aforementioned issue.
Steinmann et al. found that annealing SnS for one hour under vacuum conditions (15 mTorr)
at 500°C, or in an Ar or Hz gas atmosphere at room temperature, helps prevent the formation
of impurity phases [175]. Additionally, incorporating an excess of Sn (Sni0sS) during the
synthesis significantly reduces the formation of Sn,Ss;, eliminating the need for extra thermal
processing [175]. In addition to the inorganic, organic semiconductor of CPE-K HTL
demonstrated the best PCE of 27.39%. However, the main drawback limiting the usage of
organic HTLs is their stability [181]. To be specific, the prominently used PEDOT:PSS has an
acidic nature that corrodes the electrodes due to its decomposition with perovskite film,
deteriorating the stability of solar cells [182]. Surprisingly, CPEs have a neutral pH and thus
possess comparatively greater stability than PEDOT:PSS but still lower than inorganic HTL
[183]. they also have large hydrophilicity and wettability to perovskites, leading to their
potential usage in PSCs. Zhang et al. incorporated K cations into CPE (termed as CPE-K) and
utilized it as HTL in PSC wherein CPE-K demonstrated high hole selectivity, passivated the
defects, and elevated the stability of PSCs [184]. Nevertheless, CPEs are reported to have
aggregation effects, which may degrade the solar cell performance. Jian et al. illustrated that
adding ionic liquids to CPEs in different mass ratios inhibited the intermolecular aggregation
of CPEs and elevated their HTL properties. Similarly, the maximum PCE of 26.30% was
accomplished for Ti2CO; amidst the three Mxenes-based HTLs. TioCO, MXenes have tuneable
work functions, high stability, large surface area, and high conductivity, making them a
potential candidate for HTLs in solar cells [185]. It has been functionalized with groups such
as -F, -OH, and -O, where TioCO; is prominently studied due to its superior properties. It is
widely investigated as electrodes in supercapacitors, photocatalysis, sensors, and field effect
transistors. Whereas its applicability in PVs has not yet been explored as the utilization of
MXenes in PVs has recently begun from the last quarter of 2018. Interestingly, TizC20 with
similar properties is the broadly evaluated MXene in PVs [186—188]. It is successfully applied
as additives, electrodes, and HTLs in solar cells, indicating that TioCO; could also exhibit
extraordinary performance [189]. It has been demonstrated that using MXenes as HTL could
passivate the surface defects in perovskite film, improving its quality and morphology [190].
Also, its work function can be varied by introducing strain, ultraviolet-ozone treatments, NoHy
treatments, etc [189]. Despite these properties, several limitations need to be addressed
concerning the prospects of MXenes in the PV industry, which are as follows. Firstly, more

viable and safe synthesis methods must be explored, which could be done by avoiding
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hydrofluoric acid during their synthesis. Similarly, their stability must be improved. Though
they have displayed higher stability than their organic counterparts, exposure to the
environment for a long duration degrades their performance, which occurs due to oxidation.
The high defective states in MXenes are the main reason for their instability. This could be
overcome by implementing surface passivation techniques such as inserting MXene films with
suitable polymer coating, edge capping with negatively charged ligands, and synthesizing
polymer assisted Mxenes. Also, more MXenes must be explored via theoretical simulations
and experiments to expand their application in the future. From the above discussion on the
champion HTLs, we can infer that SnS could be the best candidate for the successful fabrication
of SrHfSe;s solar cells owing to its low cost, stability, and numerous reports available in the
literature. By addressing their experimental challenges, CPE-K and Ti>CO; can also be applied
as HTLs. Overall, we believe the aforementioned methodologies could help the experimental
scientist efficiently fabricate novel StHfSes solar cells with the best PCE in the proposed device

structures.

6.2. Optimizations of ABSe3 (A=Ca, Ba; B=Zr, Hf) CPs Solar Cells

This section presents the detailed simulation results related to objective 3. Section 6.2.1
provides the initial performance metrics of CaZrSes, BaZrSes, CaHfSes, and BaHfSes solar
cells. Sections 6.2.2 and 6.2.3 analyze the effects of ETL and absorber layer properties,
including thickness, carrier concentration, and defect density. Section 6.2.4 investigates the
influence of HTL thickness and carrier concentration. Section 6.2.5 examines interface defect
densities at the ETL/absorber and absorber/HTL junctions. Section 6.2.6 compares the overall
performance of the four novel absorbers. Section 6.2.7 evaluates the effects of series/shunt
resistance and working temperature. Finally, Section 6.2.8 compares the simulation outcomes

with existing literature.

6.2.1. Initial device performance

The initial solar cell was designed with the structure of FTO/TiO2/ A (Ca, Ba) B (Zr,
Hf) Ses/ NiO/ Au, as shown in Fig. 4. Simulations were carried out using the parameters listed
in Table 2 and Table 3. The initial PV parameters for the novel solar cells, specifically CaZrSes,
BaZrSes;, CaHfSes, and BaHfSes, are presented in Table. 11. Notably, these novel CPs solar
cells achieved PCEs of 9.94% for CaZrSes, 10.14% for BaZrSes, 8.20% for CaHfSes, and
13.04% for BaHfSes absorbers. The performance of the solar cells is further improved through
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careful optimization of the ETL, absorber, and HTL material parameters. Detailed insights into
these optimization processes are discussed in the following sections.

Table 11. Initial PV parameters of novel CPs solar cells [47]

Solar cell configuration Voc (V) | Jsc (mA/ecm?) FF (%) PCE (%)
FTO/ TiO2/CaZrSes/NiO/Au 1.03 12.17 79.06 9.94
FTO/ TiO2/BaZrSes/NiO/Au 0.98 13.04 78.85 10.14
FTO/ TiO2/CaHfSe3/NiO/Au 1.17 8.73 80.08 8.20
FTO/ TiO2/BaHfSe3/NiO/Au 1.13 13.88 82.57 13.04

6.2.2. Impact of ETL’s thickness, carrier concentration, and defect density

The thickness of the ETL plays a critical role in the transportation of electrons,
enhancing light transmission, and preventing recombination within solar cells [39]. In this
context, the ETL thickness varied from 50 nm to 150 nm, and its impact on PV parameters is
illustrated in Fig. 22(a-d). Notably, the Voc remains unchanged across this range, while the FF
increases from 79.06%, 78.85%, 80.08%, and 82.57% to 81.22%, 80.88%, 82.50%, and
84.08% for CaZrSes, BaZrSes, CaHfSes;, and BaZrSes; based solar cells respectively. This
improvement can be attributed to the reduced Rs and recombination rates at the Absorber/ETL
interface. Consequently, there is a slight increase in the PCE, rising from 9.84% to 10.01%,
10.14% to 10.20%, 8.20% to 8.28%, and 13.04% to 13.11% for CaZrSes, BaZrSes, CaHfSe3,
and BaZrSes-based solar cells, respectively. However, a slight decrease in Jsc is observed as
the thickness increases from 50 nm to 150 nm. This decline is primarily attributed to the
transparent properties of the ETL. Typically, it is preferable to keep the n-type layer thinner
than the p-type layer. This approach allows photons to reach the upper layers without being
absorbed, which prevents them from being converted into electron-hole pairs that are then
separated by built-in potential. Furthermore, a thicker ETL tends to absorb some light, thereby
slowing down charge generation and collection. This results in absorption losses and reduced
transmittance. The relationship between ETL thickness and transmittance is described by Eqn.

(14) [114].
a, = dielnTle (14)

Here, de, Te, and o. represent the thickness, transmittance, and absorption coefficient,
respectively. Based on observations and experimental challenges, an ideal thickness of 50 nm

is chosen for CaZrSes, BaZrSes;, CaHfSes, and BaZrSes-based solar cells.
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Fig. 22. Changes in (a) Voc (b) Jsc (¢) FF and (d) PCE as a function of ETL’s thickness [47].

The carrier concentration of the ETL is varied from 10'? cm™ to 10?° cm™ to investigate
its influence on the PV parameters, as shown in Fig. 23(a-d). The Voc remained relatively
constantat 1.03V,0.99V, 1.18 V, and 1.13 V for the CaZrSes3, BaZrSe3;, CaHfSe3 and BaHfSes-
based solar cells, respectively, until the carrier concentration reached 10'® cm™. Beyond this
point, Voc began to decline. This decrease indicates a reduction in quasi-Fermi level splitting
as the carrier concentration increases [ 191]. Similarly, the FF remained constant across all solar
cells up to 10'6 cm™, followed by a slight decrease at higher concentrations. Interestingly, when
the carrier concentration exceeded 10'® cm™, there was a gradual increase in Jsc, which
ultimately led to an improvement in PCE. The PCE increased from 9.91% to 11.73% for
CaZrSes, from 10.11% to 11.99% for BaZrSes, from 8.18% to 10.03% for CaHfSes, and from
13.08% to 14.49% for BaHfSes. This enhancement is attributed to the increase in built-in
potential and conductivity in the solar cells with higher carrier concentrations [192]. Generally,
at lower carrier concentrations, the holes mainly occupy the interface states, which act as traps
for electrons, thereby impeding the flow of photogenerated charge carriers. Conversely, an

increase in carrier concentration lowers the barrier height at the ETL/Absorber interface [193—

77



195]. Xu et al. demonstrated that a higher carrier concentration generates deep energy levels at
the interfaces, which reduces non-radiative recombination and enhances solar cell
performance. As shown in Fig. 23(e-h), when the carrier concentration is high (at 10%° cm™),
all the solar cells exhibit lower recombination rates compared to those with low carrier
concentration (10!2 cm™). Therefore, an optimal carrier concentration is crucial for ensuring
proper band alignment, generating a substantial electric field that facilitates efficient charge
carrier transport, reducing interface recombination rates, and consequently improving solar cell
performance [196]. As a result, an ideal carrier concentration of 102° cm™ is selected for all the

solar cells.
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Defects in materials create additional pathways for non-radiative recombination,
converting light into heat instead of electricity. Specifically, these recombination centers trap
photogenerated carriers, preventing them from reaching the terminals and thereby reducing
their lifespan. Consequently, minimizing defects is essential for improving device performance.
To investigate their impact, we varied the defect density from 10'? cm™ to 10*° cm™, as shown
in Fig. 24(a-d). Across all solar cells, the PV parameters remained stable within the range of
10'2 cm™ to 10'® cm™, but exhibited a slight decline as defect density increased further.
Specifically, the PCE decreased from 11.73% to 11.57% for CaZrSes, from 11.99% to 11.84%
for BaZrSes, from 10.03% to 9.84% for CaHfSes3, and from 14.49% to 14.32% for BaHfSe;
solar cells. This drop in performance is attributed to the rising number of defect states, which
act as barriers for charge carriers, thereby enhancing recombination within the solar cells [197].
Nevertheless, it is important to note that the reduction in performance is minimal specifically,
0.16%, 0.15%, 0.19%, and 0.17% for CaZrSes, BaZrSes, CaHfSe3, and BaHfSes-based solar
cells, respectively. This indicates that the influence of ETL defect density on solar cell
performance is negligible. Therefore, an optimal defect density of 10'® cm™ is chosen for the

subsequent simulations.
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6.2.3. Impact of absorber’s thickness, carrier concentration and defect density

The thickness of the absorber has a significant impact on the performance of solar cells
[29]. To determine the optimal thickness, we varied it from 100 nm to 1500 nm for all
absorbers, as illustrated in Fig. 25(a-d). As the thickness increases from 100 nm to 500 nm, the
Jsc shows a substantial increase from ~6 mA/cm? to 15 mA/cm? across all solar cells. This leads
to a rise in the PCE from 8.89% to 11.75% for CaZrSes, from 10.14% to 12.01% for BaZrSes3,
from 5.96% to 10.06% for CaHfSes, and from 7.64% to 14.72% for BaH{Ses. The improvement
in performance occurs because thinner absorbers are unable to effectively absorb photons with
longer wavelengths, resulting in lower photon absorption and insufficient generation of charge
carriers [118]. As the thickness increases, the ability to absorb photons improves, leading to
enhanced charge carrier generation and a marked boost in solar cell performance. However, an
interesting trend is observed in the PCE once the thickness exceeds 500 nm, where the
improvements become marginal, only increasing by about 0.03% across all solar cells. Initially,
the increase in thickness from 100 nm to 500 nm results in substantial gains in PCE: 2.84% for
CaZrSes, 1.85% for BaZrSes, 4.07% for CaHfSe3, and 6.85% for BaHfSe;. When the thickness
goes beyond 500 nm, the distance that charge carriers must travel to reach their respective
contacts becomes significant. Consequently, many of these carriers recombine due to their
limited diffusion lengths compared to the thickness of the absorber, leading to a saturation in
solar cell performance [119]. This phenomenon is further supported by QE measurements (Fig.
25(e-h)), which show that the increase in absorption is 5.83%, 4.77%, 7.3%, and 11.93% for
CaZrSes, BaZrSes, CaHfSes, and BaH{fSes solar cells, respectively, within the thickness range
of 100 nm to 500 nm. Beyond this, the absorption only increases by about 0.4% with additional
thickness. On the other hand, the Voc improves up to 300 nm, after which it stabilizes for all
solar cells. This initial enhancement is attributed to increased quasi-Fermi level splitting from
greater charge carrier generation, while the later stabilization is a result of higher dark
saturation currents and recombination rates associated with greater thickness [118,148]. The
FF shows a similar trend, increasing until 300 nm before stabilizing across all solar cells due
to increased Rs in thicker absorbers. Recent studies on CPs solar cells indicate that when the
absorber layer thickness exceeds 500 nm, there is a notable decrease in the built-in electric
field. This reduction adversely affects effective carrier extraction, ultimately lowering the
device's PCE.

Research by Sun et al. examined the optoelectronic properties of CaTiS3, BaZrSs,

CaZrS; and CaHfS; CPs materials through DFT. Their findings suggested that light absorption
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and carrier dynamics are achievable with absorber layer thicknesses significantly below 1000
nm, providing greater flexibility in design decisions. A pivotal study conducted by Nishigaki
et al. involved the synthesis of several chalcogenide compounds, such as BaZrS3, Ba(Zr,T1)Ss,
and BaZr(S,Se);. This research emphasized the significance of absorber layer thickness,
revealing that an optimal thickness of approximately 500 nm is essential for maximizing light
absorption, a critical factor for developing high-efficiency solar cells [120]. Additionally,
Himanshu et al. utilized SCAPS-1D theoretical simulations to evaluate the performance of
BaZrS3 as an absorber layer. Their results demonstrated that a layer thickness of 500 nm can
Pb to impressive PCE, highlighting the material's potential for practical applications [198].
Another significant contribution came from Swarnkar et al., who successfully synthesized
various compounds, including BaZrS3, StZrS3, and the layered perovskite BazZr>S7[121]. They
suggested that an absorber layer thickness of around 550 nm could maximize the PCE of solar
cells, indicating a general consensus on the optimal thickness range. In summary, several
reports advocate for absorber thicknesses between 500 nm and 1000 nm for CPs solar cells to
achieve high PCE. Based on a thorough review of the collective evidence from these studies,
an optimal thickness of 500 nm has been selected for CaZrSes, BaZrSes, CaHfSes, and
BaHfSes-based solar cells, aligning well with the established best practices in the field.
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The carrier concentration in the absorber layer is crucial for governing both charge
transport and the overall stability of solar cells. Therefore, determining the optimal carrier
concentration is essential to achieve high-performance solar cells. While a higher carrier
concentration can enhance certain properties, it also increases the risk of Auger recombination,
which can hinder hole movement by causing significant recombination and impurity scattering
within the absorber layer [199,200]. Consequently, optimizing the carrier concentration is vital
for improving solar cell efficiency.

In our study, we varied the carrier concentration of CaZrSes, BaZrSe;, CaHfSes and
BaHfSes based absorbers from 102 cm™ to 10! cm™, as shown in Fig. 26(a-d). We observed
that the PCE remained stable up to 10'* cm?, followed by a sharp increase until 10! cm™;
however, it declined with further increases in carrier concentration across all solar cells.
Additionally, the Voc and FF remained constant up to 10 cm™ but showed significant
improvement beyond that point. This enhancement can be attributed to the increased intrinsic
capacity of the device, which allows for more efficient carrier extraction and accumulation at
the contacts while minimizing recombination. Moreover, varying the carrier concentration
from 10'2 cm™ to 10'® cm™ affects the energy band alignment and elevates the quasi-Fermi
level splitting, resulting in higher Voc and improved overall performance. To further
investigate these effects, we extracted energy band diagrams from SCAPS-1D for carrier
concentration ranging from 102 cm™ to 10" cm, as depicted in Fig. 26(e-h). As the carrier
concentration rises from 102 cm™ to 10'® cm?, the energy bands of all layers shift upwards,
bringing the valence band of the absorber closer to the hole quasi-Fermi level. This facilitates
hole transport from the absorber to the HTL while simultaneously limiting electron transport
and enhancing hole collection at the back contact [192,197].

