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Resumen

El Sba(S,Se)s es un material absorbedor emergente, abundante en la tierra y no téxico, con un
ancho de banda ajustable (1.3—1.7 eV), alto coeficiente de absorcion y buena estabilidad,
convirtiéndose en un candidato prometedor para celdas solares de pelicula delgada. Su
eficiencia se limita por el uso de HTLs costosas e inestables, la toxicidad e interdifusion del
Cd y el desajuste estructural y electronico en la interfaz CdS/Sbo(S,Se)s, que provocan perdidas
en Voc y el FF. Esta tesis explora el desempefio de celdas solares Sbx(S,Se)s mediante tres
estrategias complementarias, abarcando un total de 838 configuraciones simuladas en SCAPS-
ID. En el primer enfoque, se validd6 un dispositivo base FTO/CdS/Sba(S,Se)s/Spiro-
OMeTAD/Au frente a la eficiencia experimental (~10.75%). La sustitucion de Spiro-OMeTAD
por HTLs derivadas de triazatruxeno (CI-B2, CI-B3, TAT-H, TAT-TY1 y TAT-TY2) mejord
notablemente la PCE, alcanzando valores superiores al 23% para TAT-TY1, atribuida a un
alineamiento 6ptimo de bandas (CBO =+1.8 eV; VBO =—-0.06 eV) que favorecio el transporte
selectivo de cargas y redujo la recombinacion (~3x10'® cm™.s!). En el segundo enfoque, se
reemplazd la capa CdS por SrTiO3 como ETL libre de Cd. Los dispositivos optimizados
mostraron una mayor generacion de portadores (3.21x10%' cm?.s™"), una densidad de corriente
Jsc de 27.52 mA/cm? y una absorcidn superior al 70%, reduciendo la pérdida de Voc (~0.39 V)
y alcanzando una PCE de 21.91%. Finalmente, en el tercer enfoque, se sintetizd nitruro de
carbono grafitico (GCN) mediante polimerizacion térmica de urea, caracterizado por un ancho
de banda de 2.8 eV, permitividad dieléctrica de 7.01 y afinidad electronica de 3.6 eV.
Incorporado como capa interfacial entre CdS y Sba(S,Se);, el GCN mejord el potencial
incorporado (Vei = 0.8 V), redujo las resistencias Rcr (~401 Q.cm?) y Ry (~3.5 Q.cm?),
aumentando el FF a 76.07% y la PCE a 27.42%. En conjunto, los resultados demuestran que el
uso de HTLs de bajo costo, ETLs libres de Cd y capas interfaciales de GCN puede optimizar
sinérgicamente el transporte de carga, la estabilidad y la eficiencia, posicionando al Sba(S,Se)3

como un absorbedor fotovoltaico de alto desempefio y sustentable.

Palabras Clave: SCAPS-1D, absorbedor Sbx(S,Se)s, resistencia a la recombinacion, ingenieria

de interfaz.



Abstract

Emerging Sba(S,Se); is an earth-abundant, non-toxic absorber for thin-film photovoltaics, with
a tunable bandgap (1.3-1.7 eV), high absorption coefficient, and stability. However, its
efficiency is limited by costly and unstable HTL, Cd toxicity and interdiffusion from CdS ETL,
and structural/electronic mismatch at the CdS/Sba(S,Se)s interface, resulting in significant
losses in Voc and FF. This thesis investigates Sba(S,Se); solar cells in three approaches,
comprising a total of 838 device configurations simulated using SCAPS-1D. The impact of
thickness, carrier densities, and operating conditions was systematically evaluated. In the first
approach, a baseline FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au device was replicated to
validate the simulation against experimental efficiency (~10.75%). Replacing Spiro-OMeTAD
with triazatruxene-based HTLs (CI-B2, CI-B3, TAT-H, TAT-TY1, TAT-TY2) enhanced the
PCEs, attaining maximum efficiency of >23% for TAT-TY1 device. Its superior performance

is attributed to favorable HTL/absorber band alignment (CBO = +1.8 eV, VBO = -0.06 eV),

3 o1

which promotes selective carrier transport and suppresses recombination to ~3x10'® cm™.s7!.
The second approach employed SrTiOs as an alternative Cd-free ETL. Optimized devices
exhibited enhanced carrier generation (3.21x10%! cm™.s!) and a high Jsc of 27.52 mA/cm?.
These improvements resulted from enhanced absorption (>70%) and minimized Voc loss
(~0.39 V), collectively boosting PCE to 21.91%. In the third approach, graphene carbon nitride
(GCN) was synthesized via urea-based thermal polymerization and characterized using XRD,
XPS, FESEM, EDS, and UV—Vis to extract the bandgap (2.8 €V), dielectric permittivity (7.01),
and electron affinity (3.6 eV) values. These experimental properties of GCN were incorporated
as input parameters to study its role as an interfacial layer between CdS and Sba(S,Se)s.
Subsequent optimization improved the built-in potential (Vi) of 0.8 V, reduced charge transfer
(Rcr) and series (Rs) resistances to ~401.3 Q.cm? and 3.5 Q.cm? which enhanced FF to
76.07%, and increased PCE to 27.42%. These studies demonstrate that cost-effective HTLs,
Cd-free ETLs, and interface-engineered GCN layers can synergistically enhance charge

transport, suppress recombination, improve absorption, and strengthen stability, establishing

Sba(S,Se)s as a high-performance, environmentally sustainable photovoltaic absorber.

Keywords: SCAPS-1D, Sbo(S,Se); absorber, Recombination resistance, interfacial

engineering.
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1. Introduction

1.1.Global Energy Demands and Solar PV

Renewable energy has become the pillar of global strategy towards achieving a sustainable
low-carbon future, as nations experience the dual challenge of rising energy demand and
growing climate change impacts. As global energy consumption is projected to exceed 27 TW
in 2050, driven by rapidly increasing populations and industrialization, fossil-fuel consumption
continues to be one of the principal reasons for ruinous environmental damage, from
greenhouse-gas emissions, air contamination, to ocean acidification [1,2]. To counteract these
effects, clean energy technologies such as solar, wind, hydroelectricity, geothermal, and
biomass are increasingly making strides because they are naturally recharged and lead to lower
pollution than fossil fuels [3]. Renewables expanded to over 38 % of global electricity
generation by the end of 2024, larger than coal as a single form of new power generation, the
International Energy Agency (IEA) reports [4]. Solar photovoltaic (PV) technology, in
particular, has emerged as one of the fastest-growing and transforming clean-energy sources,
due to its scalability, modularity, and falling costs. IEA's Electricity Market Report 2025
highlights that global solar generation rose by 29 % in 2024, aggregating approximately 40 %
of electricity demand growth for the year and over 2,260 GW of installed capacity cumulatively
worldwide [4]. Moreover, the International Renewable Energy Agency (IRENA) reported that
solar energy currently provides nearly 6 % of global electricity, marking the biggest single-year
growth in capacity for any source of power [5]. These trends are being financed through
unprecedented improvements in PV efficiency, reductions in levelized cost of electricity
(LCOE), and the integration of hybrid systems combining PV and battery storage, which
together enhance the robustness and diversity of solar energy [6,7]. Although solar energy
deployment is expanding worldwide, the rate of development varies considerably across
regions, with countries possessing high solar irradiation and well-established policy
frameworks demonstrating the most rapid advancements. For example, Mexico situated within
the world’s solar belt, exemplifies this potential receiving an average solar irradiance between
4.5 and 6.5 kWh/m?/day, ranking among the top ten nations for solar resources [8]. Over the
past decade, the solar PV installed capacity in Mexico has increased to approximately 12 GW
as of 2024, dominated by large-scale plants in Sonora, Chihuahua, and Durango, and by
distributed generation systems that comprised more than 1 GW in 2024 [9]. These
achievements position Mexico as one of Latin America's leading producers of solar energy, yet

its potential remains much from the point of saturation, creating enormous opportunity for
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future expansion through continued investment, grid upgrades, and policy reforms supporting
both utility-scale and distributed PV systems. [3]. Therefore, solar PV is not only a global
leader of the shift to renewable energy but also an opportunity for global nations to attain their
energy autonomy, become carbon-neutral, and be a critical player in the global effort against

climate change.
1.2.Evolution of Thin Film PV Technology

Photovoltaic cells, commonly known as solar cells, convert sunlight directly into electricity
through the PV effect, which was first discovered by Edmond Becquerel in 1839 [10]. The first
practical silicon solar cells were developed in 1954 at Bell Laboratories by Gerald Pearson,
Daryl Chapin, and Calvin Fuller, marking the beginning of modern solar energy technology
[11]. Solar cells are typically classified according to the materials used in their light-absorbing
layers and their generational development. The first generation consists of wafer-based
crystalline silicon (c-Si) solar cells, which dominate the market due to their high efficiency and
stability [12]. Despite their advantages, c-Si cells require high-purity silicon and thick wafers
(typically 150-200 pm) because silicon has an indirect bandgap, resulting in higher energy
consumption during production and increased manufacturing cost [13]. Modern c-Si modules

have achieved record efficiencies of 26.8% under laboratory conditions [14].

The second generation of solar cells was introduced to reduce material usage and production
costs while maintaining reasonable efficiency. These thin-film PV technologies use
polycrystalline or amorphous semiconductors with high absorption coefficients, allowing
significantly thinner absorber layers (1-3 um) [15]. Key examples include cadmium telluride
(CdTe), copper indium gallium selenide/sulfide (CIGS), and amorphous silicon (a-Si: H). CdTe
solar cells have reached efficiencies up to 22.1% and are widely commercialized due to their
low cost and fast energy payback time [16]. CIGS cells have demonstrated efficiencies of up
to 22.6% while offering flexibility in applications, although they rely on scarce elements such
as In and Ga [17]. Amorphous Si is less efficient (~10.2%) but remains relevant for lightweight,
flexible, or building-integrated applications [18]. Thin-film solar cells thus represent a
compromise between efficiency, cost, and material usage compared to first-generation

crystalline Si technologies.

Third-generation solar cells aim to surpass the efficiency limits of second-generation thin films

while retaining cost advantages. These emerging technologies include dye-sensitized solar
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cells (DSSCs), perovskite solar cells (PSCs), organic PV cells (OPVs), and quantum-dot-based
PVs [20]. PSCs have seen remarkable efficiency improvements from less than 4% in 2009 to
over 26% in 2025 for single-junction devices, and up to 33.9% for tandem configurations
combined with silicon, highlighting their potential for commercial deployment. DSSCs, OPVs,
and quantum-dot solar cells offer additional pathways for flexible, low-cost, and tunable PV
systems, although challenges remain regarding long-term stability, toxicity, and large-scale

manufacturability [19].

Kesterite materials such as CZTS and CZTSSe have been pursued as more sustainable
alternatives, using earth-abundant Cu, Zn, and Sn instead of In and Ga [13]. They offer direct
bandgaps in the ~1.0 - 1.5 eV range and high absorption coefficients, but they also experience
a pronounced open-circuit voltage (Voc) deficit primarily due to intrinsic cation (Cu/Zn/Sn)
disorder and deep defect states that enable non-radiative recombination. Consequently, while
kesterites remain promising from a materials-abundance perspective, achieving their full
theoretical potential remains elusive [20]. Other emerging absorber families, such as quantum-
dot/nanocrystal solar cells, organic/DSSC devices, and binary chalcogenides like SnS, FeS»,
and Cu.0, are also under heavy investigation. While these systems offer appealing features
(e.g., ultra-light weight, indoor PV suitability, and very low-cost precursor methods), their
current limitations include low photovoltages, poor long-term stability, complex ligand or
interface chemistries (in QDs and organics), and short carrier lifetimes or unfavorable band
alignments (in some binary chalcogenides)[21-25]. These persistent issues make it difficult for

many researchers to bridge the gap from laboratory demonstration to commercial viability.

Beyond these, various eco-friendly semiconductors were also being investigated, including
ternary II-IV-N; nitrides (e.g., MgSnN>, ZnSnN>) [26,27], binary halides (Inl, Bils), and
complex chalcogenide compounds such as AgBiS3, NaBiS, NaSbS,, BiOI, BiSI, SbSI, SbSel,
SnySbSoI;, and CuzFeSnSs [28-31]. These materials contain earth-abundant and
environmentally benign elements, offering significant advantages in long-term sustainability
and large-scale manufacturability. However, their current power conversion efficiencies (PCE)
remain below 6%, primarily due to non-radiative recombination, high defect densities, and
morphological imperfections that limit carrier transport. Continued progress requires improved
crystal quality, defect passivation, and optimized device architectures to unlock their

theoretical performance potential [32,33].
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Within this scope, antimony chalcogenides of the form Sb,X3 (X=S, Se, S/Se) have emerged
as an effective and practical solution, as these materials are composed of abundant, low-toxicity
elements, have very high absorption coefficients, and often possess simpler binary (or ternary)
stoichiometries that ease precursor chemistry and device fabrication. Initially, Sb,S3 (antimony
trisulfide) and Sb>Se; (antimony triselenide) have attracted interest because they combine
favorable optical bandgaps, strong absorption, and a quasi-one-dimensional, ribbon-like crystal
structure whose anisotropic transport properties can be exploited by appropriate film growth
and orientation control [34—36]. The practical appeal of antimony chalcogenides derives from
several converging factors: (1) elemental abundance and lower toxicity compared with Cd- or
Pb-containing absorbers; (2) optical bandgaps that lie in the useful range for single-junction
and tandem cells (Sb2S3~ 1.6 -1.7 eV and Sb>Se; = 1.0 - 1.2 V) [36,37], enabling spectral
tailoring; (3) extremely high absorption coefficients, allowing efficient light capture in sub-
micron absorber layers; and (4) process flexibility. For example, Sb chalcogenides can be
grown by evaporation, sputtering, chalcogenization, chemical bath deposition, spray pyrolysis,
or hydrothermal routes [38,39]. These combined properties explain why antimony

chalcogenides have risen rapidly in recent PV research.

A critical advantage of antimony chalcogenides is their bandgap tunability when S and Se are
alloyed to form antimony selenosulfide (Sba(S,Se)3) that allows continuous tuning between the
wider bandgap Sb,S3 and the narrower bandgap Sb>Ses, which is attractive for designing
standalone single-junction devices with optimal current—voltage trade-offs or for integrating
Sb alloys into tandem stacks [40]. Because the Sb-chalcogenide family offers favorable
transport, optical, and processing properties, it provides a strategic pathway to thin-film PVs
with fewer of the limitations faced by other emerging families. For example, while perovskites
struggle with long-term stability, and kesterites struggle with defect-related losses, Sb2X3
absorbers exhibit strong optical absorption, robust composition, process flexibility, and benign
defect physics, making them a timely platform for further optimization [41]. Among mixed S—
Se compositions, Sba(S,Se); enables continuous bandgap tuning between =~ 1.1 and 1.7 eV, and
recent experimental reports include planar devices with efficiencies near 10%. In less than a
decade, Sba(S,Se)s solar cells achieved a champion efficiency of ~10.75% using hydrothermal
synthesis, which is the highest reported PCE in the Sb chalcogenide family [42]. These
incremental but steady advances demonstrate the growing potential of the Sbo(S,Se)s as a game-

changing solar cell absorber.
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In summary, the evolution of thin-film PV materials has progressed from Si wafers to mature
thin films (CdTe, CIGS) and onward to a broad spectrum of emerging absorber families, each
with unique strengths and persistent challenges. Among these, antimony chalcogenide,
particularly Sby(S,Se); stands out for its combination of environmental safety, elemental
abundance, strong light absorption, and tunable electronic properties that make Sb(S,Se)s one

of the most compelling next-generation absorbers for sustainable thin-film PVs.

1.3.Research Gaps and Problem Statement
Antimony sulfoselenide (Sba(S,Se)s) has attracted significant attention as a thin-film PV

absorber because it combines earth-abundant, non-toxic elements with a high absorption
coefficient exceeding 10° cm™ and a tunable bandgap close to the Shockley—Queisser (SQ)
limit for single-junction solar cells. In spite of these advances in deposition methods, including
hydrothermal and solvent-assisted growth, record devices still fall short of their theoretical
performance, with notable deficits in Voc and fill factor (FF) [43,44]. These challenges remain
a barrier to unlocking the full potential of Sba(S,Se); in attaining maximum conversion

efficiency.

Extensive experimental and simulation studies suggest that nonradiative recombination at
interfaces is the leading cause of these losses. Interface defects arising from under-coordinated
atoms, dangling bonds, chemical reactions, and grain-boundary states form strong Shockley—
Read—Hall (SRH) centers that pin quasi-Fermi levels and reduce Voc. Both the front interface
between the electron-transport layer (ETL) and absorber, as well as the rear interface at the
absorber/back contact, are implicated. Deep defects caused by elemental diffusion, such as Cd
from CdS buffer layers, or poorly designed back contacts, can introduce deep recombination
centers, shortening carrier lifetimes even when the absorber has good bulk crystallinity [45—
47]. The prevalence and impact of these interfacial defects are highlighted by studies showing
that diffusion-blocking and surface-passivation strategies can potentially enhance device

performance.