Additionally, the electric field at the absorber/HTL interface intensifies with increased
carrier concentration. However, we observed that the Jsc decreases when the carrier
concentration exceeds 10'® cm™. This decline can be attributed to the higher recombination
rates caused by excessive carrier concentration, as demonstrated in Fig. 27(a-d). Significant
recombination is evident beyond 10'® cm™. Another factor contributing to the reduced Jsc at
higher carrier concentration 10'® cm™ is the shift of the depletion region at the ETL/absorber
junction into the ETL, resulting in a narrower depletion width within the absorber. As a result,
carriers with short-diffusion lengths and lifetimes are more likely to recombine, thereby
lowering the Jsc. We obtained Nyquist plots to analyze the transport properties of charge
carriers in all the solar cells, as illustrated in Fig. 27(e-h). Typically, Nyquist plots exhibit two

semicircles: one representing recombination resistance at low frequencies and the other
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representing charge transfer resistance at high frequencies. However, in our case, we observed
a single semicircle across the entire frequency range, indicating that charge transfer resistance

predominates in all the devices. The smaller semicircle at 10'® cm™

corresponds to high
conductivity and efficient charge transfer. In contrast, higher carrier concentrates hinder charge
transfer and degrade solar cell performance. Additionally, Meng et al. reported that CPs films
synthesized under S-rich/Zr-poor conditions exhibit strong p-type behavior with an optimal
carrier concentration of 10!° cm™. Conversely, films synthesized under S-poor/Zr-rich
conditions display n-type behavior with high carrier concentrations exceeding 10'7 cm™,
making them unsuitable as absorbers [115]. To achieve high PCE, it is recommended that the
carrier concentration for CPs solar cell materials stay below 10!7 cm™[51,114,193,201,202].
After considering all relevant factors, we selected an optimal carrier concentration of 10'® cm’
3 for CaZrSes, BaZrSes, CaHfSes;, and BaHfSes-based solar cells, which falls within the

suggested range.
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Defects in solar cell absorbers typically arise from structural irregularities, non-
stoichiometry, impurities, and fabrication technique [203]. Managing these absorber defects is
crucial for achieving high efficiency in solar cells. To study the impact of absorber defect
density on PV performance, we varied the defect density from 10'? cm™ to 10'® cm™ for
CaZrSes, BaZrSes, CaHfSe; and BaHfSe; based solar cells. Fig. 28(a-d) illustrates how the
Voc, Jsc, FF, and PCE respond to changes in the absorber's defect density. Notably, all PV
parameters significantly decrease as defect density increases. Specifically, Voc and FF remain
stable up to a defect density of 10'3 cm™, but they drop sharply beyond this threshold.
Additionally, increasing defect density disrupts the energy band alignment and lowers the
quasi-Fermi level splitting, resulting in reduced Voc and negatively impacting solar cell
performance. As defect density increases from 10'? cm™ to 10'® cm™, the energy bands of all
layer’s shift downward at higher defect densities. This shift lowers the barrier at the
ETL/absorber interface and reduces the quasi-Fermi level splitting, further degrading the Voc
of all solar cell [204,205]. For instance, when the defect density rises from 10'? cm™ to 108
cm, the PCE declines dramatically from 25.17% to 0.96%, 27.35% to 1.08%, 17.47% to
0.96% and 22.63% to 0.99% for CaZrSes, BaZrSe;, CaHfSes and BaHfSes; based solar cell
respectively. This significant decrease in performance is primarily due to the increased
recombination sites for photogenerated charge carriers, which reduces both their diffusion
length and lifetime. Fig. 29(a-d) illustrates the recombination rate as a function of increasing
defect density across all solar cells. As defect density increases, the recombination rate surges
in the absorber region, particularly near the absorber/ETL junction, leading to a decline in
overall performance. Interestingly, recombination at the absorber/NiO interface decreases with
higher defect density. This reduction occurs because the increased recombination within the
absorber region significantly lowers the density of photogenerated carriers throughout the bulk
of the absorber and in the regions near the interface. As a result, fewer charge carriers reach
the electrodes, thereby reducing the recombination rate at the absorber/NiO interface [206].
Moreover, Fig. 29(e-h) demonstrates that the electric field at the absorber/ETL interface
weakens as defect density increases. This reduction in the electric field hampers the effective
separation and collection of charge carriers, leading to further degradation in the overall
performance of the solar cells. The decline in minority carrier density, along with the
weakening of the built-in electric field at the p-n junction, significantly affects the overall
performance of the solar cells. Despite these challenges, CPs are considered defect-tolerant due
to their high formation energy, which makes them less susceptible to deep-level defect.

Furthermore, Meng et al. reported that CPs films synthesized under S-rich/Zr-poor conditions
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exhibit strong p-type behavior, while this composition also helps reduce defect density. This
reduction occurs because of the higher formation energy associated with deep-level defects,
resulting in fewer defects overall. It is crucial to adjust the elemental composition during the
synthesis of CPs films to achieve optimal carrier concentration and minimize the formation of
deep-level defects. Similarly, Carmen Baiano et al. controlled defect formation by optimizing
stoichiometry and annealing in an oxygen-rich environment. For achieving high PCE, the
literature recommends a defect density of 10'° to 10'? cm™ for CPs solar cell materials. After
evaluating all relevant factors, an optimal defect density of 10'?> cm™ has been selected for

CaZrSes, BaZrSe;, CaHfSes, and BaHfSes-based solar cells, which falls within the suggested

range.
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6.2.4. Impact of HTL thickness and carrier concentration

The HTL at the interface between the absorber and the back contact reduces the barrier
for hole collection at the back contact, thereby decreasing interfacial recombination at the
Absorber/HTL junction [207]. To investigate the impact of HTL thickness on solar cell
performance, we varied the thickness from 50 nm to 150 nm across all solar cells (see Fig.
30(a-d)). Our observations indicate that changes in Voc, Jsc, FF, and PCE relative to the HTL
thickness are minimal, suggesting that the thickness has a limited effect on enhancing solar cell
performance. As a result, considering material costs and experimental factors, we selected an

HTL thickness of 100 nm as the ideal thickness for subsequent simulations.
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Fig. 30. Changes in (a) Voc (b) Jsc (c) FF and (d) PCE as a function of HTL thickness [47].
The impact of the HTL’s carrier concentration was studied by varying it from 10> cm’
3t0 10%° cm™ for CaZrSes, BaZrSes;, CaHfSes, and BaHfSes-based solar cells, respectively. Fig.
31(a-d) illustrates how the PV parameters change with the HTL carrier concentration. Notably,
the Voc of all solar cells remains stable up to 10'® cm™ and shows slight improvement beyond

this threshold, while the Jsc remains unchanged throughout the entire range. The observed
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changes in Voc are linked to an increase in quasi-Fermi level splitting as the carrier
concentration of the HTL increases. In contrast, the FF values increase beyond 10'¢ cm™,
leading to an overall enhancement in PCE. This effect arises from the relationship between the
carrier concentration of the HTL and the absorber. When the carrier concentration of the HTL
is lower than that of the absorber, the energy bands remain unaffected, and therefore, the
performance of the solar cells does not change until the threshold of 10'® cm™ is reached.
Additionally, barriers at the Absorber/HTL interface and in the back contact act as
recombination centers, hindering the smooth flow of charge carriers towards their respective
contacts, which further impacts the solar cell performance. Conversely, when the carrier
concentration of the HTL exceeds that of the absorber, shifts in the energy bands occur,
reducing the barriers at both interfaces. Moreover, the recombination rate at the Absorber/HTL
interface decreases significantly with an increase in carrier concentration for all solar cells, as
shown in Fig. 31(e-h). This improvement leads to increased transport efficiency, conductivity,
and built-in potential within the solar cells. Ultimately, the highest PCEs achieved were 30.08%
for CaZrSes, 30.58% for BaZrSes, 22.53% for CaHfSes, and 27.60% for BaHfSes-based solar

cells. In summary, these findings underscore the critical importance of HTL -carrier

concentration in enhancing solar cell performance.
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6.2.5. Impact of interface defect density on ETL/Absorber and Absorber/HTL

Interface defects are a common occurrence during the fabrication of solar cells due to
structural imperfections [208]. These defects significantly enhance the recombination of charge
carriers at the interface, adversely affecting solar cell performance. This highlights the
importance of analyzing their influence and determining an optimal defect density for
experimental fabrication. In this work, all simulations were based on a neutral interface defect
density of 10'? cm™ at the ETL/Absorber and Absorber/HTL interfaces for all solar cells. To
investigate the impact on PV parameters, we varied the interface defect density from 10'? cm
3 to 10%° ¢cm? for the ETL/Absorber interface and from 10° cm™ to 10%° cm™ for the

Absorber/HTL interface.

As shown in Fig. 32(a-d), the Voc declines significantly with an increase in interface
defects from 10'? cm™ to 10?° cm™. Meanwhile, the Jsc remains stable up to 10'* ¢cm™ before
decreasing. Conversely, a marked drop in FF is observed, with values ranging from 87.88%,
87.61%, 83.78%, and 88.24% down to 82.19%, 81.68%, 80.63%, and 82.24% for CaZrSes,
BaZrSes, CaHfSe; and BaHfSes-based solar cells, respectively. This leads to a significant
reduction in PCE, indicating that FF plays a crucial role in determining solar cell performance
at the ETL/Absorber interface. The decrease in PCE is approximately 7.01%, 7.94%, 4.31%,
and 5.16% for CaZrSes, BaZrSes, CaHfSe; and BaHfSes-based solar cells, respectively, due to
increased trap-assisted recombination at the ETL/Absorber interfaces, which impedes electron
flow toward the front contact [209]. Given these results, an ideal defect density of 10'2 cm? is
recommended for the optimal performance of CaZrSes, BaZrSes, CaHfSes;, and BaHfSes-based
solar cells. Next, we assessed the Absorber/HTL interface defect density by varying it from 10°
cmto 10%° cm?, as illustrated in Fig. 32(e-h). Here, all solar cell parameters remain relatively
stable up to 10'? cm™ but decline beyond this threshold. Notably, PCE experiences a drastic
drop from 30.16%, 30.59%, 22.53%, and 27.60% to 25.04%, 26.57%, 18.31%, and 21.64% for
CaZrSes, BaZrSe;, CaHfSe; and BaHfSes-based solar cells, respectively. This decline in
performance can be attributed to an increased likelihood of hole trapping at the Absorber/HTL
interface due to defects. These findings strongly emphasize the necessity of maintaining a

defect density below 10'? cm

at the Absorber/HTL interface to achieve high solar cell
efficiency.

Currently, there are no experimental reports on the fabrication of solar cells using the
materials CaZrSes, BaZrSes, CaHfSe;, and BaHfSes. The only documented solar cell made

from CPs is based on the BaZrS3 absorber, which has recently achieved a reported PCE of just
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0.17%. However, critical issues such as interface defects in the fabricated solar cell and
methods to control these defects have not been investigated. This indicates a significant gap in
the existing literature regarding effective strategies to mitigate interface defects specific to CPs
solar cells. Given this situation, it may be helpful to explore techniques from other types of
solar cells that could be adapted to address interface defects in these CPs. Methods like
interface engineering and additive engineering are commonly used during solar cell fabrication
to minimize recombination losses and defects at ETL/Absorber and HTL/Absorber interfaces.
For example, a study by Wang et al. demonstrated that etching Sba(S,Se); with a potassium
fluoride solution before depositing the HTL could significantly reduce defects at the
HTL/Absorber interface, thereby improving charge carrier transportation [210]. Similarly,
research by Hwang et al. highlighted that post-heat treatment of the Cu2ZnSn(S,Se)4 absorber
led to a reduction in interfacial recombination at the ETL/absorber interface, ultimately
enhancing the solar cell's PCE [116]. Moreover, Tian et al. investigated the insertion of
interfacial layers on either side of the CsPbL.Br perovskite absorber, which was found to
passivate defects at both the ETL/Absorber and HTL/Absorber interfaces [139]. In a related
study, Yanping and colleagues experimented with doping the perovskite absorber with bromine
(Br) to further mitigate interface defects [211]. Overall, drawing from these insights and
techniques employed in the fabrication of various types of solar cells, it is plausible that similar
methods could effectively address the interface defect issues in solar cells based on CaZrSes,
BaZrSes;, CaHfSes, and BaHfSe;. However, confirmation of suitable techniques for these
specific solar cells can only be established following their actual fabrication and subsequent

experimental evaluation.
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6.2.6. Comparison of all absorbers

This study investigates the solar cell performance of novel CPs: CaZrSes;, BaZrSes,
CaHfSe;, and BaHfSe;. Notably, we achieved impressive final PCEs of 30.08%, 30.58%,
22.53%, and 27.60% for CaZrSes;, BaZrSes;, CaHfSes;, and BaHfSes;-based solar cells,
respectively. The increase in PCE is primarily attributed to the enhancement in Jsc, as shown
in Fig. 33(a) and (b). Specifically, the Jsc rises from 12.17 mA/cm?, 13.04 mA/cm?, 8.73
mA/cm? and 13.88 mA/cm? to 29.16 mA/cm?, 30.93 mA/cm?, 20.62 mA/cm? and 25.43
mA/cm? for CaZrSes, BaZrSes;, CaHfSes; and BaHfSe;-based solar cells, respectively. This
underscores the significant role of Jsc, which largely depends on light absorption and charge
carrier generation. Furthermore, the QE measurements and generation rates of the proposed
solar cells were extracted from SCAPS-1D, as illustrated in Fig. 33(c) and (d). The CaZrSe;,
BaZrSes, CaHfSes3, and BaHfSes solar cells exhibited QEs of 57.78%, 61.10%, 43.94%, and
51.57%, respectively, with the highest generation rates of 1.22x10?> cm?s!, 1.35x10*2 cms™!,
7.77x10%! em™s! and 1.02x10%* cm™s! at the Absorber/ETL interface (0.54 pm). Notably,
BaZrSes solar cells achieved a high QE and generation rate, which can be attributed to their
lower bandgap compared to the other materials, leading to superior performance. Overall, this
work demonstrates that all solar cells achieved PCEs greater than 20%, with BaZrSes and
CaZrSes exceeding 30%. Our findings are likely to inspire material scientists to explore the

fabrication of novel CaZrSes, BaZrSes;, CaHfSes;, and BaHfSes solar cells.
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6.2.7. Impact of series, shunt resistance, and working temperature for CaZrSes, BaZrSes,

CaHfSes3, and BaHfSes solar cells

The performance of solar cells is significantly affected by two key factors Rs and Rsh.
Rs refers to the resistance encountered at metal contacts, transport layers, and the absorber's
resistance outside the space charge region. An increase in Rs can Pb to a reduction in the overall
PCE of solar cells, as it causes some of the current to dissipate as heat instead of being
converted into usable electrical energy. To investigate the impact of Rs, we examined solar
cells based on CaZrSes, BaZrSes, CaHfSes, and BaHfSe;. We varied Rs from 1 to 10 Q cm?, as
illustrated in Fig. 34(a-d). It was observed that the Voc and Jsc remained largely unchanged
across this range. However, the FF decreased significantly, dropping from 85.51%, 85.00%,
82.43%, and 86.74% for CaZrSes, BaZrSes;, CaHfSes;, and BaHfSes-based solar cells,
respectively, to 64.98%, 62.52%, 70.63%, and 69.41%. This decline is attributed to substantial
power loss (Pioss) within the solar cells at higher Rs values, as shown in Eqn. (15) [51,192].

Poss = IschS (15)
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The equation above illustrates that Pioss is directly proportional to Rs. This means that an
increase in Rsresults in a higher Pioss, which in turn reduces the PCE from 29.28% to 22.97%,
29.08% to 21.85%, 22.17% to 18.96%, and 26.99% to 21.60% in the solar cells based on
CaZrSes, BaZrSes;, CaHfSe; and BaHfSes, respectively. Therefore, an optimal Rsof 1 Q cm? is
recommended for the efficient operation of solar cells. On the other hand, the Rsy primarily
results from factors such as interface barriers, charge-collecting interlayers, metal-based
electrodes, and defects or impurities. These issues Pb to reverse saturation current in solar cells.
Additionally, leakage pathways, like pinholes in the absorber and recombination losses,
contribute to Rsu. The Shockley equation, as represented in Eqn. (16) and Eqn. (17), describes
the expected behavior of the J-V characteristics of a solar cell under ideal one-sun illumination
conditions [144].

Jsc = Jou - Jo [exp (%) ~1] - = (16)

Voc = (”;‘—T) Inflen (1 - Loe )b (17)

e Jo RsnlpH

Where qe, Jen, Jo, Rs, Rsu, n, k, Te represents the elementary charge, photocurrent density,
density of the reverse bias saturation current, series resistance, shunt resistance, diode ideality
factor, Boltzmann constant and ambient temperature, respectively [212]. Thus, Rsy is altered
from 500 to 5000 Q cm? to investigate its impact on the performance of solar cells. From Fig.
34(e-h), it can be noticed that Jsc and Voc remain constant while FF and PCE enhance with an
increase in Rsu. In particular, the FF and PCE rise around ~7.5% and 2.3%, respectively, for

all the solar cells. Therefore, elevated Rsy values result in improved solar cell performance.
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The performance of solar cells often shows instability due to layer deformation at high
temperatures. To investigate the relationship between temperature and PV parameters, we
varied the temperature from 300K to 480K, as shown in Fig. 35(a-d). The results indicate that
as the temperature increases, the Voc, FF, and PCE decrease, while the Jsc remains relatively
constant. The decline in Voc is attributed to the increased vibration of thermally generated
electrons at higher temperatures. This heightened vibration makes the electrons less stable and
more prone to recombination with holes, leading to an increase in the reverse saturation current

(Jo). This inverse relationship between Voc and Jo is clearly illustrated in Eqn. (18).

Voc = nq£<ln(1 + ’5—0)> (18)

Jo

Where I;—T signifies the thermal voltage. Increasing the temperature negatively impacts several

physical parameters, including carrier concentration, absorber bandgap, and the mobility of
charge carriers. These changes directly affect the efficiency of charge carrier transport,
ultimately leading to a reduction in the FF. As a result, the decline in Voc and FF causes the
PCE to drop significantly. For instance, PCE decreases from 30.08% to 2.62%, from 30.58%
to 24.87%, from 22.53% to 21.36%, and from 27.60% to 23.17% in solar cells based on
CaZrSes, BaZrSe;, CaHfSes and BaHfSes, respectively.
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6.2.8. Comparison of SCAPS-1D outcomes with previous studies in the literature

Table 12 presents the outcomes of various theoretical studies on CPs solar cells using
SCAPS-1D. Notably, extensive research has been conducted on BaZrS; CPs, achieving a
maximum PCE of 28.17%. However, there is a need for further exploration of other potential
CPs, highlighting a significant gap in research. Interestingly, we have successfully developed
the first-ever CaZrSes, BaZrSes;, CaHfSes, and BaHfSe;s solar cells by employing TiOz, NiO,
and Au as the ETL, HTL, and metal contact, respectively. Remarkably, these new absorbers
yielded unprecedented PCEs of 30.08% for CaZrSes, 30.58% for BaZrSes, 22.74% for
CaHfSe;, and 27.60% for BaHfSes. This underscores the potential of these emerging absorbers,
comparable to that of BaZrS;. Thus, our findings are expected to generate interest within the
scientific community and contribute to a deeper understanding of the roposed ¢ CPs , providing

a framework for developing highly efficient CPs.
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Table 12. Comparison between findings of novel CPs solar cells with previous studies in the

literature [47].