Band alignment between the absorber and hole transport layers (HTL) adds another layer of
complexity. Even small mismatches in conduction or valence band positions can dramatically
influence device operation. A negative conduction-band offset, often termed a “cliff,” can
increase interfacial recombination, while an excessive positive offset, or “spike,” can impede
electron extraction. Similarly, misalignment at the valence band edge can slow hole transfer

and exacerbate recombination losses at the HTL/absorber interface. Research indicates that
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fine-tuning band offsets, for example, through ultrathin dipole or passivation layers, can further
mitigate Voc losses. Yet, many commonly used ETLs and HTLs lack the necessary chemical

flexibility or tunable energy levels to achieve ideal alignment with Sba(S,Se)s [47,48].

The choice of transport layers and their processing conditions also strongly affect performance.
CdS has historically been favored for its consistent coverage and beneficial offsets, but suffers
from toxicity, parasitic absorption in the blue spectrum, and interdiffusion that can produce
buried homojunctions. Oxide ETLs such as TiO2, SnO,, and ZnO are chemically stable and
transparent but often form weak bonds with chalcogenide absorbers, leave under-coordinated
atoms or oxygen vacancies, or require high processing temperatures that can degrade the
absorber [49-52]. On the hole-transport side, Spiro-OMeTAD initially provides good
performance but relies on hygroscopic dopants that compromise stability and introduce ionic
effects[53,54]. Alternative organic HTLs like PTAA and P3HT, as well as inorganic candidates
such as NiO, CuSCN, and Cu;0, have been explored; each, however, presents trade-offs in
mobility, work-function matching, or interfacial compatibility [55-57]. These challenges
underscore the pressing need for high-mobility, dopant-free HTLs and tunable, low-defect

ETLs that are chemically compatible with Sb chalcogenides.

Microstructure and optical design further influence device efficiency. A quasi-one-dimensional
crystal structure Sba(S,Se)s reveals that preferential [001] grain orientation and minimal grain-
boundary defects are critical for long carrier diffusion lengths. Increasing absorber thickness
can improve current generation by capturing more light, but it can also amplify bulk and grain-
boundary recombination and increase the carrier transport paths, ultimately reducing PV
performance [58]. Various theoretical studies emphasize the need to find an optimal thickness
that balances generation and recombination. Additionally, parasitic optical losses in transport
layers and non-optimized series or shunt resistances can depress FF even when interfaces are

partially passivated [47].

Practical challenges related to the rear contact, device stability, and scalable processing further
complicate performance improvements. Inefficient back contacts and the absence of hole-
selective layers can lead to recombination and collection losses that cannot be offset by front-
side enhancements alone. Long-term stability tests reveal that dopant migration, moisture
sensitivity, thermal cycling, and chemical interdiffusion interact in complex ways, reducing

device lifetime [59,60].
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Addressing these issues requires systematic screening of novel HTLs, ETLs, and ultrathin
interfacial layers capable of providing proper band alignment, chemical passivation, and
diffusion blocking, while offering high intrinsic mobility and compatibility with Sba(S,Se)3
fabrication processes. This thesis work employs SCAPS-1D simulations, informed by
experimentally reported material parameters and novel candidate materials, to identify
promising layer combinations that satisfy these requirements and support scalable device

fabrication.
1.4.Justification

From the preceding discussion, it is clear that the persistent performance gap in Sbx(S,Se)s solar
cells primarily originates from interfacial recombination, unfavorable energy-band alignments,
dopant-induced instability in transport layers, and chemical incompatibilities that limit charge
extraction. Thus, addressing these issues requires an integrated material strategy capable of
simultaneously improving charge selectivity, suppressing recombination, and maintaining
chemical stability. In this context, the present study proposes a systematic combination of
triazatruxene-based HTLs, namely AT-H, TAT-TY1, TAT-TY2, CI-B2, and CI-B3, strontium
titanate (denoted as SrTiOz or STO) as the ETL, and graphitic carbon nitride (denoted as g-
C3N4 or GCN) as a passivating interfacial modifier to overcome the limitations highlighted in

the problem statement.

The first major issue identified in existing Sba(S,Se)s solar cells is inefficient hole extraction
and dopant-related instability associated with conventional HTLs such as Spiro-OMeTAD and
PTAA. These layers, although effective in PSCs, contain hygroscopic dopants (LiTFSI, tBP)
that introduce trap states, induce ionic migration, and accelerate device degradation [53,54].
To mitigate these problems, in this work, we adopted triazatruxene-based HTLs, which offer
inherently high hole mobility, chemical stability, and dopant-free operation. The star-shaped
n-conjugated framework of triazatruxene facilitates ordered molecular stacking and efficient
charge transport, while its tunable HOMO levels enable better valence-band alignment with
Sba(S,Se)s, thereby minimizing potential barriers for hole extraction. To be specific, these
derivatives exhibit favorable HOMO energies around —5.1 eV, closely matching the valence
band of Sbx(S,Se)s positioned around —5.2 eV, which helps suppress interfacial recombination
and enhances Voc. Moreover, their dopant-free nature prevents moisture-induced degradation

and enhances operational stability [44]. Therefore, the use of triazatruxene HTLs directly
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addresses the problems of low hole mobility, poor band alignment, and dopant instability that

have restricted Sbx(S,Se)s device performance .

The second major issue is front-interface recombination and band misalignment between
Sby(S,Se)s and traditional ETLs like CdS or TiO,. CdS introduces Cd toxicity, high parasitic
absorption, and interdiffusion at the interface, while TiO> suffers from oxygen vacancies and
requires high-temperature processing. These limitations necessitate a non-toxic, stable, and
electronically compatible ETL. STO fulfills these criteria owing to its wide bandgap (~3.2 eV),
high dielectric constant, and excellent thermal and chemical stability. Its conduction band
minimum (~ - 4.0 eV) provides a small positive conduction band offset with Sba(S,Se)s (~ -
4.1 eV), ensuring efficient electron extraction without forming a recombination-prone cliff.
Additionally, the high dielectric constant of STO effectively screens interface charge, reducing
the recombination velocity and stabilizing band bending at the junction [61]. By optimizing
material properties, STO can significantly enhance charge selectivity and mitigate the front-

interface recombination losses that dominate current Sbx(S,Se)3 devices.

Another critical issue highlighted in the literature is the persistence of interface trap states and
elemental interdiffusion, which continue to limit device efficiency even when optimized ETLs
and HTLs are used. To address this, the present study introduces an ultrathin GCN interlayer
between ETL and absorber. The N-rich surface of GCN contains abundant lone pairs capable
of coordinating with under-coordinated Sb or Se atoms, effectively passivating dangling bonds
and defect states. This chemical passivation reduces SRH recombination centers and enhances
carrier lifetime. Moreover, GCN acts as a diffusion barrier that suppresses intermixing between
the oxide and chalcogenide layers, improving interface stability during thermal cycling. Its
moderate bandgap (~2.8 eV) allows it to function as a selective contact that facilitates carrier
transport rather than impeding it. Consequently, GCN resolves one of the most stubborn
problems in Sba(S,Se); PVs i.e., interface trap-assisted recombination, while simultaneously

contributing to improved performance and long-term device reliability [62,63].

Overall, the exploration of a high-mobility organic HTL and a wide-bandgap oxide ETL
ensures efficient charge extraction on both sides of the absorber, thereby reducing series
resistance and improving carrier selectivity. Further, the inclusion of GCN provides enhanced
interface passivation, thereby mitigating both front and back interface recombination. These

modifications also contribute to reduced hysteresis, enhanced photostability, and better
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tolerance to interface defect factors that have been consistently reported as performance

bottlenecks in experimental and simulated Sbx(S,Se)s studies.

Hence, the proposed architectures with triazatruxene HTLs, STO ETL, and GCN interlayer are
not an arbitrary material substitution but a strategic, problem-driven framework that directly
tackles the fundamental issues summarized in the problem statement. By systematically
analyzing the impact of each layer through SCAPS-1D simulations, this thesis aims to
demonstrate a marked improvement in PV parameters while ensuring environmental
compatibility and long-term stability. Therefore, the selected material system provides a
rational justification for advancing Sba(S,Se)s PVs toward high-efficiency, non-toxic, and

industrially scalable solar technologies.

2. Antecedents/Background
2.1.Photovoltaic Effect and Solar Cell Function

Solar cells directly convert solar radiation into electrical energy by the photovoltaic effect, in
which photons of sufficient energy create electron—hole pairs that are separated and collected
to generate current and voltage. A p—n junction, formed by an n-type semiconductor (where
electrons are the majority carriers) and a p-type semiconductor (with holes as the majority
carriers), 1s the fundamental structure [64]. Fig. 1 illustrates the p—n junction and its working
principle, with electrons (yellow) and holes (purple) diffusing under concentration gradients,

recombining near the junction, and being separated by a built-in electric field (red arrow).
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Fig. 1. p—n junction and its working principle (carrier diffusion, depletion region, built-in
electric field) [65].
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When these n-type and p-type regions are placed in contact, electrons diffuse from the n-region
into the p-region while holes diffuse from p into n. In the region near the interface,
recombination leaves behind ionized donors and acceptors, leading to a depletion region
depleted of mobile carriers. The immobile ion charges establish a built-in electric field oriented

from n to p, which opposes further diffusion and defines equilibrium [64].

Upon illumination, photons with energy > the semiconductor bandgap excite electrons from
the valence band maximum (VBM) to the conduction band minimum (CBM), leaving holes
behind. Those photogenerated carriers that diffuse into the depletion zone (or are generated
within it) are swept apart by the built-in field: electrons drift toward the n-side (or towards the
electron-collecting contact) and holes drift toward the p-side (or the hole-collecting contact).
This separation produces a photovoltage, and when the cell is connected to an external load, a

photocurrent flows [12].

In thin-film solar cells (e.g. p—i—n or n—i—p architectures), an intrinsic or lightly doped absorber
layer is sandwiched between ETL and HTLs. The differences in Fermi levels of adjacent layers
cause band bending and the formation of heterojunctions, which assist in directing electrons
toward the ETL and holes toward the HTL. This layered arrangement enhances carrier
extraction and reduces recombination at interfaces [66]. The thin-film devices in this thesis all

rely on the same underlying PV mechanism.

2.2. Key PV Performance Metrics

One of the essential performance parameters is the external quantum efficiency (EQE), defined

at each wavelength A as:

EQE(D) = =5 (1)
where ne (L) is the number of collected charges and nph (A)is the number of incident photons.
Fig. 2 shows a representative EQE spectrum. In an ideal device, EQE could reach 100 %, but
real devices incur losses from reflection, transmission (i.e., photons not absorbed),
recombination (bulk and interface), and incomplete collection, especially in the blue and red
spectral regions. Thus, the EQE curve is a diagnostic tool to identify wavelength-dependent

loss mechanisms [66].
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Fig. 2. Representative external quantum efficiency (EQE) spectrum [67].

Because the number of photons incident on a solar cell varies with irradiance, atmospheric
conditions, geometry, and time, one uses a standard spectrum for consistent evaluation. The
widely adopted standard is AM 1.5G (Air Mass 1.5 global), which corresponds to ~1000 Wm"
2 at 25°C under terrestrial conditions. The AM parameter describes the effective atmospheric

path length: for instance, AM 1.5 implies sunlight traverses 1.5 times the vertical thickness of

the atmosphere.

By normalizing the current to the device area, one defines the photocurrent density Jpn. In well-
designed cells, the short-circuit current density (Jsc) (i.e., at voltage V = 0) approximates Jph,

given by:

Jsc =Jpn = q J EQE (1) bs(2) dA )

where q is the elementary charge and bs (A)is the incident photon flux per wavelength. Thus,

the measured Jsc links directly to how well photons are converted to usable carriers [12,66].

In the absence of light, the device behaves as a diode governed by the Shockley equation:

Jaark = Jo(en — 1) 3)
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where Jo is the reverse saturation current density, n is the ideality factor, k is Boltzmann’s
constant, q is the elementary charge and T is the temperature. Under illumination, the total

current density J(V) is approximated by:

JV) = ]ph — Jdark 4)
This relation is standard in solar cell device theory [12,64,66].
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Fig. 3. J-V characteristic curve under illumination and in the dark [68].

The functional relationship between voltage (V) and current (I) under a given set of operating
conditions, such as illumination and temperature, is commonly represented by the current—
voltage (J-V) characteristics curve. Fig. 3 illustrates the J—V characteristics of a solar cell both
in the dark and under illumination. The operational states of a solar cell can be categorized into
three key conditions: open circuit, short circuit, and the maximum power point (Mpp) during
loading. Under short-circuit conditions, the terminal voltage is zero (VV = 0) while the current
reaches its maximum value where J = Jsc. Conversely, in the open-circuit state, the current is
zero (/ = 0) and the voltage attains its maximum value to be V= Voc. Under ideal assumptions,
the short-circuit current corresponds to the photogenerated current (Jsc = Jpn), and the Voc can

be expressed analytically as:

Voc ~ "qﬂln (24 1) (5)

Jo

where n is the diode ideality factor, k is the Boltzmann constant, T is the absolute temperature,

q is the elementary charge, and is the diode saturation current. Eq. (2) and (5) collectively
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indicate that both Jsc and Voc are strongly dependent not only on the intrinsic properties of the
PV material but also on external environmental conditions such as irradiance and temperature.
To ensure consistency and comparability of measurements, a standard testing condition (STC)
is employed, where the incident irradiance is set to 1000 W.m? using the AM 1.5G solar

spectrum and the temperature is maintained at 25 °C.

In addition to Jsc and Voc, the FF is another crucial parameter that quantifies the squareness of
the J-V curve and reflects how effectively the solar cell can convert generated charge carriers

into usable power FF is defined as:

FF = —]MVM (6)
JscVoc

where Jm and Vw are the current and voltage at the Mpp, the point on the J-V curve where the

product of current and voltage is maximized, as depicted in Fig. 3. The PCE, which serves as

a comprehensive measure of the solar cell’s ability to convert incident solar energy into

electrical energy, is calculated based on the relation:

PCE = PM _ JscVocFF (7)
in Pin

where Pu is the maximum output power at the Mpp and Pi, is the incident power per unit area,

specified as 1000 W.m™ according to AM 1.5G standards. Together, the parameters Jsc, Voc,

FF and PCE provide a complete description of the PV performance and are essential for

assessing the effectiveness of solar cell designs under practical operating conditions [12,69].

In practical solar cells, resistance is unavoidable due to material properties and device
architecture. Series resistance (Rs) arises from resistive components in the contacts, interfaces,
and bulk materials, whereas shunt resistance (Rsn) originates from defects in the depletion
region, edge recombination, or leakage paths. Consequently, the resulting current density is

expressed by the modified diode equation:

] =Jo [exp (FEL2) - 1] + 2L g, (8)

nkT Rsn

An increase in R typically leads to a nonlinear reduction in Jsc and FF, while Voc remains
relatively unaffected. In contrast, a higher Rqn significantly enhances FF, with only minor

changes to Voc. Therefore, achieving high-efficiency solar cells requires careful design to
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maintain a low ideality factor, minimal Rs, and maximal Rsn, alongside minimizing

recombination and optical losses [12,64].

2.3.Conventional Sb2(S,Se)s Solar Cell Structure and Functional Layers

2.3.1. Baseline Device and Band Alignment

The standard thin-film Sba(S,Se); solar cell used in the present work adopts the planar
heterojunction architecture FTO/CdS/Sba(S,Se)3/Spiro-OMeTAD/Au, a stack that has become
a suitable baseline because it combines a transparent conductive oxide electrode and a compact
chalcogenide absorber with a well-studied n-type buffer and an organic hole transporter that
reliably extracts holes to the metal back contact. The conventional base device structure is
shown in Fig. 4. In this architecture, FTO functions as the transparent conductive oxide (TCO)
through which light passes and reaches the Sba(S,Se)s layer, which serves as the absorber
material, and Au serves as the back contact. CdS is employed as the ETL, while Spiro-
OMeTAD functions as HTL [44]. Good extraction requires favorable band offsets at both
interfaces: the CdS conduction band must lie below (or be well aligned with) the Sba(S,Se)s
conduction band minimum to accept electrons with minimal barrier, and the HOMO of the
HTL should align with the valence band maximum of the absorber to collect holes efficiently
and suppress recombination. Practical device performance is governed by the absorber quality
(defect density, grain orientation and thickness), the presence of interface recombination
centers at the CdS/absorber and absorber/HTL contacts, the energy band alignment (spike vs
cliff), and the transport and contact resistances of the charge-selective layers [60,70]. In the
baseline architecture, Sba(S,Se)s acts as a p-type (or mildly p-type) narrow-gap absorber with
a composition-tunable direct/indirect bandgap in the ~1.3 - 1.6 eV range depending on the S/Se
ratio and processing, which places it in an ideal spectral region for single-junction PVs [71].
CdS, the conventional buffer, is a wide bandgap (=2.4 - 2.5 eV) n-type material that forms the
electron-collecting contact with FTO. In many devices, CdS produces a near-flat or mildly
cliff-type conduction-band offset at the buffer/absorber interface, which can either help or
hinder electron extraction depending on interface defect chemistry and buffer stoichiometry
[70,72]. Spiro-OMeTAD is widely used as HTL because its HOMO (= —5.2 eV vs vacuum)
and large transport gap allow efficient hole extraction and blocking of electrons, but Spiro’s
cost, the need for dopants to reach high conductivity, and its relative instability under some
conditions motivate alternatives [44]. At the electrodes, commercial FTO provides a stable,