. Voc Jsc FF PCE
Device structure ) (mA/cm?) (%) (%) Ref
FTO/Ti0O2/BaZrS3/Spiro-
OMeTAD/Au 1.21 16.54 86.26 |17.29 [213]
FTO/TiO; /BaZrS3/Cu2O/Au 1.16 12.24 87.13 | 12.42 [29]
FTO/Ti0O2/BaZrS3/Spiro-
OMeTAD/Au 0.70 22.00 79.40 | 12.12 [49]
AZO/i-ZnO/CdS/ BaZrS3/a-Si 1.31 19.08 78.88 | 19.72 [137]
FTO/Ti02/BaZrSes/Spiro-
OMeTAD/Au 0.72 46.65 77.32 | 25.84 [49]
FTO/Ti02/BaZrSes/Spiro-
OMeTAD/Au 0.69 33.05 81.39 | 19.76 [49]
FTO/ZxrS2/BaZrS3/SnS/Pt 1.18 29.74 80.15 | 28.17 [39]
FTO/ZnO /SrZrS3/NiO/Ni 1.18 26.13 84.29 |25.97 [213]
FTO/ SnO,/SrZrS3/Cu-MOF/Ni 1.17 29.54 88.40 |30.60 [197]
FTO/ TiO2/CaZrSe3/NiO/Au 1.17 29.16 87.88 |30.08 *
FTO/ TiO2/BaZrSe3/NiO/Au 1.12 30.93 87.61 |30.58 *
FTO/ TiO2/CaHfSes/NiO/Au 1.30 20.62 83.78 | 22.53 *
FTO/ TiO2/BaH{Se3/NiO/Au 1.22 25.43 88.72 | 27.60 *

The * represents the findings of the present work

6.3. Optimization of BaHf1xZrxS3 CPs Solar Cells

This section presents detailed simulation results supporting objective 4, which focus
on optimizing and enhancing the performance of BaH{f1.xZrxSs-based solar cells. Section 6.3.1
begins with the base device performance. Sections 6.3.2 and 6.3.3 evaluate how variations in
absorber layer thickness, acceptor density, and defect density affect device efficiency. Section
6.3.4 investigates the role of the TiO, ETL layer across all absorbers, considering its donor
concentration, defect levels, affinity, and thickness. Section 6.3.5 examines different BaHf).
xZ1xS3 compositions and their absorber properties. Section 6.3.6 explores the impact of NiO
HTL parameters, while Section 6.3.7 addresses the effect of back metal work function. Section
6.3.8 analyzes interface defect densities at both ETL/absorber and absorber/HTL junctions.
Section 6.3.9 studies the influence of series and shunt resistances and operational temperature.
Section 6.3.10 compares base and optimized devices using electrical and optical

characteristics. Section 6.3.11 contrasts simulation results with
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6.3.1 Base device performance

The study utilized a solar cell base device constructed with FTO/TiO2/BaHf1xZrxS3/NiO/Au
configuration, as depicted in Fig. 5. The base device’s performance was assessed through
simulations that incorporated the parameter outlined in Table 4 and Table 5. The PV
parameters for the BaHfS3, BaHfo.75Zr0.5S3, BaHfo 5Zr0.5S3, and BaHfo 25Zr0.75S3 solar cells are
provided in Table 13. In our work in Table 13, Zr-substituted BaHfS3 absorbers, despite their
lower bandgap than pure BaHfS3, presented larger Voc. The observed discrepancy occurs due
to various reasons. Typically, in addition to quasi-Fermi level splitting, Voc is also significantly
influenced by factors such as recombination dynamics and the built-in potential (V) of the
device [214]. Hence, recombination rates and Vg of the diverse simulated absorbers were
obtained from SCAPS-1D (Fig. 36a). In the figure, the recombination rate of charge carriers in
pure BaHfS; solar cells is comparatively larger than its counterparts along the absorber region
and at the absorber/HTL interface. Also, the Vg of all devices was estimated from the intercept
of Mott-Schottky (1/C?) plots shown in Fig. 36b. The Vg of Zr-substituted BaHfS; solar cells
is >1.25 V, while it is about 1.16 V in pure BaH{fS; solar cells. In light of the outcomes, it is
apparent that although the bandgap of pure BaHfS; is large, it suffers from increased
recombination losses and lower Vg than Zr-substituted BaHfS3 solar cells, leading to its lower
Voc. Similarly, Zr-substituted BaHfS3 has high Jsc and FF compared to pure BaHfS3 due to
enhanced charge carriers with low recombination. Finally, PCEs of 3.42% for BaHfS3, 4.31%
for BaHf).75Z1025S3, 5.05% for BaHfy 5Zr05S; and 5.92% for BaHfy.5710.75S3 absorbers are
achieved. To improve the device’s performance, extensive optimization of ETL, absorbers, and
HTL material parameters was conducted. A comprehensive understanding of these

optimizations’ procedures can be obtained by referring to the subsequent sections.

Table 13. Photovoltaic parameters of the base device with different BaHf|xZrxS3 absorbers

[44].
Base device configuration Voc (V) Jsc FF (%) PCE (%)
(mA/cm?)
FTO/TiO2/BaHfS3/NiO/Au 1.05 4.06 79.65 3.42
FTO/TiO2/BaHfo.75Zr0.25S3/NiO/Au | 1.21 4.44 79.55 4.31
FTO/TiO2/BaHfo5Zr05S3/NiO/Au | 1.24 5.13 79.16 5.05
FTO/TiO2/BaHfo.25Zr0.75S3/NiO/Au | 1.25 5.98 78.81 5.92
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6.3.2 Impact of varying absorber acceptor density with absorber layer thickness on the

solar cell performance

The present study examines the effect of acceptor density on the performance of
absorbers with different thicknesses in BaHfSs;, BaHfy75Zr025Ss, BaHfosZrosS3, and
BaHfo.25Zr0.75S3-based solar cells. Contour plot mapping was used to evaluate their
performance. The goal is to determine the optimal absorber thickness and acceptor density for
effective light absorption and enhanced Vg in solar cells. The acceptor density varied from 102
cm™ and 10%° cm?, and the thickness ranged from 200 nm to 2000 nm, as shown in Fig. 37(a-
d). The results revealed maximum Voc values of 1.13 V, 1.31V, 1.33 V, and 1.34 V for BaHfS3,
BaHfy.75Zr0.25S3, BaHfo5Zr05S3, and BaHfo25Zr0.75S3-based absorbers, respectively. For the
BaHfS; absorber, Voc remained constant up to 10'® cm™ and increased thereafter across the
range of thickness and acceptor density. In contrast, the other absorbers showed a notable
increase in Voc with increased thickness, regardless of acceptor density, particularly significant
for carrier concentrations between 10' cm™ and 10*° cm™. This trend is attributed to the
increased splitting of the quasi-Fermi level for higher acceptor density, leading to larger Voc
values. Additionally, it enhances charge carrier separation by improving the Vs, thus raising
Voc [215]. Fig. 37(e-h) demonstrates the variations in the Jsc as a function of the absorber's
thickness and acceptor density. The results clearly show that increasing the thickness from 100
nm to 1400 nm and the acceptor density from 10'? cm™ to 10'® cm™ leads to a rise in Jsc values.
However, beyond 1400 nm in thickness and 10'® cm™ in acceptor density, the Jsc values
decline. This initial increase in Jsc is due to the thicker absorber generating more electron-hole
pairs, thereby enhancing solar cell performance. Nonetheless, when the absorber's thickness
surpasses a certain limit, charge carrier recombination increases because the diffusion lengths

become shorter relative to the absorber thickness, resulting in decreased solar cell performance
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[119]. Additionally, higher acceptor density increases carrier recombination within the
absorber, which lowers the Jsc values [114]. Therefore, the optimal Jsc is achieved at an
acceptor density of 10'¢ cm™ for all absorber thicknesses. Fig. 38(a-d) illustrates the variation
in FF for all absorbers as a factor of absorber thickness and acceptor density. Notably, all solar
cells exhibited similar FF patterns when the absorber thickness and acceptor density were
varied. The contour plot analysis revealed that when the acceptor density exceeded 10'® cm™,
the FF significantly increased with changes in thickness across all absorbers. Conversely, the
FF decreased with an increase in absorber thickness. Specifically, a notable drop in FF occurred
with increasing thickness when the acceptor density ranged between 10'! cm™ and 10" cm™.
The improvement in FF at higher acceptor density can be assigned to the high Vg at the
absorber/ETL junction, which promotes efficient transport of photogenerated charge carriers
[215]. However, the deterioration of FF with increasing absorber thickness may result from
enhanced recombination rates of photogenerated carriers and significant power losses in thicker
absorbers [216]. Overall, the results suggest that the optimum FF can be achieved at an acceptor
density above 10'® cm™ and a thickness below 600 nm. The effect of absorber thickness and
carrier density on the effectiveness of PCE is analyzed through contour plots in Fig. 38(e-h). It
is noteworthy that the acceptor density below and above 10'® cm™ reduces the PCE of pure
BaHfS;3, regardless of its thickness. For Zr-substituted BaHfS3, the PCE increases significantly
up to 10'® cm™, while only a negligible change is observed for acceptor densities beyond this
threshold. Typically, variation in the acceptor density of the absorber alters the energy band
offsets at the interfaces, affecting the transportation and collection of charge carriers [192].
Maximum solar cell performance is achieved at optimum acceptor densities where appropriate
barriers are generated with charge carriers effectively reaching the respective contacts without
recombination. Since QE provides insights into the photon absorption and charge carrier
collection in solar cells, we extracted QE measurements from SCAPS-1D to evaluate the
variations as a function of acceptor density (Fig. 39). In pure BaHfS;, QE% significantly
improves up to 10'® cm™, while a drastic decrement is observed beyond that. This reveals that
absorption losses and high recombination occur in BaHfS3; owing to improper band alignment
at the interfaces for acceptor densities greater or lesser than 10'® cm™. On the other hand, in Zr
alloyed BaHfS3, QE steadily elevates from ~22% to 38% for the range 10'?> cm™ to 106 cm
while minutely improving to 39% on further improvement to 10°° cm™. This strongly discloses
that maximum charge carriers can be collected for acceptor densities >10'® cm™. Overall, from
the above discussion, the maximum PCE values of approximately 4.31%, 4.75%, 5.43%, and

6.18% can be achieved with absorber optimum thicknesses ranging from 600 to 1400 nm and
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optimum carrier densities of 10'¢ cm™ for BaHfS; and >10' cm™ for BaHfo 75Zr25Ss,

BaHfy 57105S3 and BaHfy25Zr0.75S3-based solar cells.
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6.3.3 Impact of varying defect density with absorber layer thickness on the solar cell

performance

The thickness and defect density of the absorber influences the effectiveness of solar
cells. To investigate the impact of these parameters on the performance of various absorber
BaH{S;, BaHfo.75Zr0.25S3, BaHfo 5Zr0.5S3, and BaHfo25Zr0.75S3-based solar cells, a study was
conducted by simultaneously altering the absorber's thickness from 200 nm to 2000 nm and
defect density from 10" cm™ to 10%° cm™ using contour plots. Fig. 40(a-d) displays the changes
in Voc as a function of absorber thickness and defect density. When the thickness is increased
from 200 nm to 2000 nm, the Voc remained almost constant with negligible improvement
across all defect density ranges of 10'? cm™ and 10*° cm™. Since Voc mainly depends on quasi-
Fermi level splitting, its unaltered behavior discloses that the variation in absorber thickness
does not change the positions of quasi-fermi levels in pure BaHfS; and Zr-substituted BaHfS;.
This is also witnessed in Fig. 42, where the electron and hole fermi levels (F, and Fp) are

extracted as a function of absorber thickness (200 to 2000 nm) at the defect density of 10" cm’
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3 for all absorber-based solar cells. It can be seen that, as the thickness of BaHfS3 and Zr-
substituted BaHfS3 absorbers is increased from 200 to 2000 nm, the F, and Fj almost remain
in the same position without significant change, confirming the minimal changes in Voc.
Similarly, the Jsc in relation to the thickness and defect density of the absorber is shown in Fig.
40(e-h). The highest Jsc is attained when the absorber's thickness surpasses 800 nm and the
defect density is below 10" cm?™. All the solar cells exhibit their maximum Jsc when the
thickness is less than 1500 nm, with defect densities ranging from 10!! cm™ to 10'3 cm™. The
enhancement of charge carrier generation due to increased light absorption for larger absorber
thicknesses contributes to the rise in Jsc. On the other hand, the decrease in Jsc can be attributed
to the elevated charge carrier recombination resulting from higher defects in the absorber [118].
In addition, the results for the FF relation to the absorber's thickness and defect density can be
seen in Fig. 41(a-d). It is evident that when the defect density is under 10'> cm™, the FF remains
steady across the varying absorber thickness range. The decrease in FF within the range of 10"

cm™ to 10" cm?

can be attributed to the reduced lifetime and diffusion length of
photogenerated charge carriers, which leads to an increased recombination rate, negatively
impacting the solar cell performance [192,217]. As defect density increases, additional
recombination centers within the material are introduced, increasing the likelihood of carrier
recombination. In some cases, transportation of charge carriers may enhance defects through
tunneling or hopping conduction of charge carriers. In the former, the charge carriers travel
defects to defects via quantum mechanical exchange, while they may travel from the trap level
to the respective energy bands in the latter. Thus, the improvement in FF at defect densities
above 10'® cm™ may be associated with these enhanced trap-assisted charge transport
properties. However, these improvements are overshadowed by the detrimental effects of
increased recombination, which dominate at such high defect densities [218]. As a result, the
overall PCE decreases despite the marginal improvement in FF observed above 10'® cm™. In
summary, while FF may improve at defect densities exceeding 10'® cm™, the simultaneous
increase in recombination losses leads to reductions in Voc and Jsc and results in a decline in
the PCE of the solar cells. The critical issue lies in the adverse impact of defects on carrier
recombination, emphasizing the need to minimize defect density to achieve optimal device
efficiency. Additionally, the maximum PCE is achieved with an absorber thickness greater than
800 nm. Moreover, PCE holds the maximum value for the defect density between 10'' cm™
and 10" cm? due to absorbers' defect tolerance within the range. Beyond this, the PCE

decreases significantly, as evidenced in Fig. 41(e-h) for BaHfS3;, BaHfy75Zr025S3,
BaHfo.5Zr05S3 and BaHfo25Zr0.75S3-based solar cells. The defects in solar cells significantly
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affect the diffusion length and lifetime. Therefore, we have extracted the diffusion length and
lifetime behaviors using SCAPS-1D, as shown in Fig. 43. It can be seen that when the defect
density is raised from 10'2 cm™ to 10%° cm, the lifetime considerably decreases from 10° ns
to 10 ns, and their diffusion length is drastically reduced from 8.5 um to 0.00027 pm. On
comparing the obtained solar cell parameters with Fig. 41(e-h), it can be observed that the PCE
almost remains unaffected till a lifetime of 10* ns and diffusion length of 0.85 um, revealing
that the photogenerated charge carrier with these values gets effectively collected at the contact
without recombination. On the other hand, diffusion length and lifetime firmly fall for defects
>10" cm?, leading to high recombination of charge carriers which in turn adversely declines
the PCE [51,192]. This underscores the importance of maintaining defect densities below 10!3

cm™ and absorber thicknesses above 800 nm to optimize PCE across all solar cell absorbers.
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6.3.4 Influence of ETL TiO: with all absorbers

6.3.4.1 Impact of ETL donor density and defect density

Examining the ETL donor density is essential as it affects the band alignment and
interface properties between the layers. The donor density of the TiO2 ETL is altered from 10'2
cm” to 10%° cm™ for BaHfS3, BaHfo.75Zr0.25S3, BaHfo.5Zr05S3 and BaHfo.25Zr0.75S3 solar cells,
as illustrated in Fig. 44(a-d). The Voc across the solar cells remains unchanged at 1.06 V, 1.22
V, 1.25 V, and 1.26 V until the concentration of 10'® cm™ for BaHfSs, BaHfy75Zr025S3,
BaHfy 5Zr05S3, and BaHfy257r0.75S3 based solar cells. After this value, there is a minimal
decline, followed by a significant increase. This increase indicates an increase in quasi-Fermi
level splitting with an increment in donor density [219]. Similarly, the FF remains constant
across all solar cells up to 10'® cm™, after which a decrease is observed. Notably, an increase
in donor concentration above 10'® cm™ leads to a gradual improvement in Jsc, resulting in an
increase in PCE from 3.42% to 4.35%, 4.29% to 5.37%, 5.02% to 6.28% and 5.89% to 7.35%
for BaHfS3;, BaHfy75Zr025S3, BaHfosZrosS; and BaHfy25Zr075S; based absorber’s,
respectively. The upsurge is attributed to increased Vg and solar cell conductivity with a higher
carrier concentration. In general, a lower carrier concentration results in holes primarily
occupying the interface states, functioning as electron traps that impede the flow of
photogenerated charge carriers. On the other hand, an increase in donor density lowers the
barrier height at the ETL/absorber interface [220]. According to Xu et al., an increase in carrier
concentration results in the formation of deep energy levels at interfaces, which leads to a
reduction in non-radiative recombination and an improvement in solar cell performance [220].
The carrier density’s deviation from the optimal value will impede the alignment of bands at
the interfaces, as mentioned above, which hinders the separation and collection of electrons at
the front contact, thereby impacting the performance of solar cells. Furthermore, considerable
electron-electron scattering occurs for ETL donor densities that are more significant than the
optimal value, which negatively affects the performance of solar cells and reduces their PCE
[220]. Hence, an optimal carrier concentration ensures proper band alignment, generates a
substantial electric field that facilitates efficient charge carrier transportation, reduces interface
recombination rates, and enhances solar cell performance. Consequently, an optimal carrier
concentration of 10%° cm™ is chosen for all solar cells. Then defects in materials can create
additional paths for non-radiative recombination, which results in the conversion of light into
heat instead of electricity. The primary function of these recombination centers is to capture

photogenerated carriers, thus limiting their ability to reach the terminals and consequently
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reducing the carrier’s lifespan. Hence, reducing defects is essential for improving device
performance. To examine its influence, we modified the defects from 10'? cm™ to 10%° cm™, as
depicted in Fig. 44(e-h). All of the parameters related to the PV system remain within a specific
range (10'2 cm™ to 10'® cm™) across all solar cells, but they show a slight decline as the
presence of the defects increases further. Specifically, the PCE of BaHfS3, BaHfo.75Zr0.25S3,
BaHf 5Z10.5S3, and BaHf25Zr075S3 based solar cells decreased from 4.35% to 4.18%, 5.37%
to 5.18%, 6.28% to 6.08% and 7.35% to 7.15% respectively. The decrement in performance is
attributed to the rise in defect states, which hinder the movement of charge carriers and foster
recombination within solar cells [114]. Nonetheless, it is essential to recognize that the decrease
in performance is negligible, specifically 0.17%, 0.19%, 0.20%, and 0.20% for BaHfSs,
BaHfo.75Zr0.25S3, BaHf0 5Zr0.5S3, and BaHfy.25Zr0.75S3-based solar cells, respectively. Based on
the analysis, the effect of defect density in the ETL on device performance appears to be
insignificant. As a result, a defect density of 10'® cm™ has been chosen for subsequent

simulations, as it represents an ideal level.
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Fig. 44. (a-d) Impact of the ETL donor density on all absorbers, and (e-h) impact of the ETL
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Pink for BaHfo.75Zr0.25S3, Royal blue for BaHfo 5Zr0.5S3 and Olive for BaHfo.25Zr0.75S3 [44].