transparent bottom contact (work function commonly reported near ~5.0 eV depending on
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surface treatment) while Au serves as a high-work-function back contact (=5.1 eV), forming
an effective hole collection electrode when the HTL energy levels are matched [73,74]. Thus,
a working device requires careful tuning of absorber thickness, buffer composition and
interface passivation to realize high Voc and FF by minimizing interface recombination and

band misalignment losses.

Sb,(S,Se), planar solar cell

Fig. 4. Experimental high performance Sba(S,Se)s solar cell device structure.

2.3.2. Sbz(S,Se)s Absorber Layer

Sba(S,Se); is a quasi-one-dimensional (Q-1D) antimony chalcogenide semiconductor
possessing an orthorhombic crystal structure with Pbnm symmetry. Its framework is composed
of covalently bonded [Sb4(S,Se)s]n ribbons extending along the [001] direction, while weak
van der Waals interactions connect adjacent chains along the [100] and [010] axes. This
anisotropic configuration not only generates direction-dependent electronic and optical
behavior but also minimizes defect-induced recombination because the grain boundaries are
naturally terminated by non-dangling bonds when ribbons are vertically aligned [75,76]. The
presence of Sb 5s? lone-pair electrons provides additional structural flexibility, allowing the
material to self-heal broken bonds and suppress deep trap states by minor lattice distortions
that stabilize the crystal configuration [77]. Such self-passivating properties, combined with its
benign grain boundaries, make Sba(S,Se)s particularly attractive for high-performance thin-

film PVs.

The unique electronic structure of Sby(S,Se)3 arises from strong hybridization between Sb 5s
and S5p orbitals and the chalcogen p states. Density functional theory (DFT) analyses show that
CBM primarily originates from Sb 5p and S(Se) p antibonding orbitals, while the VBM is
dominated by Sb 5s and S(Se) p hybrid states [78,79]. Its nearly direct bandgap, with a

difference between direct and indirect transitions smaller than 0.1 eV, facilitates efficient light
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absorption and low recombination loss. The optical bandgap is tunable between 1.1 and 1.7 eV
depending on the S/Se composition, as increasing Se content shifts the absorption edge from
~720 nm to ~1100 nm [80,81]. Moreover, its high absorption coefficient (10*-10° cm™) enables
nearly complete light harvesting in absorber layers only a few hundred nanometers thick,
ensuring efficient utilization of solar energy while reducing material costs. Electrical and
transport properties of Sba(S,Se)s are highly anisotropic due to its Q-1D nature. Carriers move
preferentially along the ribbon axis, resulting in superior mobility and reduced interface
recombination when grains are oriented perpendicular to the substrate [76,82]. Proper control
of composition and selenization allows precise modulation of electrical conductivity and carrier
type. The defect tolerance and benign nature of grain boundaries are further improved by the
lone-pair electrons of Sb, which alleviate strain and facilitate spontaneous reconstruction.
However, antisite and vacancy-type defects can still contribute to non-radiative recombination
and Voc losses, necessitating additive engineering or compositional optimization to mitigate

deep-level trap formation [44,83].

The PV performance of Sbx(S,Se)3 has significantly advanced in recent years due to improved
synthesis strategies. Early single-step CBD films achieved 2.5% efficiency [84], which later
increased to 6.6% through controlled interdiffusion of S and Se layers [85]. The introduction
of hydrothermal synthesis marked a breakthrough, where bandgap tuning via S/Se ratio
adjustment enhanced carrier lifetime and minimized trap states, resulting in a certified 10%
PCE [86]. Further optimization through ethylenediaminetetraacetic acid (EDTA) complexation
enlarged the grain size and improved film uniformity, yielding 10.5% PCE [87]. Subsequently,
alkaline metal fluoride-assisted hydrothermal post-treatment engineered a favorable S/Se
gradient, booisting the performance to a record 10.7% PCE [88]. The latest report by Tao Chen
and co-workers pushed this further to 10.75% through refined hydrothermal control and surface
passivation, representing the current highest efficiency for Sba(S,Se); solar cells [42].
Alongside hydrothermal processes, vacuum-based deposition methods such as vapor transport
deposition, dual-source evaporation, and co-sublimation have also yielded PCEs in the range
of 7-9% [40,89]. These approaches allow precise control of film composition and bandgap
gradient formation, promoting dense crystallization and favorable ribbon orientation. Recent
developments incorporating gradient band alignment and Csl-assisted defect passivation have
further improved Voc and device stability. Environmentally, Sbx(S,Se); remains an earth-
abundant and non-toxic alternative to Pb- and Cd-based absorbers [90]. With continued

advances in texture control, defect passivation, and bandgap engineering, the theoretical PCE
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of Sbo(S,Se)s-based solar cells is projected to exceed 20% under optimized device

architectures.

2.3.3. Conventional Inorganic ETLs

In Sbx(S,Se)s solar cells, the ETL plays a decisive role in extracting electrons and blocking
holes while ensuring minimal optical loss and ideal band alignment with the absorber. Because
light first passes through the ETL, it must have a wide bandgap, high electron mobility, and
excellent interface quality to suppress recombination. TiO> is among the most employed ETLs
owing to its transparency, stability, and ease of fabrication. Its anatase (101) surface promotes
parallel orientation of Sb-chalcogenide ribbons, while controlled annealing introduces oxygen
vacancies that enhance epitaxial alignment and Voc [91]. However, its low electron mobility
(~1 cm? V! s) causes recombination, which has been mitigated by dopants such as Ba, Cs,
Li, and Zn [92-95]. CdS remains the most successful ETL in achieving high efficiency (up to
10.75% PCE) because of its good band alignment and high mobility (~350 cm? V! s). Yet, its
narrow bandgap (2.4 eV) leads to parasitic absorption, and Cd diffusion at the interface
degrades stability. These drawbacks have encouraged partial Zn substitution (Cdo.75Zno.25S),
CdS thinning or double-buffer configurations, and oxygen incorporation (CdS:O) to broaden
the bandgap and suppress Cd migration [36].

To replace CdS, Cd-free ETLs such as ZnO, Zn(0O,S), and SnO, have been actively pursued.
Spray-pyrolyzed ZnO exhibits tunable orientation, which influences Sb2(S,Se); ribbon
alignment and ensures remarkable device stability under damp-heat and light-soaking tests
[71]. SnO2, another wide-bandgap material with high mobility, suffers from interface
degradation at high annealing temperatures, but solution and spray processes with dopants
(e.g., LaClz, CdCl») have improved compatibility [96-98]. Overall, TiO, and CdS remain
benchmark ETLs, while ZnO, Zn(0,S), and SnO: based systems represent the most promising
non-toxic alternatives, capable of sustaining efficient charge transport and stability through
optimized doping and interface engineering. However, in terms of performance, they still lag

behind the expected SQ limit, necessitating the new ETL exploration.

2.3.4. Organic and Inorganic HTLs

In Sba(S,Se); solar cells, HTL is crucial for efficiently extracting holes from the absorber while
minimizing interfacial recombination. Organic HTLs, such as spiro-OMeTAD and P3HT, are
widely employed due to their excellent solubility, uniform thin-film formation via spin coating,
and good band alignment with Sbo(S,Se); [83]. P3HT, though inexpensive and easy to process,

suffers from low hole mobility in its amorphous form (~10° cm? V! s1), limiting charge
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transport, and only self-assembled nanofibrils achieve higher mobility (~0.1 cm? V' s)
through strong n—m interactions [99]. Spiro-OMeTAD, doped with LiTFSI and tBP, remains the
most effective organic HTL, enabling high-efficiency Sba(S,Se)s solar cells due to superior

hole extraction and interface passivation [86,88].

Inorganic HTLs offer higher stability against moisture, oxygen, and thermal stress, along with
moderately high hole mobility (0.1-1 cm? V™! s7!). CuSCN, NiOy, V205, MoS3, and WOs have
all been applied in Sb chalcogenides based solar cells. CuSCN, while initially promising,
exhibits weak hole extraction (~5.9 x 10® s!), leading to defect accumulation and
recombination. NiOx, V20s have been deposited via spin coating and post-treatment, yielding
moderate PCE (~3-5%) [167, 168], whereas quantum dot PbS and MoS3 films enhance hole
transport and improve PCE to ~6.8-7.1% [100—-105]. Despite their superior stability, inorganic
HTLs have yet to match the efficiency of spiro-OMeTAD-based devices, primarily due to
suboptimal interface quality and hole extraction. This highlights the ongoing need for non-

toxic, stable HTLs that maintain excellent PV performance in Sba(S,Se)s solar cells.

2.3.5. Front and Back Contacts
In reported Sb(S,Se)s solar cell devices, the front TCO layer almost universally employs FTO

(fluorine-doped tin oxide) as the base substrate. FTO’s advantages include excellent
visible/near-IR transparency, low sheet resistance, and crucially, high thermal and chemical
stability during hydrothermal growth, selenization, and annealing processes, which are
essential to form high-quality Sb(S,Se); films with good ribbon alignment and low defect
densities [42,86]. Many reports on high-efficiency Sba(S,Se); devices start with Glass/FTO
/ecompact SnO2 (or CdS)/absorber stacks, highlighting that the FTO with compact ETL supports
favorable nucleation, orientation control, and interface passivation [106]. In contrast,
alternative TCOs such as ITO and AZO have seen very limited use in Sba(S,Se)s, generally
only in semitransparent or bifacial device configurations where lower-temperature processing
is possible; they are less chemically robust during harsh absorber processing, which limits their

adoption in the bulk of high-performance Sba(S,Se); solar cells [106].

For the back contact, gold (Au) remains the benchmark in Sba(S,Se)s solar cells because its
high and stable work function (~5.1 eV) aligns well with the VB of Sba(S,Se);, enabling
efficient hole extraction with minimal back-barrier losses and avoiding diffusion or chemical
reaction with the absorber [42]. However, novel back electrodes have been explored in

Sba(S,Se); devices. A notable example is the use of MXene (Ti3C,Tx) as a back electrode in the

29



architecture FTO/CdS/Sby(S,Se)s/MXene, which achieved competitive performance and
illustrated that non-noble, conductive, low-reflectance materials can replace Au under proper

interface engineering [107].

2.4.Evaluation of the Proposed Transport Layers

2.4.1. Triazatruxene HTLs

Triazatruxene derivatives exhibit remarkable physicochemical and electronic features that
make them excellent candidates for HTLs in PV applications. Their planar Cs-symmetric -
extended core enables strong m—m stacking, forming uniform, pinhole-free films with low
surface roughness and high morphological stability [108]. These materials demonstrate high
hole mobilities in the range of 10#-10~ cm? V! s, deep HOMO levels between -5.1 and -5.3
eV that ensure favorable band alignment with common absorbers, and excellent thermal
stability with decomposition temperatures above 300 °C . Moreover, the nitrogen-rich indole
framework stabilizes oxidized species, enhances electrochemical robustness, and suppresses

trap formation, leading to superior operational stability in devices [44].

Unlike Spiro-OMeTAD, they function efficiently without dopants, addressing stability issues
from hygroscopic dopants and lithium-ion diffusion [44]. These HTLs have been widely
applied in PSCs. For instance, in 2015, Rakstys et al. synthesized star-shaped HTLs with
methoxybenzene groups, achieving up to 18.3% efficiency [109]. Later, Connel et al. applied
triazatruxene derivatives featuring hexyl side chains in PSCs, reaching 20.3% efficiency [110].
Apart from this, various studies have also explored triazatruxene derivatives with different
structures and properties, subsequently applied them in PSCs [111-117]. Recent studies have
shown, dopant-free HTLs using donor—n—acceptor (D—n—A) architectures [118,119] and star-
shaped triazatruxene derivatives, synthesized via Suzuki—Miyaura cross-coupling, show
pinhole-free films, reducing recombination losses [120]. Additionally, structural modifications,
such as incorporating electron-rich donor units (such as phenyl carbazole and N-hexyl
carbazole) and m-bridging groups (terthiophene), optimize HOMO-LUMO levels, improve
charge mobility, and enhance stability [108,121]. Moreover, HTLs with D—n—A architecture
even achieved PCE twice as high as that of undoped Spiro-OMeTAD, underscoring their
potential as a versatile alternative to Spiro-OMeTAD [122]. While these HTLs have been
successful in PSCs, there are no experimental or theoretical reports on the use of these HTLs
in Sba(S,Se); solar cells. Therefore, for the first time, we propose the use of triazatruxene-based
HTLs as an alternative for Spiro-OMeTAD in Sbx(S,Se)s solar. Hence, this thesis investigates

the potential of triazatruxene derivatives with D—n—A architectures, such as N-ethyl rhodamine
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and dicyanovinylene N-ethyl rhodamine-modified triazatruxenes (CI-B2,CI-B3), and star-
shaped 5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole (TAT-H), 3,8,13-
tris(4-(8a,9a-dihydro-9H-carbazol-9-yl)phenyl)-5,10,15-trihexyl-10,15-dihydro-5H-
diindolo[3,2-a:3",2'-c]carbazole (TAT-TY1), and 3,8,13-tris(4-(8a,9a-dihydro-9H-carbazol-9-
yl)phenyl)-5,10,15-trihexyl-10,15-dihydro-5H-diindolo[3,2-a:3",2'-c]carbazole =~ (TAT-TY2)
derivatives, as a substitute for the conventional Spiro-OMeTAD HTL in Sbx(S,Se)s solar cells
using SCAPS-1D simulations.

2.4.2. SrTiOs ETL

SrTiOs is a cubic perovskite oxide (ideal ABOs3 structure) that is a wide-bandgap semiconductor
(indirect Eg = 3.2-3.25 eV; direct E; = 3.7-3.75 eV) with an electronic structure dominated by
O-2p states at the VB and Ti-3d states at the CB edge. Its large static dielectric constant and
strong polarizability provide superior charge screening compared with conventional oxide
ETLs (e.g., TiO2). Further, its reduced coulombic trapping can lower interfacial recombination
velocities, which is a desirable property when coupling to a chalcogenide absorber such as
Sba(S,Se); where interface traps can limit Voc. Pristine STO is insulating at room temperature,
but controlled n-type conductivity is routinely achieved by aliovalent doping (e.g., Nb>* to Ti*")
or by engineering oxygen vacancies [123—125]. These approaches raise carrier concentration
and electronic conductivity to levels suitable for ETL use while preserving the wide optical gap
that prevents parasitic absorption of visible light. Importantly for Sba(S,Se)s, the CB edge of
STO is positioned at a higher energy relative to TiO2 in many reports, which favors stronger
electron extraction and can increase Voc when properly aligned with the absorber CB. In solar
cell device this effect has been shown to yield higher Voc and enhanced stability versus TiO>
ETLs . Finally, STO films and nanoparticle inks can be deposited by a range of techniques
(low-temperature solution/sol-gel, sputtering, pulsed laser deposition, spray pyrolysis, and
nanoparticle paste processing), and nanoscale or mesoporous morphologies provide
percolating electron pathways when the intrinsic conductivity is enhanced [61,126—128]. This
flexibility in processing is valuable when integrating a novel ETL into an Sba(S,Se)s stack that

may require specific thermal or chemical compatibility.

Experimentally, STO has been applied as an ETL in PSCs and colloidal quantum-dot devices,
showing promising results: Bera et al. reported meso-STO ETLs in CH3NH3PbI3.xClx devices
with Voc improvement of ~25% compared to TiO> controls [129], and De Bastiani et al.
achieved ~19% PCE in PSCs with low-temperature processed STO ETLs and demonstrated
enhanced device stability (~80 % of initial efficiency after 1000 h illumination) [61]. Although
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STO has not yet been reported as an ETL in Sbx(S,Se)s devices, these results strongly support
its candidacy. Implementing STO in Sba(S,Se); solar cells could leverage improved band
alignment, optical transparency, and stability while reducing reliance on Cd-based ETLs (such
as CdS). Key tasks will include verifying STO/Sby(S,Se); band offsets, ensuring STO
conductivity (e.g., via doping or nanoparticle films), and optimizing interface engineering to

suppress recombination at STO/absorber boundaries.