6.3.4.2 Impact of TiOz2 ETL affinity and TiO2 ETL thickness

Modifying the energy band offsets at the ETL/absorber interface is essential for
preventing energy barriers and enhancing charge collection in solar cells. To achieve this, we
adjusted the electron affinity of TiO> from 3.7 eV to 4.1 eV to identify the optimal value for
improved electron transport. Fig. 45(a-d) illustrates the effect of electron affinity on the PV
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parameters. As the results show, Voc, Jsc, and PCE decrease with increasing affinity, while FF
slightly increases. However, when the affinity exceeds 3.7 eV, PV output deteriorates. It is vital
to have a low conduction band offset (CBO) and a high valence band offset (VBO) at the
absorbers/Ti0: interface to capture electrons at the front contact efficiently. Therefore, the CBO
and VBO for each affinity value were calculated using Eqn (19) and (20), respectively
[114,192].

CBO = X aBs — X ETL (19)

VBO = xgr, + Eger. — (Xags + Egaps)  (20)

Where ) aps 1s the affinity of the absorber, x g1y, is the affinity of ETL, while E; 455 and E¢ gy,
are the bandgaps of absorber and ETL, respectively.

Generally, when the absorber’s electron affinity is lower than that of the ETL, a negative
CBO results, indicating cliff formation. Conversely, a positive CBO is observed when the
affinity is larger than the ETL's, resulting in spike formation at the interface. For a considerable
period, it has been widely believed that the cliff-like barrier at the absorber/ETL interface is
advantageous for fabricated devices. This is because cliffs facilitate the extraction and
accumulation of charge carriers without limitations, whereas spikes create barriers that restrict
charge movement. However, recent discoveries indicate that, in certain instances, a significant
clift-like barrier can Pb to a buildup of charge carriers at the interface due to a weak potential
barrier. This buildup enhances interfacial recombination, ultimately impacting the
performance. The essential barrier (either spike or cliff) at the absorber/ETL interface vary
significantly depending on the specific material system used, as illustrated in various studies
[114]. Based on the data presented in Table 14, the optimal CBO values for BaHfSs,
BaHfo.75710.25S3, BaHfo5Zr0.5S3, and BaHfy257r0.75S3 solar cells are -0.7 eV, -0.6 €V, -0.5 eV,
and -0.4 eV, respectively. Additionally, the optimal VBO values for these materials are 1.84 eV,
1.78 eV, 1.76 eV, and 1.75 eV, respectively. Therefore, based on these results, an electron
affinity value of 3.7 eV is appropriate for further studies.
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Table 14. The electron affinity of TiO2, with corresponding CBO and VBO at various BaHf}-

xZ1xS3 absorbers. Optimum values are denoted in [bold] [44].

TiO; BaH{fS3 BaHfy.75710.25S3 BaHfy 5710.5S3 BaHfy25710.75S3
affinity | CBO VBO CBO VBO CBO VBO CBO VBO
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
3.7 -0.7 1.84 -0.6 1.78 -0.5 1.76 -0.4 1.75
3.8 -0.8 1.94 -0.7 1.88 -0.6 1.86 RR 1.85
39 -0.9 2.04 -0.8 1.98 -0.7 1.96 -0.6 1.95
4.0 -1 2.14 -0.9 2.08 -0.8 2.06 -0.7 2.05
4.1 -1.1 2.24 -1 2.18 -0.9 2.16 -0.8 2.15

The thickness of the ETL is crucial for effective electron transport, enhanced light
transmission, and prevention of recombination within the solar cell. To investigate this, we
varied the ETL thickness from 10 nm to 150 nm and analyzed its impact on PVparameters, as
shown in Fig. 45(e-h). The results indicate a slight increase in all PVparameters for all four
absorbers. Generally, maintaining a thinner n-type layer compared to the p-type layer is
prematurely preventing them from being converted into electro-hole pairs and separated by the
Vg. Additionally, a thicker ETL can partially absorb light, slowing down charge generation and
collection, which leads to absorption loss and reduced transmittance [39,192]. Therefore, for
further studies, an optimal ETL thickness of 30 nm is chosen for BaHfS3, BaHfy 75Zr0.25S3,
BaHfo.5Zr0.5S3, BaHf).25Z10.75S3.
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6.3.5 Influence of different BaHf1xZrxS3; absorbers with TiO2 ETL and NiO HTL

6.3.5.1 Impact of absorber’s acceptor density and absorber’s defect density

The acceptor density of the absorber is a crucial factor in determining the charge
transport and stability of solar cells [221]. An increased acceptor density can result in a higher
risk of auger recombination, which may hinder the movement of holes by causing significant
recombination and impurity scattering within the absorber. Therefore, optimizing the acceptor
density of the absorber is essential to attain enhanced performance in solar cells [114]. In our
research, we modified the acceptor density of BaHfS3, BaHfo.75Zr0.25S3, BaHf05Zr05S3, and
BaHf) 257107553 based absorbers from 10'2 cm™ to 10'® cm?, as illustrated in Fig. 47(a-d). It
can be observed that the Voc and FF remain the same up to 10'* cm™ and then significantly
increase afterward. The advancement can be attributed to the enhanced intrinsic capacity, which
allows for efficient extraction and accumulation of the produced carriers at the contacts without
reuniting with one another. Increasing the acceptor density in the absorber affects the energy
band alignments and raises the quasi-Fermi level splitting, which leads to a higher Voc and
improved overall performance. To investigate these effects, energy band diagrams were
generated using SCAPS-1D for acceptor densities ranging from 102 cm™ to 10'® cm? (Fig.
47(e-h). As the acceptor density increases, the energy bands of all layers shift upward, bringing
the valence band of the absorber closer to the hole quasi-Fermi level [113]. Additionally, the
electric field at the absorber/HTL interface becomes stronger as the acceptor density increases
[114]. However, it is noteworthy that the Jsc decreases when the acceptor density exceeds 106
cm™. This decline occurs because, at carrier concentrations higher than an optimal range,
recombination rates increase, leading to lower Jsc values. This trend is illustrated in Fig. 47(i-
1), which shows significant recombination occurring when carrier concentration exceeds 10'¢
cm. The results show that the increase in acceptor density of BaHf<ZrxS3 significantly affects
the position of the energy bands and enhances the Vg and electric field, ultimately resulting in
an improvement in the PCE values. Specifically, the PCE values increased from 5.53% to
7.93%, 6.50% to 8.60%, 7.39% to 9.80%, and 8.27% to 10.71% for BaHfS3, BaHf0.75Zr0.25S3,
BaHfy.5Zr0.5S3, and BaHf025Z10.75S3 based solar cells, respectively. These findings suggest that

an acceptor density of 10'® cm™ is the ideal value for further simulations.

Structural irregularities, non-stoichiometry, impurities, and fabrication techniques are
common sources of defects in solar cells [51]. Therefore, managing these absorber defects is
essential for achieving high efficiency. To investigate their impact, we altered the absorber’s

defect density from the range of 10'2 cm™ to 10%° cm™ in all solar cells. Fig. 48(a-d) illustrates
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how PV parameters change with respect to the defect density of the absorber. It is important to
note that all PV parameter values significantly decrease as defect density increases.
Specifically, when the defect density rises from 10'? cm™ to 10%° cm™, solar cell performance
declines sharply. The PCE drops from 11.41%, 12.07%, 13.63%, and 14.81% to just 0.11%,
0.08%, 0.23%, and 0.09% for the compositions of BaHfS3, BaHfo 75Z10.25S3, BaHf0.5Z10.5S3,
and BaHfo25Zr0. 7583, respectively. In parallel, their respective FF decreases from 89.09%,
88.65%, 88.54%, and 88.72% to 84.43%, 84.25%, 84.02%, and 83.95%. This dramatic
decrease in performance is attributed to the increased number of recombination centers, as
shown in Fig. 48(e-h), which ultimately leads to a reduction in both the diffusion length and
the lifetime of the solar cells [114]. Additionally, as defect density rises, the electric field at the
absorber/HTL interface decreases [39]. This reduction hinders the separation and collection of
holes from the absorber to the back contact, adversely affecting solar cell performance.
Therefore, for further simulations, a defect density of 10'? cm™ has been chosen as the optimal

level for all solar cells.
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6.3.5.2 Impact of absorber’s thickness

The absorber’s thickness plays a crucial role in the solar cell performance [39,114]. To
determine the optimal thickness for BaHfS;, BaHfo75Zr025S;, BaHfosZrosS;, and
BaHfo.25Zr0.75S3-based absorbers, it was altered from 100 nm to 2000 nm. Fig. 49(a-d)

illustrates the changes in PV parameters with respect to the thickness of the absorber. As the
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thickness of the absorber increases from 100 nm to 2000 nm, Jsc shows a significant increase
from 4.68 mA/cm?, 5.02 mA/cm?, 5.86 mA/cm?, and 6.85 mA/cm? to 12.83 mA/cm?, 13.85
mA/cm?, 15.50 mA/cm?, and 17.52 mA/cm? for BaHfS3, BaHfy75Zr025S3, BaHfo 5Zr0.5S3, and
BaHfo.25Zr0.75S3-based absorbers, respectively. This increase in Jsc enhances the spectral
response at longer wavelengths, leading to a rise in PCE from 5.46% to 14.67%, 6.13% to
16.43%, 7.27% to 18.62%, and 8.56% to 20.59% for the respective absorbers. The data
presented in Fig. 49(e-h) also indicate that the absorption rate is directly related to the thickness
of the solar cells [222]. Specifically, the absorption rate increases by 23.8%, 26.1%, 27.8%,
and 30.3% for BaHfS3, BaHf0.75Z10.25S3, BaH{t) 5710 5S3, and BaHfo.25Zr0.75S3-based absorbers,
respectively, when the solar cell thickness is raised from 100 nm to 2000 nm. These findings
imply that increasing the thickness of the solar cells leads to a significant improvement in their
absorption rates [223]. A thin absorber layer absorbs less light, transmitting a significant
portion, which results in substantial absorption near the HTL. This elevates the accumulation
and recombination of charge carriers, leading to suboptimal generation of charge carriers [223].
As the absorber thickness increases, the rate of photon absorption improves, resulting in
increased charge carrier generation and lower accumulation. Consequently, the overall
performance improves significantly. However, beyond a specific thickness, PCE saturation
occurs. Specifically, increasing the thickness from 100 nm to 800 nm, 100 nm to 1200 nm, 100
nm to 1300 nm, and 100 nm to 1200 nm results in PCE increase of approximately 8.59%,
9.88%, 10.96%, and 12.03% for BaHfS3, BaHf).75Z10.25S3, BaHf0 5710.5S3, and BaHfo.25710.7553-
based solar cells, respectively. However, further increasing the thickness to 1500 nm only
yields an approximately 0.5% increase in PCE. Solar cell performance is affected by absorber
thickness exceeding a certain threshold leads to charge carrier recombination due to insufficient
diffusion lengths, resulting in saturated performance [224,225]. The Voc for all solar cells
improves up to 400 nm and then stabilizes, attributed to enhanced quasi-Fermi level splitting
and an increased number of charge carriers. However, Voc saturation is due to the increased
rate of recombination and dark saturation current with rising thickness [226]. Additionally, FF
decreases with increasing thickness due to improved Rs in thicker absorbers. Considering
charge carrier generation and overall manufacturing costs, optimal absorber thicknesses for
BaH{fS3, BaHfo.75Zr0.25S3, BaHfo5Zr0.5S3, and BaHf) 257r0.75S3 in this simulation are determined

to be 800 nm, 1200 nm, 1300 nm, and 1200 nm, respectively.
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6.3.6 Impact of NiO HTL’s electron affinity and NiO HTL’s acceptor density

The HTL’s electron affinity is a primary aspect determining the VBO and CBO at the
absorber/HTL interface. Enhancing the HTL’s electron affinity is crucial in reducing energy
barriers of charge carriers [114]. Consequently, we varied the electron affinity of NiO from 1.6
eV to 2.0 eV to determine the optimal value for enhanced hole transport. Fig. 50(a-d) illustrates
the corresponding variations in PV parameters. PV parameters display an upward behavior
with escalating affinity values. Generally, a high CBO and low VBO at the absorber/HTL
interface are necessary, indicating a significant barrier for electrons and a lesser barrier for
holes. The CBO and VBO for each affinity value are calculated using the following Eqn (21)

and (22), which restrict electron movement and promote hole transport through the HTL:

CBO = X aBs — X HTL (21)
VBO = xury + Egur. — (Xaps + Egaps) (22)

Where ) aps 1s the affinity of the absorber, x gy, is the affinity of HTL while E; 455 and Eg g7y,
are the bandgaps of absorber and HTL, respectively. The CBO and VBO values for all devices,
as calculated, are displayed in Table 15.

Examining the NiO/absorber interface, the VBO displays both positive and negative
values, corresponding to variations in the absorber’s electron affinity. A positive VBO creates
a barrier at the NiO/absorber interface, impeding hole movement from the absorber to NiO.
Conversely, a negative VBO creates a clift-like obstacle that enhances hole accumulation at the
back contact. However, a significant cliff increases hole concentration in NiO, leading to
enhanced recombination at the rear contact, negatively impacting solar cell performance.
Therefore, determining the optimal VBO and CBO values is crucial for improving solar cell
performance [114]. If the affinity values drop below 2.0 eV, the efficiency of the solar cells for
all absorbers is negatively impacted. Based on the findings in Table 15, the optimal VBO
values for BaHfS3, BaHfo 75Zr025S3, BaHfo 5710 5S3, and BaHfo 25710.75S3-based solar cells are
1.0eV, 1.1eV, 1.2 eV, and 1.3 eV, respectively. Additionally, the optimum CBO values are 0.19
eV, 0.13 eV, 0.11 eV, and 0.1 eV for these same solar cell systems. As a result, we suggest

selecting an affinity value of 2.0 eV for further research.
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Table 15. The electron affinity of NiO, with corresponding CBO and VBO at absorber/HTL

interface of various BaH{f1.xZrxS3 absorbers. Optimum values are denoted in [bold] [44].