2.4.3. g-C3N4 Interfacial Layer

g-C3Ny is a layered polymeric semiconductor composed of tri-s-triazine (heptazine) units
connected through planar tertiary N linkages, forming a sp*hybridized conjugated m-system
that enables charge delocalization along the 2D plane. It crystallizes in a pseudo-graphitic
structure with an interlayer spacing of ~0.326 nm and exhibits a moderate bandgap of 2.6-2.8
eV, allowing visible-light absorption up to ~460 nm [130,131]. The CBM —4.1 eV and VBM
—6.7 eV make it energetically compatible with typical n-type and p-type semiconductors for
efficient electron extraction [132]. Despite its intrinsically low conductivity (~10® S cm™) and
limited electron mobility (103-10"2 cm? V! s7) due to strong electron—phonon coupling, these
parameters can be enhanced by heteroatom doping (O, S, P, B), metal incorporation (Zn, Ag,
Ni), or nanostructuring into nanosheets and quantum dots, which introduce mid-gap states and
improve carrier delocalization [131]. The presence of surface amino and imide groups provides
abundant Lewis base sites capable of coordinating metal cations or interacting with adjacent
oxides and chalcogenides, enabling effective interface dipole formation and trap-state
passivation. Furthermore, the high thermal stability (up to ~600 °C), chemical inertness, and
tunable work function (4.1- 4.4 eV) make g-C3N4 a robust interfacial material for PV devices

[130].

Recent studies have successfully incorporated g-CsN4 as an electron transport or buffer layer
in various solar cell architectures owing to its favorable band alignment and passivation
chemistry. In PSCs, introducing g-C3Ns nanosheets or quantum dots between the
SnOsy/perovskite or TiO»/perovskite interfaces markedly reduced interfacial recombination and
improved carrier extraction, achieving PCEs exceeding 22%. The hybridization of SnO; with
ultrathin g-C3N4 layers enhanced film conductivity and suppressed oxygen vacancies,
facilitating faster interfacial electron transfer and higher Voc. Similarly, in organic and DSSCs,
g-C3Ns-based ETLs have demonstrated improved charge collection and device stability
through enhanced electron mobility and barrier-free energy alignment [133—135]. These results

underline its multifunctional ability to act simultaneously as an electronic bridge and defect-
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healing interface. Given its suitable CB position (close to CdS), strong adhesion through
surface N sites, and capacity to inhibit interdiffusion, an ultrathin g-C3N4 layer between CdS
and Sba(S,Se); could effectively reduce interface recombination, minimize Cd—S/Se alloying,
and tune the CB offset for optimized electron flow. Such integration could thus be a promising
strategy for achieving higher Voc and overall device efficiency in Sba(S,Se); thin-film solar

cells.
2.5.0verview of SCAPS-1D Simulation

SCAPS-1D, short for Solar Cell Capacitance Simulator in One Dimension, was developed by
Prof. Marc Burgelman and his research group at Ghent University, Belgium, and has since
evolved into one of the most accessible simulation tool in PV research [136]. Originally
designed to study thin-film heterojunction devices, SCAPS-1D has grown into a versatile
modeling tool that bridges theoretical understanding and experimental design. Its wide
acceptance stems from its ability to accurately reproduce experimental trends while
maintaining simplicity and computational efficiency, making it suitable for both academic
exploration and pre-fabrication analysis. Unlike complex multidimensional modeling
platforms, SCAPS-1D focuses on vertical carrier transport within multilayer structures, which
is often the dominant process in thin-film solar cells [44]. It numerically solves the coupled
Poisson and continuity equations for electrons and holes, enabling the detailed simulation of
fundamental device processes such as charge transport, recombination, and electrostatic
potential distribution. From these solutions, it generates key electrical characteristics including
current—voltage (J-V) curves, capacitance—voltage (C—V) behavior, quantum efficiency (QE)

spectra, and transient responses, offering deep insight into the internal physics of the device.

One of greatest advantages of SCAPS-1D lies in its computational efficiency and intuitive
interface, which allow researchers to perform rapid simulations without the need for advanced
hardware or programming expertise [44]. It permits fine control over material and structural
parameters such as doping density, defect concentration, bandgap, mobility, and layer thickness
facilitating systematic optimization of PV performance. Despite being one-dimensional,
SCAPS-1D has proven capable of reliably predicting device behavior and correlating well with
experimental outcomes, which underpins its sustained importance in PV modeling. Although
higher-dimensional tools like COMSOL Multiphysics or Sentaurus TCAD can model complex
geometries and lateral effects, they typically require substantial computational power and

costly licenses. In contrast, SCAPS-1D remains freely available, well-validated, and highly
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adaptable, supporting features like interface modeling, defect analysis, and multilayer
structures [137]. This combination of simplicity, accuracy, and accessibility has established
SCAPS-1D as an indispensable tool for understanding and optimizing the performance of

emerging thin-film solar cells.

3. Hypothesis

The emerging chalcogenide absorber Sba(S,Se)s, known for its tunable direct bandgap, high
optical density, and low effective carrier mass, can enhance solar cell performance when
integrated with various transport layers and interfacial engineering strategies that modulate
band offsets, improve photocurrent generation, and restrict ion interdiffusion, while

minimizing open circuit voltage and fill factor losses.

4. Objectives

4.1.General Objective

To investigate the performance and charge carrier dynamics of Sbx(S,Se)s solar cells through
systematic studies of hole transport layers, electron transport layers, and interfacial
modifications, aiming to enhance photocurrent, energy band alignment, and overall device

efficiency.

4.2.Specific Objectives

1. To perform SCAPS-1D simulations of Sba(S,Se); solar cells by reproducing the baseline
FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au device, introducing triazatruxene-based HTLs
(CI-B2, CI-B3, TAT-H, TAT-TY1, TAT-TY?2) as cost-effective alternatives, and optimizing
HTL, ETL, and absorber parameters to improve PV characteristics and overall PCE.

2. To investigate the interface properties and optimized device performance by examining J-
V, QE, Electric field, Nyquist plots, Generation and recombination profile, and energy band
alignment, and to assess the effects of temperature and illumination intensity on device
operation.

3. To explore the role of SrTiO3 as a Cd-free electron transport layer in Sb(S,Se)s solar cells
through SCAPS-1D numerical simulations, emphasizing its influence on charge transport
and device efficiency.

4. To synthesize and characterize urea-derived graphitic carbon nitride (GCN) and study its
structural, optical and electrical properties using various characterization techniques such

as XRD, UV-Vis, FESEM-EDS and XPS.
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5. To incorporate experimentally derived properties of GCN into device simulations and
elucidate its effect on interfacial charge transport, accumulation capacitance, built-in

potential, and charge transfer resistances for enhanced device performance of Sba(S,Se)s.

4.3.0verview of the Objectives

Objectives 1 and 2: A comprehensive analysis pertaining to objectives 1 and 2, as detailed in
Sections 5.1 and 6.1. Our investigation focused on evaluating the potential of triazatruxene-
based HTLs as alternatives to the conventional Spiro-OMeTAD in Sba(S,Se)s solar cells.
Initially, we successfully replicated the baseline device configuration of
FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au, which enabled us to reproduce the previously
reported experimental results. Subsequently, we introduced a range of triazatruxene-based
HTLs, specifically CI-B2, CI-B3, TAT-H, TAT-TY 1, and TAT-TY2, which were selected due
to their cost-effectiveness and thermal stability. These HTLs were chosen based on their high
hole mobility, favorable energy level alignment, and superior molecular ordering, all of which
contribute to enhanced charge extraction and reduced recombination losses. The optimization
process entailed adjusting the thickness and doping concentrations of the HTL, ETL, and
absorber layers, in addition to minimizing interface defect densities. This approach aimed to
improve overall charge transport and device stability. We conducted detailed simulation
analyses to examine the J-V characteristics, QE, Nyquist plots, electric field distribution, and
generation-recombination profiles, along with the corresponding energy band alignments at the
interfaces. The results indicated that optimized triazatruxene-based HTLs significantly
enhanced device performance, achieving a PCE in the range of 21-23%. Among the HTLs
investigated, TAT-TY1 and TAT-TY2 demonstrated superior band alignment and interfacial
charge transfer, attaining the highest efficiencies of 23.24% and 23.11%, respectively.
Additionally, we evaluated the influence of temperature (ranging from 280-400 K) and
illumination intensity (ranging from 100 — 1000 W/m?) on the optimized devices to assess their
operational stability under realistic conditions. Overall, this study establishes triazatruxene-
based HTLs as viable, low-cost, and stable alternatives to Spiro-OMeTAD, offering enhanced
charge transport, reduced recombination, and improved device reliability in Sbo(S,Se)s solar
cells. The findings of this research have been published in Advanced Theory and
Simulations, Wiley, 2025 (https://doi.org/10.1002/adts.202500487).