NiO BaH{fS3 BaHfy.75710.25S3 BaHfy 5710.5S3 BaHfy25710.75S3
affinity | CBO VBO CBO VBO CBO VBO CBO VBO
(eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
1.6 1.4 -0.21 1.5 -0.27 1.6 -0.29 1.7 -0.3
1.7 1.3 -0.11 1.4 -0.17 1.5 -0.19 1.6 -0.2
1.8 1.2 -0.01 1.3 -0.07 1.4 -0.09 1.5 -0.1
1.9 1.1 0.09 1.2 0.03 1.3 0.01 1.4 0

2.0 1.0 0.19 1.1 0.13 1.2 0.11 1.3 0.1

The role of acceptor density in the HTL significantly influences the interface
characteristics between the absorber and the HTL [39]. To examine this parameter's effect on
the performance of solar cells, we adjusted the acceptor density of the HTL to various levels,
ranging from 10'2 cm? to 10%° cm™, as illustrated in Fig. 50(e-h). The results indicate a minimal
increase in Voc, Jsc, and PCE, along with the escalation in acceptor density. In contrast, the FF
remains constant up to a density of 10> cm™ and then increases significantly beyond that point.
Generally, the enhancement in the electric field along the HTL region with increasing carrier
concentration elevates the movement of holes from the absorber to the contact due to the
intense electric field at the interface [219]. Furthermore, as the HTL carrier density rises, the
Vg also increases, facilitating the collection and separation of charges. This reduces the
recombination rate and enhances device performance. Increasing the HTL's carrier
concentration can lower the barrier for holes and raise the barrier for electrons by shifting the
respective bands upwards. The acceptor density of 10'® cm™ in NiO is essential for achieving
optimal solar cell performance, which is why it is maintained at this level for subsequent

simulations.
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6.3.7 Impact of back metal work function behaviors

The optimization of back contacts is critical in ensuring ohmic contact and effective
hole transport, as well as enhancing the Vy in solar cells. Metals such as Cu/Mo, Ag, Fe, Cu-
doped C, Au, W, Ni, Pd, and Pt, with work functions of 4.6 eV, 4.7 eV, 4.8 eV, 5.0 eV, 5.1 eV,
522 eV, 5.5 eV, 5.6 eV, and 5.7 eV, respectively, are employed in the proposed solar cell
structure to identify the most suitable back metal contact [39]. The PV parameters of Voc, Jsc,
FF, and PCE are illustrated in Fig. 51(a-d) as functions of the metalwork function. It is evident
that these parameters increase up to a metalwork function of 5.0 eV for all absorbers and then
stabilize beyond this point. In general, when the work function is low, the metal's Fermi level
is positioned near the interface of the HTL, leading to the significant barrier known as a
Schottky barrier, which hinders hole flow from the HTL to the metal contact. Additionally, the
low electron barrier facilitates rapid electron transfer between the HTL conduction band and
the metal contact, leading to a high recombination rate in the solar cells. Conversely, with a
higher work function, the Fermi level aligns closer to the valence band (Ev) of the HTL,
reducing the hole barrier and enhancing hole transport to the metal contact [114]. The improved
performance of solar cells with higher work functions can be attributed to the shift of the metal's
Fermi level towards the HTL's valence band. The highest PCE values of 14.26%, 16.75%,
19.28%, and 21.94% for BaHfS3, BaHfo 75Z10.25S3, BaHfo 5Z10.5S3, and BaHfo 25710 75S3-based
solar cells are achieved using Cu-doped C, Au, W, Ni, Pd, and Pt work functions. These
materials form ohmic contacts at the HTL/back metal interface, efficiently transporting holes
while presenting a Schottky barrier to electrons. The saturation of PV parameters beyond a
work function of 5.0 eV is due to increasing ohmic resistance at the HTL/back metal contact
interface. Given Ni has a relatively lower material cost than other contacts, it is proposed as a

suitable contact for future investigations.
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6.3.8. Study of defect density at ETL/Absorbers and Absorbers/HTL interface

The fabrication of solar cells inevitably results in interface defects due to structural
imperfections, which enhance charge carrier recombination at the interface and significantly
affect solar cell performance [39]. Consequently, it is important to examine the impact of
interface defects and determine the optimal defect density for experimental fabrication. In this
work, a neutral interface defect density of 10'> cm™ was employed at the ETL/absorber and
absorber/HTL interfaces for all solar cells. To investigate the effects of interface defects on the
PV characteristics, the defect density was altered from 102 cm™ to 10*° cm™ at the
ETL/absorber interface and from 10'° cm™ to 10%° cm™ at the absorber/HTL interface. As
illustrated in Fig. 52(a-d), Voc decreases significantly as the interface defects increase from

3 and then decreases.

102 cm™ to 10* cm™, while Jsc remains unchanged up to 10'* cm
However, the FF decreased abruptly from 89.09%, 88.65%, 88.54%, and 88.72% to 84.43%,
84.25%, 84.02%, and 83.95% for BaHfSs;, BaHfo75Zr025S3, BaHfosZrosS;, and
BaHfy.25Zr0.75S3-based solar cells, respectively. This results in a significant reduction in the
PCE, indicating that the FF largely determines the overall solar cell performance at the
ETL/absorber interface. The PCE degradation was observed to be approximately 2.94%,
3.94%, 3.75%, and 4.29% for BaHfS3, BaHf) 757Zr025S3, BaHf) 5Zr0.5S3, and BaHf) 25Zr0.75S3-

based solar cells, respectively. This reduction is primarily attributed to the increased trap-

assisted recombination at the ETL/absorber interface, which is a critical factor contributing to
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the performance degradation [227]. Trap-assisted recombination occurs when charge carriers,
such as electrons and holes, are captured by defect states, or traps, present at the interface [228].
These trapped carriers recombine before they can contribute to the photocurrent. The presence
of these trap states enhances the recombination rate, significantly reducing the number of free
charge carriers available for collection, which directly leads to a noticeable decrease in the PCE
of the solar cells [229]. Minimizing these interface defects is, therefore, essential to improving
the overall performance and efficiency of the devices. Therefore, an ideal defect density of 102

cm™

is recommended for superior performance in BaH{S3, BaHfy.75Zr0.25S3, BaHfo.5Zr0.5S3, and
BaHfo.25Z10.75S3-based solar cells. We examined the absorber/HTL interface defect density by
varying it from 10'° to 10*° cm™ as shown in Fig. 52(e-h). It was observed that Voc and Jsc of
BaH{S3 are almost constant for the entire absorber/HTL defects, while Zr-substituted BaHfS3
remained stable up to 10'* cm™ with negligible reductions beyond that. The minimal change in
Voc is primarily due to its dependence on the quasi-Fermi levels of electrons and holes, where
interface defects mainly cause local trapping and minor recombination rather than a significant
loss of photogenerated carriers [196]. Similarly, the Jsc remains steady due to the unaffected
photon absorption and carrier generation in the absorber respective to the absorber/HTL defects
[230]. Considering FF, it remained unchanged up to 10'* cm™ in BaHfS3, with only a slight
decrement thereafter. This minimal impact can be attributed to the near-optimal band alignment
between BaHfS; and the HTL, which ensures a low energy barrier for carrier transport, making
the devices less sensitive to interface defects [114]. Additionally, the high-quality interface
between BaHfS; and the HTL facilitates efficient charge transfer, thereby reducing
recombination losses, which may Pb to negligible changes of FF concerning the absorber/HTL
interface. On the flip side, FF exhibited a significant decline from 10" to 10'® cm™ in Zr-
substituted BaH{fS3, attributed to rapidly increasing recombination and charge transport issues
at the HTL/absorber interface [231]. Beyond 10'®cm™, recombination effects saturate, and bulk
absorber properties take precedence, leading to only insignificant changes in FF. This is
evidenced in Fig. 53, where recombination rate as a function of absorber/HTL interface defects
is extracted for all absorbers. It can be noted that the recombination rate is constant across all
defect densities for BaHfS3, leading to a negligible change in FF [232]. Contrarily, for Zr-
alloyed BaHfS3, the recombination rate is significantly elevated for the defect range of 10 to
10'® cm™, resulting in considerable decrement in FF. While it is almost unaltered beyond 10'°
cm” which has led to the saturated FF. On the whole, the PCE decreased from 14.26%, 16.75%,
19.28%, and 21.94% to 14.11%, 15.58%, 18.04%, and 20.50% for BaHfS3, BaHf0.75Zr0.25Ss,
BaHfo.5Zr¢.5S3, and BaHfo25Zr0.75S3-based solar cells, respectively.
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6.3.9 Study of Rs, Rsh, and operating temperature

The efficiency of solar cells is significantly impacted by two primary factors: Rs and
Rsn. Rs refers to the resistance that occurs between metal contacts, transport layers, and the
absorber’s resistance outside the space charge region. Increasing Rs in solar cells can Pb to a
higher power loss, which can result in a reduction in overall PCE. This occurs because a portion
of the current is lost as heat rather than being converted into usable electrical energy. To
examine the impact of Rs on BaHfS3;, BaHfy 75Zr025S3, BaHfo.5Zr0.5S3, and BaHfo.25Zr0.75S3
based solar cells, we varied Rs from 1 to 10 Q cm?, as shown in Fig. 54(a-d). The results
indicate that while Voc and Jsc remain constant across the spectrum, FF decreases from
88.22%, 87.22%, 87.51%, and 87.57% for BaHfSs, BaHfo.75Zro25S3, BaHfosZrosS; and
BaHfo.25Zr0.75S3 based solar cells, respectively, to 80.46%, 79.46%, 78.31% and 77.26%. This
decline in FF is caused by the significant power loss (Pioss) that occurs within the solar cells for

high RS values, as described by Eqn (23)

Pioss = IschS (23)

134



The relationship between Pioss and Rs is directly proportional, as indicated by the
aforementioned equation [39]. As a result, an increase in Rs leads to a higher Pioss, which in
turn reduces the PCE from 14.12% to 12.88%, 16.57% to 15.01%, 19.05% to 17.05% and
21.65% to 19.10% in BaH{S3, BaHfy.75Z10.25S3, BaHf) 5Z10.5S3, and BaHfo.25Zr0.75S3 based solar
cells, respectively. To achieve efficient operation in solar cells, an ideal Rs of 1 Q cm? is
selected. On the other hand, Rsh is primarily caused by factors such as interface barriers,
charge-accumulating interlayers, metal-based electrodes, defects, or impurities, which
effectively create reverse saturation current in solar cells [233]. Conversely, leakage channels,
such as pinholes in the absorber and recombination losses, contribute to Rsn. The Schockley
equation, represented in Eqn (24) and (25), describes the anticipated performance of a solar

cell's J-V characteristics under optimal one-sun illumination conditions.

Jsc = JouJo [exp (%) ~1] - T (o4)

Voc = (”;‘—T) Inflen (1 - Loe )b (25)

e Jo RsnlpH

Where qe, Jen, Jo, Rs, Rsu, n, k, Te represents the elementary charge, photocurrent density,
density of the reverse bias saturation current, Rs, Rsn, diode ideality factor, Boltzmann constant
and ambient temperature, respectively. To examine the effect of Rsn on the solar cell
performance, it was altered from 500 to 5000 Q cm?. As depicted in Fig. 54(e-h), Jsc and Voc
remained constant, while FF and PCE exhibited improvements with an increase in Rs.
Specifically, FF increased from 71.45% to 87.31%, 72.31% to 87.00%, 73.91% to 87.07%, and
75.56% to 87.40%, while PCE increased from 11.36% to 13.97%, 13.58% to 16.43%, 16.00%
to 18.95%, and 18.59% to 21.60% for BaHfS3;, BaHfy75Zr025S3, BaHfys5Zr05S; and
BaHfo.25Zr0.75S3 based solar cells, respectively. Consequently, elevated Rsy values result in

enhanced solar cell performance.

Solar cell performance often exhibits instability caused by layer deformation at high
temperatures [234]. To explore the connection between temperature and PVparameters, we
conducted experiments at temperatures ranging from 300 to 480K, as depicted in Fig. 55(a-d).
Our results reveal that as the temperature, the Voc, FF, and PCE decrease, while Jsc remains
relatively constant. The decrease in Voc values can be attributed to the increased vibration of
thermally generated electrons at elevated temperatures [141]. This increased vibration renders

the electrons less stable, making them more susceptible to recombination with holes, which, in
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turn, increases the reverse saturation current (Jo). This inverse relationship between Voc and Jo

is supported by Eqn (26) [114].
— KT Isc
Voc = ™ <ln (1+ = )) (26)

Where % signifies the thermal voltage. In addition, a rise in temperature has a negative impact

on the material characteristics, such as acceptor density, absorber bandgap, and mobility of
charge carriers, consequently affecting the effectiveness of charge carrier transport and
ultimately reducing the FF [39]. This decrease in both the Voc and FF results in a decline in
the PCE from 14.26% to 12.58%, 16.75% to 14.96%, 19.28% to 17.20%, and 21.94% to
19.40% in BaHfSs;, BaHfy.75Zr0.25S3, BaHfy5Zr05S3 and BaHfo25Zr075S3-based solar cells,

respectively.
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Fig. 54. (a-d) impact of series resistance for all absorbers and (e-h) impact of shunt resistance

for all absorbers [44].
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6.3.10. Comparison of base and optimized device

6.3.10.1. C-V characteristics and Mott-Schottky analysis

After optimization, solar cells show a significant increase in PCEs, from 3.42% to
14.26% for BaHfS3, 4.31% to 16.75% for BaHfo.75710.25S3, 5.05% to 19.28% for BaHfy 5710553,
and 5.92% to 21.94% for BaHfo25Zr0.75S3 based solar cells, respectively. To understand this
PCE enhancement, C-V measurements were performed on both base and optimized devices
with various absorbers. Generally, when a solar cell is reverse-biased, a depletion region forms
at the absorber/ETL junction. Since this region lacks mobile carriers, it does not respond to the
applied AC field, resulting in very low capacitance, known as depletion capacitance (Cdep),
which dominates at the reverse and low forward bias voltages [235]. However, as the reverse
bias voltage decreases, the depletion region narrows, leading to a significant collection of
charge carriers in the interface. Consequently, the capacitance rises exponentially with voltage,
described as accumulation capacitance (Cacc) [235]. In our analysis, the C-V plots of both base
and optimized devices reveal that capacitance remains constant or decreases at low voltages,
indicating Cqgep. Conversely, capacitance increases with higher voltages, resulting from the

reduction of the depletion region, which leads to significant charge carrier accumulation at the
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interface, termed Cacc. Fig. 56(a-d) shows that the Cqc. for all base solar cells is considerably
higher than the optimized solar cells, indicating a significant barrier at the ETL/absorber
interface. This barrier requires more energy for photogenerated electrons to overcome, causing
charge carriers to be collected at the absorber and recombined with holes, thus strengthening
charge carrier accumulation in the interface. However, in optimized solar cells, a decrease in
capacitance is observed due to significant dielectric dispersion and interface charges, failing to
track the AC signal. This reduces the barrier, diminishing charge carrier accumulation at the
interface, and facilitates rapid charge carrier collection without recombination, thereby
enhancing the effectiveness of all optimized devices compared to the base device solar cells.
Moreover, the C-V plots show that the voltage at which capacitance starts to rise shifts to a
higher range for all optimized devices. This shift signifies reduced charge carrier trapping at
the ETL/absorber interface, leading to improved charge carrier collection and an increase in
the depletion width compared to the base device. To illustrate this, Mott-Schottky (1/C2) plots
for both the base and optimized devices of BaHfS3;, BaHfy 75Zr025S3, BaHfo5Zr05S; and
BaHfo.25Zr0.75S3 were obtained from their C-V data by using SCAPS-1D simulation software
and the respective Vs were obtained from the intercept of these plots of Mott-Schottky as
displayed in Fig. 56(e-h). These plots demonstrate the rise in Vg and depletion width (W). The
Vg for the base devices is measured at 1.16V, 1.28 V, 1.29 V, and 1.29 V for BaHfSs3,
BaHfy.75Z10.25S3, BaHf(.5Z10.5S3 and BaHfy25Z10.75S3 (Fig. 56e-h). The Vg for the base device
1smeasured at 1.16 V, 1.28 V, 1.29 V, and 1.29 V for BaHfS3, BaHf(.75Z10.25S3, BaHf) 5710553
and BaHfo25Zr0.75S3, respectively. After optimizing key parameters of the ETL, absorber, and
HTL, the potentials of the optimized devices are 1.47 V,1.52 V,1.46 V, and 1.57 V. Moreover,
the increased Vg facilitates more effective transport of charge carriers to the contacts [108].

The corresponding W is derived from the formula in Eqn 27 [114].

2 |2gp9esVB
qNa

W= (27)

Where ¢ is the dielectric permittivity of free space, €sis the dielectric constant, Vg is built-in
potential, q is the elementary charge, and Na is the acceptor density. The W for the base devices
0.037 um, 0.0394 um, 0.0396 um, and 0.0396 um for BaHfS3, BaHfo.75Zr0.25S3, BaHf0.5Z10.5S3,
BaHfy.25Z10.75S3 respectively, while for the optimized devices it is 0.422 um, 0.430 um, 0.421
pm, and 0.437 pum. Thus, the increase in Vg and W in the optimized devices enhances the
generation of charge carriers and improves their extraction in specific contacts. Overall, these

findings underscore the pivotal role of optimization in enhancing solar cell performance.
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Fig. 56. (a-d) C-V characteristics for the base and optimized device and (e-h) Mott-Schottky

analysis for the base and optimized device [44].

6.3.10.2. Nyquist Plot and QE measurements

Impedance spectroscopy has been utilized to characterize solar cells and understand the
transport properties of charge carriers, providing insights into the working mechanisms of solar

cells [236]. Consequently, Nyquist plots for both base and optimized solar cells made from
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BaH{S;, BaHfo 757102553, BaHfo.5Zr05S3, and BaHfy25Zr0.75S3 have been generated from C-F
measurements in Fig. 57(a-d). All the solar cells display semi-circular plots, which strongly
indicate the effectiveness of the depletion regions in these solar cells. Typically, the Nyquist
plots of solar cells feature two semicircles in different frequency regions; the low-frequency
semicircle relates with the recombination resistance (Rrec), while the high-frequency semicircle
represents the charge transfer resistance (Rct) [237]. In this work, a single semicircle was
observed across the entire frequency range, indicating the R of the solar cells. Additionally,
the semicircle towards the optimized device is larger than the base device, indicating that Ryec
is greater in the optimized solar cells. This larger R..c suggests that photogenerated charge
carriers in the optimized solar cells are more effectively extracted and accumulated at their
respective contacts without recombination, contributing to superior PCE. Conversely, the
smaller Ry in the base device solar cells increases the recombination rate of charge carriers,
resulting in poorer performance. QE measurements are essential for evaluating the performance
of solar cells, as they provide insights into photon absorption, charge carrier generation,
separation, and, afterward, the accumulation of photogenerated charge carriers at their specific
contacts [137]. The QE for both base and optimized solar cells of BaHfS3, BaHf.75Zr0.25S3,
BaHfo.5Zr0.5S3, and BaHfo25Z10.75S3 is plotted in Fig. 57(e-h). In all four base device solar cells,
absorption begins to decline at approximately 350 nm. However, a consistent spectral response
up to around 650 nm is observed in the optimized solar cells BaHfS3;, BaHfo.75Zr025S3,
BaHfy.5Zr0.5S3, and BaHfo25Zr0.75S3. This improved performance results from enhanced light
absorption in the optimized solar cells, with overall absorption rates of 45.60%, 48.10%,
52.70%, and 57.80%, respectively, which are 2.66%, 2.82%, 3.1%, and 3.39% higher than
those of the base devices. Additionally, it is noteworthy that the QE reaches 100% in the visible
region (400-700 nm) for all optimized solar cells. This indicates that all four absorbers
efficiently capture photons within this wavelength range, generating a substantial amount of
charge carriers collected at the corresponding contacts. This efficiency is due to the proper
alignment of energy bands in the optimized solar cells for all four absorbers. In contrast, the
QE in the visible range is below 60% towards the base device solar cells of all four absorbers.
This reduced efficiency is due to the poor band alignment of the base device solar cells and
back contact, which results in high minority carrier recombination and, consequently, lower
charge carrier generation. Therefore, the enhanced spectral response of all optimized solar cells
is due to the expansion of the W along the absorber, as debated in the C-V measurements,

thereby improving overall absorption within the solar cells.
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6.3.10.3. Electric field and J-V characteristics

The electric field generated at the heterojunctions or homojunctions within a solar cell
is vital for regulating its performance [ 114]. Consequently, the performance of solar cells using
BaH{S;, BaHfo.75Z10.25S3, BaHfo.5Z10.5S3, and BaHf)25Z10.75S3 absorbers has been investigated,
focusing on the electric field distribution within the cell layers as shown in Fig. 58(a-d). The
optimized devices of these solar cells consistently exhibit a stronger electric field compared to
their base device. This stronger electric field is crucial for the efficient separation of electron-
hole pairs generated by photon absorption, significantly reducing the likelihood of
recombination and ensuring that more photogenerated carriers contribute to the current [39].
Furthermore, the higher electric field enhances carrier mobility, allowing electrons and holes
to travel more quickly through the semiconductor material toward the electrodes. This
minimizes recombination losses and improves the FF. Additionally, the strong electric field
helps maintain a greater separation between the quasi-Fermi levels, thereby increasing the Voc
and directly improving the PCE. Overall, these data demonstrate the optimized devices, with
their higher electric fields, provide superior performance and effectiveness for solar cell
applications. In summary, we investigated the solar cell performance of both base and
optimized devices for BaHfS3, BaHf0.75Z10.25S3, BaHf0.5Z10.5S3 and BaHf).25Zr0.75S3. Notably,
the optimized devices achieved impressive PCEs of 14.46%, 16.75%, 19.28% and 21.94% for
BaH{S;, BaHfo.75Z10.25S3, BaHfo 5Zr0.5S3, and BaHfo25Zr075S3 solar cells, respectively. This
enhancement in PCE is primarily due to the improvement in the Jsc, as illustrated in Fig. 58(e-
h). Additionally, a significant increase in Voc from base to optimized device was observed,
with values rising from 1.06 to 1.32 'V, 1.22t0 1.38 V, 1.24 to 1.40 V, and 1.25 to 1.42 V for
BaH{S;, BaHfo.75Zr025S3, BaHf0.5Zr05S3 and BaHfo25Zr0.75S3 solar cells, respectively. This
indicates a reduction in energy loss across all optimized solar cells. Remarkably, the optimized
BaHfo.25Zr0.75S3 device achieved a PCE exceeding 21%, which can be attributed to its elevated
V3, high recombination resistance, and enhanced light absorption properties compared to the
other optimized devices. Our findings are expected to inspire material scientists to further
explore the fabrication of efficient BaHfS3;, BaHfo75Zr025S3, BaHfo.sZrosS;, and

BaHfy.25Zr0.75S3 solar cell materials.
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Fig. 57. (a-d) Nyquist plot for the base and optimized device and (e-h) QE measurements for
the base and optimized device [44].
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Fig. 58. (a-d) Electric field of the base and optimized device and (e-h) J-V measurements of

the base and optimized device [44].
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6.3.11. Comparison of SCAPS-1D outcomes with previous studies in the literature

Table 16 provides a comprehensive overview of theoretical studies on CPs solar cells
simulated using SCAPS-1D software. Among the chalcogenide materials studied, BaZrSs3 has
been extensively explored in theoretical research and has shown significant advancements in
PV performance. The reported PCE of BaZrS; increased from an initial 12.12% to 28.17%
through device architecture optimizations. Additionally, alloying BaZrS; with Ti further
improved its performance, achieving a PCE of 32.58%. Beyond BaZrS3, materials such as

SrZrS3, CaZrS3, MgHfS3, and BaZrSes have also been investigated for their PV potential [48].

However, despite these advancements, research on other CPs materials, such as BaHfS3 and its
alloys BaHf1xZrxS3, remains limited. Available studies mainly focus on density functional
theory (DFT) calculations and synthesis optimization, with minimal attention to their solar cell
performance using SCAPS-1D simulations, particularly for Zr-alloyed BaHfS;. Our work
addresses this gap by investigating the effects of Zr alloying on the optoelectronic properties
and PV performance of BaHfS;. This study marks the first development of solar cells
incorporating Zr-alloyed BaHfS3;. We proposed and analyzed several compositions, including
BaH{fS3, BaHfy 75Zr0.25S3, BaHfo.5Zr0.5S3 and BaHfo25Z10.75S3, using TiO», NiO, and Au as the
ETL, HTL, and metal contact, respectively. These materials exhibited PCEs of 14.26%,
16.75%, 19.28%, and 21.94%, respectively. This study provides the first insights into the
application of Zr-alloyed BaH{fS3 in solar cell technology. We believe these findings will fill

an existing gap in the literature and encourage future research into advanced CPs solar cells.
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Table 16. Comparison of performance of CPs solar cells in the literature [44].

Device structure X?)C '(]ISHC Alem?) f"i) 5,2;2 Ref
FTO/TiO, /BaZrS3/Cu,0/Au 1.16 | 12.24 87.13 | 1242 | [29]
o0/ BaziSs/Spire- 070 | 22.00 7940 |12.12 | [147]
g{g&%ﬁiﬁsﬂ Spiro- 108 | 1680 88.60 | 1607 | [146]
AZO/i-ZnO/CdS/ BaZrS3/a-Si 131 | 19.08 78.88 | 19.72 | [137]
FTO/BaZrS3/CuO/Au 079 | 40.5 852 2730 |[202]
FTO/ZrS»/BaZrS:/SnS/Pt 118 |29.74 80.15 |28.17 | [39]
FTO/ZrS»/Ba(ZroosTio04)S3/SnS/ Pt | 1.18 | 32.26 84.94 |32.58 |[39]
FTO/SnO»/ BaZro osTio0S3/ZnPc/C | 127 | 26.62 88.81 |30.12 | [193]
FTO/ZnO /SrZrS3/NiO/Ni 1.18 | 26.13 8429 |2597 |[148]
FTO/Sn02/SrZrS3/Cu-MOF/Ni 117 |29.54 88.40 |30.60 | [197]
Pt/Cu0/CaZrS3/ZnO/FTO 0.60 | 35.72 81.05 | 17.57 | [238]
P/CuO/CaZrS3/TiO»/FTO 0.60 | 35.73 80.88 | 17.53 | [238]
Pt/Cu0/CaZrS3/SnO»/FTO 0.60 |35.73 81.83 | 17.73 | [238]
FTO/TiO2/MgHfS:/Cu,0/Au 099 2521 57.59 | 14.36 | [239]
FTO/CdS/BaZrSes/SnSe/Au 0.88 | 46.14 79.30 [3220 | [240]
gﬁ&%ﬁiﬁse“ Spiro- 0.72 | 46.65 7732 |25.84 | [49]
FTO/TiO»/BaHfS3/NiO/Au 131 | 12.13 89.09 | 1426 | «
FTO/TiO»/BaHfy 75Zr02583/NiO/Au | 1.38 | 13.66 88.65 | 1675 |«
FTO/TiO2/BaHfy.sZrosS3/NiO/Au 140 | 15.48 88.54 | 1928 | «
FTO/TiO»/BaHfy25Zr07583/NiO/Au | 1.41 | 17.42 88.72 |21.94 |«
The * represents the findings of the present work

6.3.12. Experimental suggestions to enhance solar cell performance in practice based on

simulation results

SCAPS-1D is a commonly used tool for simulating PV devices, offering important
insights into their electrical and optical behavior. The performed simulation provides a
comprehensive theoretical investigation of the device engineering of Zr-based BaHfS; based
solar cells. The highest PCEs, 14.26%, 16.75%, 19.28%, and 21.94%, were demonstrated for
the Zr-based BaH{fS; solar cell device. However, the software has certain limitations that could

impact the current study. For instance, SCAPS-1D does not inherently account for reflection
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losses at intermediate interfaces and lattice mismatches. Incorporating these effects would
require inputs for the wavelength-dependent complex refractive index (n-k values) of each
material of BaHfi.ZrS3, which are critical for accurately modeling light absorption and
propagation in multi-layer solar cells. Integrating these advanced mechanisms into SCAPS-1D
would allow a more comprehensive evaluation of innovative materials and device
architectures. In addition, since there are no reports available on the fabrication of these novel
solar cells, it is indeed important to offer practical guidelines for experimentalists to attain the
best PCEs practically. Therefore, we have proposed several strategies from the literature to
prepare each layer by overcoming the experimental challenges and fabricating an efficient solar

cell.

In the present work, TiO2 has been employed as an ETL due to its low cost, high electron
mobility, low trap density, and excellent thermal and chemical stability [114]. It can be
synthesized using various methods, including the sol-gel method, hydrothermal synthesis,
precipitation plasma chemical vapor deposition, chemical spray pyrolysis, and sputter
deposition, among others [60]. The spray pyrolysis method is particularly popular for
fabricating dense TiO; thin films with fewer defects, enabling better control of charge carrier
transport properties. The surface passivation process in mesoporous TiO; is crucial for
enhancing the interfacial properties between the ETL and the absorber layer in solar cells. By
employing various strategies to modify the surface of TiO», researchers can significantly
improve its performance in PV applications. One practical approach is the incorporation of Li
and Co into the TiOz structure. This doping not only alters the electronic properties of TiOz but
also plays a key role in mitigating surface defects that typically plague intrinsic TiO2. Surface
defects, such as O vacancies, can act as nonradiative recombination centers, which ultimately
diminish the overall efficiency of solar cells by allowing charge carriers to recombine before
contributing to the electrical current. Additionally, the introduction of Li salts during the
synthesis of mesoporous TiO2 has been shown to target and reduce these surface defects
specifically. The Li ions can effectively fill in some of the O vacancies, thereby stabilizing the
structure and enhancing the electron mobility within the material. Another promising
modification involves treating mesoporous TiO2 with ammonium sulfone compounds. This
technique has demonstrated a significant capacity to passivate the surface of TiO», further
suppressing nonradiative recombination processes and ensuring a more efficient extraction and
collection of electrons. Overall, these surface passivation strategies are instrumental in

developing high-performance mesoporous TiO: for solar cell applications, leading to improved
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charge separation, enhanced electron collection efficiency, and, ultimately, a boost in the
overall device performance. Additionally, the thickness of the TiO, layer deposited on FTO
glass can be precisely controlled by adjusting the number of spray cycles, allowing for

optimization of device performance.

Several methods have been developed for synthesizing BaZrS; and BaHfS;. These
include high-temperature sulfurization of oxide or carbonate precursors with CS2 or H>S at 700
-1100°C, the reaction of BaS and ZrS» with excess sulfur and BaCl» as a catalyst at 450 - 600°C
(often resulting in contamination with ZrO; and, in some cases, BaS3 and ZrS3), the reaction
of barium sulfide, zirconium, sulfur, and iodine at 600 - 1100°C for 60 hours, and solution
phase synthesis using molecular precursors or metal hydrides of Zr and Hf dissolved in high
boiling point solvents under air and water free conditions. Each method presents challenges,
such as safety risks associated with toxic and flammable reagents like CS; and Hb»S,
contamination with byproducts that are difficult to remove, high synthesis temperatures
requiring silica glass, costly and challenging-to-handle reactants, and the need for precise
reaction control. Recently, Romagnoli et al. overcame some of these challenges by successfully
synthesizing single-phase BaHf1.xZr«xS; for all alloying percentages using a simple approach at
500°C, as confirmed by XRD and Raman spectroscopy. Similarly, Zilevu et al. demonstrated
successful control of Zr/Ti ratios in Ba(Zri«xTix)S3 materials through solution phase synthesis.
Furthermore, Kong et al. synthesized BaHfixTixS3 using a ball-milling technique, achieving
precise tuning and control of the Hf/Ti ratio. These approaches have contributed to enhanced

solar cell performance.

The Zr-alloyed BaHfS3; was synthesized using the procedure described by Romagnoli
et al. This involved mixing BaS, Zr/Hf, and S powders in a 1:1:3 molar ratio in an agate mortar
for 20 mins in air. The mixture was then transferred into a 10 mL glass ampule pre-dried at
150°C for 30 mins. The ampule was evacuated to a pressure of 3x10°! mbar using a rotary vane
pump while heated to ~80°C. After cooling to room temperature, the ampule was flame-sealed
with a mini butane torch while still under vacuum. Once sealed, the ampule was placed in a
100 mL alumina crucible, which was heated in a muffle furnace preheated to 500°C and held
overnight at the same temperature. Afterward, the ampule was removed from the furnace,
allowed to cool naturally to room temperature, and opened. The solid product was recovered
using a stainless-steel spatula and ground in an agate mortar. If elemental sulfur contamination
was present, the product was stirred in hot toluene (85°C) for 1 hr at a ratio of 50 ml toluene

per gram of solid. The suspension was filtered under suction, washed thrice with small amounts
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of toluene, and dried for at least 1 hr. Characterization confirmed the formation of Zr-alloyed
BaHfS; material. While these studies demonstrate successful synthesis using relatively
straightforward methods, they have not explored stability tests. Therefore, stability challenges
for these materials remain unaddressed. However, theoretical studies have provided insights
into the stability of BaHfS3 and Zr-substituted BaHfS3; materials. For example, Sun et al. used
DFT calculations to show that BaHfS3 and similar CPs exhibit high stability. Likewise, Chami
et al. examined BaHf|.xZrxS3 absorbers and reported good stability performance, though this
has yet to be confirmed experimentally [241]. In our SCAPS simulation results revealed that
the Zr-alloyed BaHfS3 absorbers perform optimally at a thickness of 800 nm. This thickness
can be achieved using techniques like vapor deposition, sputtering, and electrodeposition,
which allow precise control over parameters such as thickness, composition, purity, and
uniformity by varying deposition conditions (e.g., time, temperature, pressure). Film thickness
can be increased by repeating deposition and annealing steps. The defect density of 10'? cm
in the absorber contributes to high PCE. Given that these materials are still in the early stages
of development, no studies are related to defect density and carrier lifetime for BaHfS3 and Zr-
doped BaHfS;3. Interestingly, Meng et al. investigated the defect control in BaZrS3, a largely
explored CPs with similar material characteristics. They observed that S-rich/Zr-poor
compositions suppress the formation energy of deep-level defects and maximize the charge
carrier lifetime, revealing that adjusting the elemental composition during synthesis is crucial.
This discloses that the low defect density and large carrier lifetime in BaHfS3 and Zr-doped
BaHfS; could also be achieved by controlling the composition of the constituent elements.
Nevertheless, further studies focusing on the defect control of BaHfS; and its alloying is
required to obtain a broader understanding of these materials. For high PCE, a defect density
in the range of 10'°-10'? cm™ is recommended. Accordingly, an optimal defect density of 10'?
cm™ has been selected for Zr-alloyed BaHfS; solar cells. Furthermore, Meng et al. reported
that CPs films synthesized under S-rich/Zr-poor conditions exhibit strong p-type behavior with
an optimal carrier concentration of 10'> cm™. In contrast, S-poor/Zr-rich films exhibit n-type
behavior with a high carrier concentration (>10'7 cm™), making them unsuitable as absorbers

3 is recommended.

[115]. To achieve high PCE, a carrier concentration below 107 cm-
Considering these factors, an optimal carrier concentration of 10'® cm™ has been selected for

Zr-alloyed BaH{S;3-based solar cells.

NiO stands out as a highly promising candidate for an efficient HTL due to its high

optical transmittance, ease of processability, wide bandgap, excellent energy level alignment
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with absorbers, and strong electron-blocking capability. It can be synthesized using various
methods, including ultrasonic radiation, hydrothermal synthesis, the carbonyl method, laser
chemical methods, pyrolysis by microwave, the sol-gel method, precipitation-calcination, and
the microemulsion method, among others [242]. During reactive sputtering of Ni target, the
oxygen partial pressure is crucial for controlling the carrier concentration of NiO, enabling the
production of both n-type and p-type films [243,244]. Additionally, the oxygen stoichiometry
of NiO films can be systematically tuned through thermal treatment in oxygen-rich (O-NiO)
atmospheres. These processing conditions significantly influence the defect density and
conductivity of NiOx films, impacting surface recombination rates, PCE, and overall device

stability [236].

In conclusion, the methods and strategies discussed have the potential to benefit the PV
community significantly, paving the way for the fabrication of highly efficient Zr-alloyed

BaHfSs3-based devices as the technology continues to advance.

6.4. Performance of BaZrS3-based CPs Solar Cells with Delafossite and Spiro-OMeTAD
HTLs

This section addresses objectives 6 and 7, presenting a full simulation-based
optimization of BaZrS;3 solar cells using different HTLs. Section 6.4.1 introduces the base
device and its performance with CuFeO;, CuGaO,, CuAlO, and Spiro-OMeTAD HTLs.
Sections 6.4.2 to 6.4.5 analyze the effects of absorber and HTL properties acceptor density,
defect density, and thickness on solar cell efficiency. Section 6.4.6 evaluates the impact of
interfacial defects at ETL/absorber and absorber/HTL junctions. Section 6.4.7 compares
baseline and optimized devices using Nyquist plots, QE, electric field, and J-V characteristics.
Section 6.4.8 benchmarks SCAPS-1D outcomes with literature data on BaZrS3 CP solar cells.
Finally, Section 6.4.9 provides experimental recommendations for achieving high PCE using

delafossite HTLs.

6.4.1. The primary performance of the device

The research employed a base PV device configured as FTO/Ti02/BaZrS3;/HTL/Au, as
shown in Fig. 7. Simulations using the parameters specified in Table 6 and Table 7 were
conducted to assess the performance of the baseline device. Table 17 presents the PV metrics
for BaZrS; solar cells, comparing various delafossite HTLs with the Spiro-OMeTAD HTL.
Specifically, the base device achieved PCEs of 8.25%, 10.35%, 7.42%, and 9.86% for CuFeO,,
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CuGaO,, CuAlO, and Spiro-OMeTAD-based HTLs, respectively. To further enhance device

performance, extensive optimization of absorber and HTL material parameters was performed.

A detailed discussion of these optimization procedures is provided in the following sections.

Table 17. Base device performance of PV parameters with different HTLs [260].

Base device configuration Voc (V) | Jsc (mA/ecm?) | FF (%) | PCE (%)
FTO/TiO2/BaZrS3/CuFeO2/Au 1.17 9.72 71.89 8.25
FTO/TiO2/BaZrS3/ CuGaO2/Au 1.38 9.92 75.44 10.35
FTO/TiO2/BaZrS3/ CuAlO2/Au 1.07 9.63 71.27 7.42
FTO/TiO2/BaZrS3/Spiro- 1.36 9.87 73.20 9.86
OMeTAD/Au

6.4.2. Performance of BaZrSs3 absorber’s acceptor density with different HTLs

The concentration of charge carriers within the absorber layer of solar cells is crucial
for their performance, as it greatly affects both the efficiency of light absorption and the
transport of charges [29]. Thus, identifying the optimum acceptor density is vital for achieving
exceptional performance. In this investigation, the acceptor density of BaZrS; was varied from
10'2 cm? to 10" em™, and the subsequent effects on PV metrics are illustrated in Fig. 59(a-d).
It was noted that both Voc and FF remained consistent up to a concentration of 10'* cm™, but
exhibited a notable increase beyond this threshold. Notably, as the acceptor density escalated
from 102 cm™ to 10'® cm™, Voc rose from 0.81 V, 0.13 V, 0.72 V, and 1.03 V to 0.90 V, 1.23
V,0.80V, and 1.12 V, respectively. Similarly, FF improved from 50.28%, 53.17%, 47.60%, and
54.81% to 60.12%, 62.09%, 58.92%, and 61.54%. Consequently, the PCE increased from
7.27%, 10.86%, 5.95%, and 10.25% to 9.11%, 13.28%, 7.82%, and 11.87% for solar cells with
CuFeO,, CuGa0;, CuAlO», and Spiro-OMeTAD, respectively. This enhancement is attributed
to improved intrinsic properties that enable effective charge collection and buildup at the
contacts without recombination losses [39,245]. A higher density of acceptor states affects the
arrangement of energy levels, resulting in an increased separation of carrier quasi-levels. This
ultimately improves the Voc and enhances the device’s efficiency. SCAPS-1D was employed
to generate energy band diagrams for acceptor concentrations ranging from 10'? cm? to 10'®
cm™, as shown in Fig. 59(e-h), to examine these effects. As an acceptor concentration rises, the
energy levels of each layer rise, causing the absorber’s valence band to align more closely with
the hole quasi-Fermi level, thereby improving the Voc [215]. Furthermore, the enhanced
electric field at the interface of BaZrS3/HTL facilitated the transfer of holes from the absorber
to the HTL, effectively blocking electron flow and enhancing hole collection at the rear contact

[246]. In contrast, Jsc remained unchanged until 10'* cm™ but declined sharply at higher
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acceptor densities [246]. This drop is due to the depletion region extending toward the ETL,
reducing light absorption in the solar cells while contracting within the absorber [110]. Fig.
60(a-d) illustrates this effect with QE measurements across 10'2 cm™ to 10'® cm™, showing a
slight absorption reduction of 22.11%, 22.64%, 21.37%, and 22.50% for solar cells based on
CuFeO,, CuGaO,, CuAlO,, and Spiro-OMeTAD, respectively. As a result, the rate at which
charge carriers were generated declined, causing a decrease in Jsc. Additionally, as the
depletion width in the absorber shrinks, charge carriers generated in the quasi-neutral region
face diffusion challenges, with shorter diffusion lengths or lifetimes increasing recombination
rates, further reducing Jsc [39]. However, the enhancement in solar cell performance primarily
arises from the increase in Voc and FF, while remaining independent of Jsc reductions. The
results clearly indicate that increasing BaZrSs3's carrier concentration adjusts the position of the
energy bands and enhances splitting of the quasi-Fermi level, accelerating PCE. As illustrated

in Fig. 60(e-h), when acceptor densities surpass 10'7 cm™

, recombination processes are
expedited, resulting in a decline in PCE beyond this point. Based on these findings of PCE
improvement, an acceptor density of 10'° cm™ is identified as the optimum value for further

simulations.
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6.4.3. Performance of BaZrS3 absorber’s defect density with different HTLs

The presence of defects in the active layer is pivotal in affecting the efficiency of PV
cells [111]. Furthermore, the absorber's performance is further compromised by bulk defects,
including vacancies, interstitial defects, Schottky defects, and Frenkel defects [247]. Therefore,
effectively controlling defects in the active layer is essential for optimizing the efficiency of
PV devices. In this research, we meticulously adjusted the defect concentrations in BaZrS;
from 10'° cm™ to 10%° cm™ to comprehensively evaluate their impact. Fig. 61(a-d) shows the
relationship between PV performance and varying BaZrS3; defect densities. The results reveal
that all performance parameters decline significantly with increasing BaZrS; defects. In
particular, as the defect concentration in BaZrSs increases from 10'? cm™ to 10*° cm™, PCE of
CuFeO»-based cells significantly declines, dropping from 12.76% to 0.07%, from 18.15% to
0.12% for CuGaO;-based cells, from 11.18% to 0.06% for CuAlO;-based cells, and from
16.02% to 0.11% for Spiro-OMeTAD-based cells. This decline is attributed to elevated
recombination centers that trap generated charge carriers, leading to shorter lifetimes and

diffusion lengths [199]. Eqn (28) is used to determine the minority carrier lifetime (t) [200]:

1
ovep Nt

T = (28)

where o is the charge carrier capture cross-section, Vi is the thermal velocity, and N represents

the defects.

The diffusion length (L) is expressed as Eqn (29):
L=+Dt (29)

where D is the diffusion coefficient. SCAPS-1D simulation is used to determine L and t for
BaZrS; defects while maintaining a fixed BaZrS3 thickness of 500 nm, as illustrated in Fig.
62(a-d). As BaZrS; defect level increased between 10> cm™ to 10%° cm™, 1t decreased
dramatically from 1x10° ns to 1x1073 ns, while L decreased from 3.0 um to 3.0x10™* um. At a
BaZrS; defect concentration of 10'?> cm™, L (3.0 um) exceeds BaZrS; thickness, leaving the
PCE unaffected. However, at 10'* cm™, L reduces to 0.53 um, less than the absorber thickness,
which increases recombination rates. As L continues to decrease, solar cell functionality
deteriorates. This confirms that when L falls below the absorber thickness, solar cell
performance is significantly impacted. As illustrated in Fig. 62(i-1), decreases in L and Tt Pb
directly to increased recombination rates. Increased defect density intensifies recombination

within the absorber, diminishing the concentration of light-induced carriers and degrading solar
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cell efficiency [98]. This study demonstrates that rising defect density adversely affects L and
T, increasing recombination rates and reducing the performance of the PV device. The findings

indicate that a defect level of 10'2 cm? is the ideal value for BaZrS3 across each PV device.
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and (e-h) recombination rate [260].

6.4.4. Performance of BaZrS; absorber’s thickness with different HTLs

The active layer thickness is a key factor in enhancing solar cell performance [248]. It
must be carefully selected to maximize current density while avoiding excessive thickness to
reduce reverse saturation current. A thinner active layer fails to capture sufficient photons,
allowing most light to pass through and minimizing the production of carrier formation [249].
On the other hand, increasing active layer thickness may negatively impact performance

because charge carriers have a restricted movement range, limiting their effective transport and
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collection [118]. Thus, it is crucial to optimize the thickness of the absorber to attain the highest
possible PCE. In the study of BaZrSs-based solar cells, the thickness of the BaZrS; layer was
varied between 100 nm and 2000 nm to determine the optimal value. Fig. 63(a-d) shows the
impact on PV parameters as the thickness of BaZrS3 is altered. As the thickness of BaZrS3
increases from 100 nm to 2000 nm, there is a notable enhancement in Voc, Jsc, and FF, leading
to an increase in PCE from 10.22%, 11.75%, 9.13%, and 11.53% to 24.78%, 27.81%, 22.81%,
and 27.68% for solar cells based on CuFeO,, CuGaO;, CuAlO,, and Spiro-OMeTAD,
respectively. When the thickness is increased from 100 nm to 800 nm, there is a marked
improvement in PCE, achieving values of 11.35%, 15.44%, 12.95%, and 15.44% for each of
the PV devices, respectively. Nevertheless, when the thickness of BaZrS3 is increased from 800
nm to 2000 nm, the PCE sees only a minor enhancement of approximately 1.32%. Excessive
thickness causes the photogenerated carriers to traverse longer distances to reach the electrodes,
leading to increased recombination due to the mismatch between diffusion length and absorber
thickness [39]. This limits further performance gains. This behavior is also reflected in the QE
measurements shown in Fig. 64(a-d). Absorption is enhanced by approximately 31.58% with
an absorber thickness range of 100 nm to 800 nm, while further extending it to 2000 nm results
in a minimal gain of about 2.38%. Additionally, Voc rises slightly up to 800 nm before
declining at higher thicknesses. The early rise in Voc occurs due to increased separation of
quasi-Fermi levels, driven by a higher concentration of generated carriers, as illustrated in Fig.
64(e-h), while the decline results from higher recombination rates and increased dark saturation
current. Similarly, FF increases up to 800 nm and then stabilizes, likely due to the rising series
resistance in thicker absorbers. Considering material usage, cost, and overall performance, an
absorber thickness of 800 nm is determined to be optimal for BaZrS;-based solar cells in this

simulation.

158



—@—CuFe0, —@—CuGaO, —9—CuAlO, —@— Spiro-OMETAD

_ =i b) 24
(a) 1.5 /,ﬁ’c‘o'o':':‘o‘o Masee e s s (»-) 21 -
-
E‘ 1.4 1 g 18
21.3- 900‘0: g 151
” 12! W 212
—- 9-
1.1 L) L T T L] L) T L
0 500 1000 1500 2000 0 500 1000 1500 2000
BaZrS, thickness (nm) BaZrS; thickness (nm)
(c) 90
~ 851 W Si
X
=, 801
=
75
70 T T T T T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000

BaZrS, thickness (nm) BaZr§, thickness (nm)

Fig. 63. Performance of BaZrS; thickness (a-d) solar cell parameters variation (e-h) QE

analysis, (i-1) generation rate [260].

6.4.5. Performance of different HTL acceptor density with BaZrS3 absorber

The level of acceptor states in the HTL plays a crucial role in influencing the interfacial
characteristics between the active layer and HTL, which affects PV performance [121]. The
impact on device performance was evaluated by tuning the HTL acceptor concentration from
10" cm™ to 10%° ¢cm, while keeping the active layer’s acceptor density constant at 10'¢ cm,
as illustrated in Fig. 65(a-d). The results indicate that the Voc remains relatively stable across
all solar cells until the HTL acceptor density reaches 10'¢ cm™. Once this limit is surpassed, a
significant rise in Voc is detected, which can be linked to the improved separation of quasi-
Fermi levels. This effect arises from the greater electrochemical potential difference between
charge carriers in the respective layers of the solar cell. Additionally, significant improvements
in both the FF and PCE occur when the HTL acceptor concentration surpasses 10'® cm™. The
increase in acceptor concentration of HTL lowers the energy barrier at the HTL/active layer
junction, improving electrical conductivity and the internal voltage of the PV performance [39].
These factors together enhance the overall efficiency of the devices. To achieve optimal PCE,
an HTL acceptor density of 10?° cm™ is recommended for CuFeO2, CuGaO, CuAlO,, and
Spiro-OMeTAD-based solar cells.
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The concentration of acceptors in the HTL plays a crucial role in affecting the distortion
of energy levels at the junctions with the absorber in solar cells [250]. To investigate these
impacts, SCAPS-1D was utilized to produce energy band representations which are illustrated
in Fig. 65(e-h). The diagrams illustrate the interplay between the HTL's acceptor density and
the resulting band bending, along with the Ec and Ev. The results indicate that when the HTL’s
acceptor density is lower than that of the absorber, the band alignment remains unchanged,
leading to consistent solar cell performance up to a density of 10'®cm™. Under these conditions,
a significant barrier for hole transport exists at the BaZrS;/HTL junction. When the
concentration of acceptors in the HTL exceeds that in the active layer, the energy levels shift
downward, reducing the interface barrier and enhancing the transport of charge carriers. In
particular, when the concentration of acceptors in the HTL is lower than that in the BaZrSs,
holes are likely to gather at the energy states at the interface of the absorber and HTL junction.
These states serve as centers for carrier recombination, hindering their movement toward the
contacts [125]. In contrast, when the HTL’s acceptor density surpasses that of the absorber, the
majority of charge carriers occupy states with lower density at the absorber/HTL interface. This
shift enhances the carrier transfer potential, lowers the energy bands, and minimizes barriers at
the interface [251]. Consequently, the solar cells exhibit improved conductivity. Thus, the
acceptor density in the HTL is a critical parameter for determining band bending in CuFeO-,
CuGa0O2, CuAlO2, and Spiro-OMeTAD-based solar cells, ultimately enabling optimal

performance.
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Impedance spectroscopy is a highly effective technique for assessing PVefficiency and
analyzing the dynamics of charge transport, thereby offering critical insights into their
operational processes [136]. Nyquist plots depicting the HTL acceptor concentrations of 102
cm™ and 10?° cm? for CuFeO,, CuGa0,, CuAlOz, and Spiro-OMeTAD-based solar cells, as
shown in Fig. 66(a-d). Nyquist plots, which were generated using capacitance-frequency (C-
F) analysis in SCAPS-1D. The data obtained from these measurements were exported, and the
real (x-axis) and imaginary (y-axis) components were used to construct the Nyquist plot graph,
representing the impedance behavior of the devices. Each PV devices demonstrate semicircular
Nyquist curves, signifying the proficiency of their depletion zones. In the impedance spectra
of PV devices, two distinct arcs are typically observed, each corresponding to different
frequency domains. The arc present at lower frequencies is indicative of recombination
resistance (Rrec), whereas the arc at higher frequencies pertains to charge transfer resistance
(Rer) [237,252]. In this research, a solitary arc appeared over the entire frequency spectrum,
signifying the Ry of the PV device. The results show that the semicircle for the 10**cm™ HTL
acceptor density is significantly larger than that for the 10'> cm™ density. This indicates an
enhanced Rrec in solar cells with a 10*° cm™ HTL acceptor density, suggesting that
photogenerated charge carriers are effectively collected and retained at their respective
interfaces with minimal recombination loss. This enhances a better PCE. On the other hand,
the lower Ryec found in solar cells with a 10!2 cm™ HTL acceptor density results in an increased
rate of charge carrier recombination, which diminishes performance.

In addition, Fig. 66(e-h) illustrates the extraction of built-in potential. This was obtained
through the SCAPS-1D simulation by first performing a capacitance-voltage (C-V) analysis on
the devices. Using the resulting data, we constructed a Mott-Schottky plot (1/C? vs. voltage),
where the built-in potential was determined from the slope of the linear region. It demonstrates
a notable enhancement in the built-in potential as a result of optimizing the HTL acceptor
density. For solar cells utilizing CuFeO., CuGaO,, CuAlO, and Spiro-OMeTAD, the Voc
demonstrated an increase from 1.24 Vto 1.38 V, 1.52 Vto 1.55V, 1.61 Vto 1.79 V, and 1.54
V to 1.83 V, respectively. Enhancing the built-in potential leads to more effective separation of
charge carriers and optimizes their collection at the respective interfaces [108]. As a result, the
optimized HTL acceptor density of 10%° cm™ leads to PCEs of 27.43%, 27.83%, 25.04%, and
27.80% for solar cells based on CuFeO,, CuGa0,, CuAlO,, and Spiro-OMeTAD, respectively.

This research highlights the crucial role of HTL acceptor density in boosting PV performance.
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6.4.6. Performance of ETL/BaZrS3 and BaZrS3/HTL interface defects properties

During the manufacturing of PV devices, structural flaws inevitably Pb to the formation
of interfacial defects. These defects enhance charge carrier recombination at the junctions,
thereby significantly reducing the devices' overall efficiency [248,253]. Therefore, it is
essential to evaluate the effects of interfacial defects and determine an appropriate defect
concentration for efficient production. In this research, a balanced interfacial defect
concentration of 10'2 cm™ was applied at the ETL/BaZrS; and BaZrS3/HTL junctions for entire
PV devices. To examine the impact of interfacial defects on solar cell efficiency, the defect
concentration was adjusted between 10'2 cm™ and 10?° cm™ at both junctions. Fig. 67(a-d)
demonstrates that as the defect concentration increases from 10'> cm™ to 10%° cm™, there is a
marked reduction in the Voc. In contrast, the Jsc remains unchanged until the defect
concentration reaches 10'> cm™, at which point it starts to diminish. Similarly, FF exhibits a
significant decline, decreasing from 88.28%, 89.40%, 85.05%, and 89.36% to 85.54%,
86.47%, 83.52%, and 86.73% for solar cells based on CuFeO,, CuGaO,, CuAlO,, and Spiro-
OMEeTAD, respectively. As a result, there is a significant decline in PCE, mainly caused by the
degradation of FF at the ETL/absorber junction. Notably, the PCE dropped by approximately
3.28%, 3.61%, 1.97% and 3.59% for CuFeO>, CuGaO,, CuAlO, and Spiro-OMeTAD-
integrated PV devices, respectively. This decline results from increased defect-mediated
recombination at the ETL/absorber junction, impeding charge transport toward the front
electrode [209,254,255]. The impact of defect concentration at the BaZrS3/HTL junction was
examined by adjusting it between 10> cm™ and 10*° cm™, as illustrated in Fig. 67(e-h). The
PV performance metrics experienced significant decline until the defect concentration reached
10'7 ¢cm?, at which point they stabilized. Specifically, PCE declined from 28.34%, 27.83%,
25.05%, and 27.80% to 26.65%, 26.72%, 24.47%, and 24.62% for CuFeO2, CuGaO,, CuAlO,,
and Spiro-OMeTAD-integrated PV devices, respectively. This reduction is due to a higher
probability of hole trapping at the BaZrS;/HTL junction as the defect concentration increases
[116,256,257]. To provide a comprehensive understanding of interface defects, we conducted
impedance spectroscopy and recombination studies at both ETL/BaZrS3; and BaZrS;/HTL
interfaces. Fig. 68(a-h) present the impedance spectra for devices incorporating CuFeO-,
CuGaOz, CuAlO, and Spiro-OMeTAD, comparing high efficiency interface defect of 10'? cm
3 and low efficiency interface defect of 10*° cm™ devices. All PV devices exhibit semicircular
Nyquist plots, indicating well-defined depletion zones and effective charge separation.

Typically, the impedance spectra show two distinct arcs, each corresponding to different
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frequency ranges [192,197]. The arc at lower frequencies reflects higher recombination
resistance, suggesting reduced carrier recombination. In contrast, the arc at higher frequencies
is associated with lower recombination resistance, implying increased recombination activity.
As shown in Fig. 69(a-h), devices with a higher interface defects of 10?° cm™ exhibit increased
recombination, as evidenced by the smaller semicircular arcs. Conversely, the larger
semicircles observed for 10'2 cm™ lower interface defect indicate significantly lower
recombination losses. These results underscore the importance of minimizing interface defects,
particularly maintaining them around 10'? cm™ interface defect at both the ETL/BaZrS3 and

BaZrS;/HTL interfaces to enhance PV performance and achieve higher device efficiency.
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6.4.7. Comparison between base device and optimized device
6.4.7.1. Nyquist Plot and Recombination mechanisms

Fig. 70(a-d) illustrates the impedance spectra obtained from (C-F) analysis for both the
baseline and optimized PV cells, which incorporate CuFeO>, CuGaO,, CuAlO,, and Spiro-

OMeTAD. The plots illustrate a semi-circular configuration, underscoring the significance of
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charge-depleted zones in optimizing the functionality of PV devices. The impedance spectra of
PV devices typically exhibit two distinct arcs, each associated with unique frequency domains.
The weak-frequency arc is indicative of recombination resistance (Rrc), whereas the high-
frequency are corresponding to charge transfer resistance (Rct) [114,197]. In this research, the
presence of a singular arc spanning the entire frequency spectrum was noted, highlighting the
significant impact of Rrec on the PV devices being studied. Notably, the arc in the impedance
spectra of the optimized devices is larger compared to their base devices, indicating a higher
Rrec in the enhanced PV devices. The increase in Ryec signifies an improved collection and
retention of photogenerated carriers at the respective electrodes, resulting in reduced charge
loss and thereby enhancing PCE. On the other hand, the baseline devices exhibit a lower Rrec

in charge carrier recombination, resulting in reduced efficiency, as illustrated in Fig. 70(e-h).
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6.4.7.2. QE measurements and Generation rate

Analyzing QE is essential for assessing the performance of solar cells, as it offers
valuable insights into the processes of light absorption, the excitation and dissociation of charge
carriers, and the subsequent collection of these photoinduced carriers at their respective
electrodes [39]. Fig. 71(a-d) presents the QE of both baseline and optimized PV devices
incorporating CuFeO;, CuGa0,, CuAlO;, and Spiro-OMeTAD. In the initial configuration, the
absorption of light starts to diminish at roughly 300 nm, whereas the improved devices exhibit
a stable optical response that extends up to approximately 600 nm. This enhancement in the
optimized PV device is attributed to improved light absorption, with overall absorption rates
0f 67.72%, 65.66%, 67.79%, and 65.66% for CuFeO,, CuGaO,, CuAlO,, and Spiro-OMeTAD,
respectively. These values represent increases of 1.97%, 1.87%, 1.99%, and 1.90% compared
to the base devices. Notably, all optimized solar cells achieve QE values approaching 100%
within the visible wavelength range (400-700 nm), indicating efficient photon capture and
substantial charge carrier generation at their contacts evidenced in Fig. 71(e-h). This superior
efficiency arises from the proper energy band alignment in the optimized devices for all four
absorbers. Conversely, the base solar cells exhibit QE values below 60% within the same range
due to poor band alignment and suboptimal back-contact properties, which Pb to increased
nonradiative recombination and lower production of charge carriers. The improved optical
response observed in the optimized PV device is attributed to the expanded depletion region
within the absorber, as corroborated by capacitance-voltage measurements [51]. This
expansion facilitates greater light absorption and significantly improves the overall efficiency

of PV devices.
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6.4.7.3. Electric field and J-V characteristics
The intrinsic electric field established at heterojunctions or homojunctions within a PV
device is essential for modulating its performance [51]. To evaluate this aspect, the distribution

of the electric field across the layers in PV devices incorporating CuFeO,, CuGaO,, CuAlO»,
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and Spiro-OMeTAD absorbers was analyzed, as depicted in Fig. 72(a-d). The findings show
that optimized devices consistently demonstrate enhanced electric field strength relative to the
baseline device. The enhanced internal field is pivotal in the efficient dissociation of charge
carrier pairs generated through light absorption, thereby reducing carrier losses and improving
the flow of photo-induced charges within the device. Moreover, the enhanced internal field
facilitates charge transport, enabling negatively and positively charged carriers to traverse the
semiconductor layers more efficiently toward the contacts [39]. This minimizes carrier
recombination, improves the FF, and enhances PCE. Moreover, the intensified internal field
maintains a wider gap between the quasi-Fermi levels, leading to a higher Voc. Collectively,
these factors ensure superior performance and efficiency in the optimized devices. The
comparative analysis of base and optimized devices revealed significant improvements in solar
cell performance for CuFeO,, CuGaO,, CuAlO», and Spiro-OMeTAD. The optimized solar
cells achieved remarkable PCEs of 28.35%, 27.83%, 25.05%, and 27.80%, respectively,
primarily driven by enhancements in the Jsc, as shown in Fig. 72(e-h). Furthermore, notable
increases in Voc were recorded, showing an upward trend from 1.17 V to 1.51 V, 1.38 V to
1.53V, 1.07 Vto 1.38 V, and 1.36 V to 1.52 V for CuFeO», CuGaO,, CuAlO2, and Spiro-
OMEeTAD, respectively. These advancements suggest minimized energy losses and emphasize
the impact of the optimized device’s increased built-in potential, strong resistance to carrier
recombination, and enhanced ability to capture light [192]. Our findings underscore the
impressive performance of optimized devices, with PCEs exceeding >25% for all solar cell
configurations. These results provide valuable insights into the design of PCE of CuFeO,,
CuGa0O,, CuAlO2, and Spiro-OMeTAD solar cells, offering a foundation for further

advancements in solar cell technology.
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6.4.8. Evaluation of SCAPS-1D outcomes in relation to BaZrS; CPs devices found in

existing studies.

Table 18 provides a detailed summary of computational studies on PV devices based on CPs,
modeled using the SCAPS-1D software. BaZrS3, one of the CPs compounds studied, has
garnered significant interest. Early research indicated a PCE of 12.12% for this compound.
However, subsequent advancements in device architecture have significantly improved this
efficiency, with the highest reported PCE reaching 28.17%. These advancements emphasize
the importance of refining device architecture to improve PV efficiency. Despite these
advancements, the literature primarily focuses on dioxide and disulfide variants of CPs, leaving
a notable research gap for further exploration. Recently, inorganic ternary metal oxides have
gained considerable attention due to their versatile oxidation states, which allow precise tuning
of their electrical and optical properties. A comparison of our findings reveals that inorganic
delafossite HTLs such as CuFeO;, CuGaO2, and CuAlO> achieve higher PCEs compared to
Spiro-OMeTAD and other HTLs. This improvement is likely due to superior charge transport
properties or better energy band alignment with BaZrS;. Notably, the performance of the
FTO/TiO2/BaZrS3/CuFeO2/Au device highlights the potential of CuFeO; as an exceptional
HTL. Its integration leads to significant enhancements in the efficiency of BaZrSs3-based solar
cells, establishing it as a promising candidate for further performance improvements in CPs

PVs.

Table 18. Comparison between SCAPS-1D results of BaZrS3 CP solar cell.

Device structure Voc (V) (m;&]?ccmz) FF (%) }()OCA)I;: Ref
FTO/TiO2/BaZrS3/Spiro-
OMCTAD/An pro 0.70 22.00 79.40 | 12.12 | [147]
FTO/TiO2 /BaZrS3/Cu20 /Au 1.16 12.24 87.13 12.42 | [29]
FTO/TiO2/BaZrS3/Spiro-
OMcTAD/Au piro 1.21 16.54 86.26 | 17.29 | [146]
AZO/i-ZnO/CdS/ BaZrS3/ a-Si 1.31 19.08 78.88 19.72 | [137]
FTO/ZrS2/BaZrS3/SnS/Pt 1.18 29.74 80.15 28.17 | [39]
FTO/TiO2/BaZrS3/Pt 0.39 0.71 63.00 0.17 [92]
FTO/TiO2/BaZrS3/CuFeO2/Au 1.51 21.94 85.54 28.35 *
FTO/TiO2/BaZrS3/ CuGaO2/Au 1.53 21.01 86.47 27.83 *
FTO/TiO2/BaZrS3/ CuAlO2/Au 1.38 21.29 84.97 25.05 *
FTO/TiO2/BaZrS3/Spiro- 1.52 21.01 86.74 27.80 %
OMeTAD/Au
* Indicates the results of the present work.
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6.4.9. Experimental suggestions to achieve the highest PCE of BaZrS3 absorber with
delafossite HTLs.

The simulations conducted in this work provide a thorough theoretical exploration of
device engineering for solar cells based on CuFeO2, CuGa0O,, CuAlO2, and Spiro-OMeTAD.
The highest PCE of 28.35% was achieved with the FTO/TiO2/BaZrS;/CuFeO2/Au
configuration, showcasing its significant potential in solar cell design. Given the lack of
experimental reports on fabricating BaZrSs-based solar cells, this study aims to provide
valuable guidelines for researchers to achieve optimal PCEs in practical applications. To
address the challenges associated with experimental fabrication, several strategies have been
proposed based on insights from existing literature, ensuring a pathway for creating high-
efficiency solar cells. The BaZrS; absorber layer can be produced through several techniques,
such as solid-state synthesis, layered metal sulfides, hybrid colloidal inks, and selenium flux.
Our SCAPS simulation results reveal that BaZrS3 absorbers perform optimally when their
thickness reaches 800 nm. To ensure BaZrS3 absorbers reach the desired thickness, methods
such as vapor deposition and sputtering can be utilized to precisely adjust the thickness of the
film. In environments with high sulfur and low zirconium levels, BaZrS3; demonstrates
significant P-type characteristics, featuring an optimal acceptor concentration of 10'® cm™. By
incorporating this composition, the density of defects is diminished, as the substantial energy
needed to create deep-level defects leads to a decrease in their occurrence [258]. CuFeO: can
be produced through several techniques, such as the solid-state reaction, glycine-nitrate process
(GNP), sol-gel method, and hydrothermal technique. Additionally, the acceptor density in
CuFeO; can be enhanced by doping with elements like Mg or Ni to improve p-type
conductivity [259]. To achieve effective defect control, stoichiometry is optimized, and
annealing is conducted in oxygen-rich conditions, which ensures excellent performance as an
HTL [207]. To conclude, the discussed approaches and techniques provide significant promise
for advancing PVs, facilitating the development of efficient BaZrS;-driven devices as the field

progresses.

7. Conclusion

In this thesis, we systematically investigated the photovoltaic potential of novel CPs
semiconductors as lead-free alternatives to conventional perovskite absorbers. We began our
work by examining the performance of SrHfSes solar cells using 41 different 41 HTLs, which
included inorganic semiconductors, polymers, and MXenes, as well as 9 different metal

contacts. Next, we tailored the absorber properties of ABSes (A = Ca, Ba; B = Zr, Hf; X = Se)
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and Zr-alloyed BaH{fS3 solar cells. We also evaluated the suitability of delafossite HTLs as
alternatives to Spiro-OMeTAD in BaZrSs3 solar cells. Throughout these studies, we investigated
device performance by optimizing parameters related to the ETL, absorber, and HTL layer,
including thickness, carrier concentration, and defect density. Additionally, we examined the
influence of interface properties, series and shunt resistance, and operating temperature. As a
result, we designed a total of 3,043 configurations and conducted comprehensive investigations
using various characterization techniques, including C-V, Mott-Schottky analysis, impedance
spectroscopy, quantum efficiency, recombination resistance, generation rate, and band

alignment. The research outcomes are detailed below.

1. The first study demonstrated the potential of SrHfSes in solar cell applications. The initial
device structure, which consisted of SLG/FTO/BaSnO3/SrHfSe3/MoS,/Au, achieved a PCE of
11.42%. This efficiency increased to 15.25% after optimizing the absorber thickness to 700 nm
and the carrier density to 10'® cm™, enhancing both photon absorption (45%) and the built-in
potential (1.04V). Further increasing the MoS; carrier concentration to 10?° cm™ resulted in
1.17 times boost in PCE, due to upward shifts in the energy band. By replacing the back contact
with Ni, an ohmic contact was achieved, resulting in an efficiency increase of 26.21%.
Additionally, experiments with 40 alternative HTLs and simulations of 1,627 configurations
yielded maximum PCEs of 27.87% (SnS), 27.39% (CPE-K), and 26.30% (Ti2CO2). These
improvements were primarily attributed to favorable band alignment, higher recombination
resistance, and stronger near-infrared absorption of 58.22%, 56.67%, and 60.48% in SnS, CPE-
K, and Ti2CO; based solar cells, respectively.

2. The second study focused on evaluating the absorbers CaZrSes, BaZrSe;, CaHfSes, and
BaHfSes. By optimizing the absorber thickness and carrier concentration, light absorption
improved by 5.83%, 4.77%, 7.3%, and 11.93%, respectively. These changes also enhanced
conductivity and built-in potential, facilitating more efficient charge transport. Further
optimizing the HTL thickness, carrier concentration, and defect density increased PCEs by
about 5.1% across all devices, owing to the formation of stronger electric fields at the
absorber/HTL interface. After these optimizations, the PCE increased from 9.94% to 30.08%,
10.14% to 30.58%, 8.20% to 22.74% and 13.04% to 27.60% for CaZrSes, BaZrSes;, CaHfSe;3,
and BaHfSes;. This increase in efficiency was driven by enhanced absorption of 57.78%,
61.10%, 43.94%, and 51.57% and by the highest generation rates of 1.22 x 10*22cm>s™!, 1.35 x
10%? cm3s!, 7.77 x 10! cm3s!, and 1.02 x 10?> cm3s™' at the absorber/ETL interface

respectively. Notably, both CaZrSe; and BaZrSe; achieved a PCE >30%, which can be
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attributed to their narrow bandgaps, enhanced absorption, and higher charge carrier generation

rates.

3. The third study examined the PV potential of BaHfS; and Zr-alloyed BaHfS3 absorbers. The
initial efficiencies were 4.35%, 5.37%, 6.28%, and 7.35% for BaHfS3, BaHfy75Zr025S3,
BaHfo5Zr05S3, and BaHfy25Zr075S3, respectively. Following careful optimization of the
absorber and HTL properties, these efficiencies improved substantially, reaching 14.67%,
16.43%, 18.62%, and 20.59%, respectively. These gains were largely attributed to enhanced
light absorption, with overall absorption rates of 45.60%, 48.10%, 52.70%, and 57.80%. There
was a notable rise in Voc, which rose from 1.06 to 1.32 V for BaH{S3, from 1.22 to 1.38 V for
BaHfo.7571025S3, from 1.24 to 1.40 V for BaHfys5Zr05S3, and from 1.25 to 1.42 V for
BaHfo.25Zr0.75S3. These improvements indicate a reduction in energy loss, elevated valence
band positions, favorable band shifts in the band structure, and stronger electric fields at the
absorber/HTL interface, which collectively minimize charge carrier barriers. Among the
various compositions studied, BaHfo25Zr0.75S3 emerged as the most promising, achieving a
PCE above 20%. This superior performance is attributed to decreased accumulation

capacitance, reduced recombination, and improved band alignment.

4. The fourth study evaluated the PV performance of solar cells using BaZrS3 as the absorber
and various delafossite HTLs as an alternative to the conventional Spiro-OMeTAD. At the
optimized acceptor density of BaZrSs, set at 10'® cm™, the maximum PCEs recorded were
9.11%, 13.28%, 7.82%, and 11.87% for CuFeO;, CuGa0O,, CuAlO,, and Spiro-OMeTAD,
respectively. These efficiencies were attributed to a higher Voc and enhanced intrinsic material
properties, which reduced recombination losses. Further optimization involved fixing the
absorber thickness at 800 nm, which resulted in a PCE increase of approximately 15.3%. This
enhancement was driven by extended carrier lifetimes of 1 x 10° ns and longer diffusion lengths
of about 3 um. Modifying the HTL acceptor density helped minimize band offsets, improve
carrier transfer, and reduce recombination resistance. Consequently, maximum efficiencies of
28.35%, 27.83%, 23.05%, and 27.80% were achieved using CuFeO,, CuGa0,, CuAlO,, and
Spiro-OMeTAD, respectively. These remarkable outcomes stem from the combined effects of
a higher built-in potential, strong absorption, enhanced carrier generation, and reduced energy

losses.

This thesis highlights the significant potential of CP semiconductor as a stable, non-toxic, and

high-performing absorber layer for thin-film photovoltaics. By integrating various HTLs and
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metal contacts and by carefully adjusting the properties of the absorbers, this research

establishes valuable guidelines for enhancing device performance. The insights gained from

SCAPS-1D simulations not only emphasize the remarkable promise of CPs but also lay a solid

foundation for future experimental validation and the practical development of

environmentally friendly, high-efficiency solar cells.
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