Objective 3: A comprehensive investigation addressing Objective 3 is detailed in Sections 5.2
and 6.2. In this phase of the study, we conducted a numerical evaluation of the potential for a

Cd-free Sba(S,Se)s solar cell utilizing strontium titanate (STO) as the ETL through the SCAPS-
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ID simulation platform. The device was designed with the configuration
FTO/STO/Sba(S,Se)3/Spiro-OMeTAD/Au, with the intention of mitigating interface
recombination losses typically observed in structures based on CdS and TiO>. We initiated our
work by constructing a baseline device, and to our surprise, the initial simulation yielded a PCE
of 14.4%. Subsequently, we optimized the ETL parameters by varying the thickness of STO
from 0.01 pm to 0.1 um and the ND from 10'? cm™ to 10?° cm™. This optimization aimed to
achieve uniform interface coverage, reduce resistive losses, enhance carrier transport, and
minimize recombination. Following these optimizations, the device efficiency increased to
21.91%, yielding a Voc of 1.04 V, a Jsc of 27.52 mA/cm?, and a FF of 76.29%. Moreover, we
examined the energy band alignment and the generation-recombination behavior at the
STO/Sbx(S,Se)s interface after optimization to confirm the effectiveness of STO in promoting
efficient electron extraction and in preventing hole backflow. To further evaluate the
operational reliability of the proposed structure, we systematically investigated the effects of
temperature and illumination intensity on device performance. These simulations aimed to
capture the temperature-dependent variations in Voc, Jsc, FF, and PCE, along with the
illumination-induced behavior in carrier generation and quasi-Fermi level splitting. Overall,
the optimized STO-based solar cell demonstrated superior performance and stability compared
to CdS-based counterparts, establishing STO as a promising, non-toxic ETL capable of
achieving high efficiency in Sba(S,Se)s solar cells. The findings from this objective have been
accepted for publication in the 22nd International Conference on Electrical Engineering,

Computing Science and Automatic Control (CCE), 2025.

Objectives 4 and 5: A comprehensive analysis addressing Objectives 4 and 5 is provided in
Sections 5.3 and 6.3. In this section, we conducted a combined experimental and numerical
investigation to evaluate the role of g-C3N4 (GCN) as a functional interfacial layer in Sba(S,Se)s
solar cells. Initially, GCN was synthesized using a modified thermal polymerization of urea,
and its structural, morphological, and optical features were characterized employing techniques
such as XRD, XPS, FESEM, EDS, and UV—Vis spectroscopy. The experimentally obtained
parameters, including bandgap, electron affinity, and crystallinity, were integrated into
SCAPS-1D simulations to accurately reflect realistic material behavior in the modeled devices.
Starting from a validated experimental baseline configuration, the device was systematically
optimized to assess the influence of interfacial and layer-level engineering on charge transport
and PV response. The incorporation of the GCN interlayer between the Sba(S,Se)s absorber

and the CdS ETL significantly enhanced charge extraction and suppressed interfacial
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recombination, achieving an impressive PCE of approximately 18%. We performed full device
optimization by systematically varying the thickness and doping concentrations of the ETL,
absorber, GCN interlayer, and HTL to determine their combined effect on device performance.
Following the establishment of the optimized configuration, a detailed analysis was conducted
to investigate how interface defect density and defect energy levels impacted PV performance.
The relationship between interface defects and key parameters such as PCE, carrier density,
and recombination rate was thoroughly examined to understand their effects on charge
dynamics and stability. Upon complete optimization, the device achieved a PCE of 27.42%
and a QE exceeding 90% across the visible spectrum. Furthermore, we analyzed the variation
in PCE concerning interfacial defect energy levels, the spatial distribution of electron and hole
concentrations, generation-recombination profiles, and energy band alignment of the
optimized device. This allowed us to elucidate how GCN modifies interfacial properties and
carrier transport pathways. The combined synthesis—simulation approach establishes a robust
framework that bridges experimental and theoretical perspectives, positioning GCN as a
promising sustainable interfacial material for next-generation chalcogenide thin-film PVs. This
work has been submitted for publication in the Journal of Alloys and Compounds, Elsevier,

2025.
5. Methodology

5.1.Simulation Procedure for Sbz(S,Se)s Solar Cells using Triazatruxene Hole

Transport Layers

In this study, the performance of Sba(S,Se); solar cells was analyzed using SCAPS-1D,
incorporating five triazatruxene-based HTLs such as CI-B2, CI-B3, TAT-H, TAT-TY1, and
TAT-TY2 along with the conventional Spiro-OMeTAD. The device structure consists of
FTO/CdS/Sba(S,Se)s/HTL/Au, a commonly adopted configuration in high-performance
Sba(S,Se)s-based solar cells. Fig. 5(a) illustrates the proposed structure and the alternative
HTLs. The simulation parameters used in this study are taken from experimental and theoretical
reports and from the calculations as detailed in Tables 1, 2, and 3. Parameters such as bandgap
(Eg), affinity (y), dielectric permittivity (&), electron and hole mobilities (un, 1p) were directly
taken from the experimental reports. The defect densities (N;) were obtained from SCAPS 1D
based on the lifetime values experimentally reported in the literature for those materials.
Whereas effective density of states in the conduction (N¢) and valence bands (Ny), donor and

acceptor densities (Np, Na) were obtained using calculations where the values required for the
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calculations were directly taken from the experimental reports.

calculation are as follows [64],

anthTr/z
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Where me and . are the effective mass and mobility of electrons, mp and i are the effective

mass and mobility of holes, T is temperature, h is planks constant, Kg is Boltzmann constant,

e is the elementary charge, 7 is the relaxation time, and are the electron and hole mobilities, ¢

is the conductivity, q is electric charge, p is the acceptor (Na) density and n is the donor (Np)

density.

Table 1. Input parameters of all layers required for base device simulation.

Parameters FTO CdS Sb2(S,Se)s Triazatruxenes

Spiro CI-B2 CI-B3 TAT-H TAT-TY1 TAT-TY-2
Thickness (pm) | 0.350 0.060 0.207 0.100 0.100 0.100 0.100 0.100 0.100
Eg (eV) 3.6 2.44 1.43 3.1 2.06 1.98 3.4 3.14 3.26
% (eV) 4.5 4.1 3.81 2.1 3.22 3.33 1.45 2.03 1.84
€ 8.9 10 15.00 3 32 3.6 2.8 2.7 2.1
Nc (em?) 2.2E+18 | 2.2E+18 2.2E+18 2.2E+18 | 1.66E+19 [C] 8.85E+17 [C] | 4.59E+20 [C] | 4.53E+15[C] | 2.88E+16
Nv (cm) 1.8E+19 | 1.8E+19 1.8E+19 1.8E+19 | 4.70E+19 [C] 2.50E+17 [C] | 1.30E+21 [C] | 1.28E+16 [C] | 8.15E+16
i (cm?/Vs) 100 100 9.8 2E-4 8.00E-05 1.3E-4 4E-6 2.9E-3 1E-3
h (cm?/Vs) 25 25 10 2E-4 1.60E-04 [C] 2.60E-04 [C] | 8.00E-06 [C] | 5.80E-03[C] 2.00E-03[C]
Na (cm) 0 0 1.66E+16 4E+18 4.16E+16 [C] 4.62E+17 [C] | 5.31E+18 [C] | 3.02E+16[C] | 9.38E+16[C]
Np (cm™) 1E+20 1.1E+18 0 0 0 0 0 0 0
Nt (em) 1E+16 1.00E+14 1E+15 3.2E+15 [C] 3E+15 [C] 7.00E+15 [C] | 4.33E+16 5.01E+16
References [47][42] | [47][42] [47][42] [47][42] | [121] [121] [108] [108] [108]

[C] indicate that the parameters are calculated using experimentally reported values from [108,121].
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Table 2. Details of defect types and defect densities of Sba(S,Se)s absorber

Parameters Defect 1 [42] Defect 2 [42]
Electron capture cross section on (cm?) 1.99E-17 5.91E-17

Hole capture cross section 6p (cm?) 1.99E-17 5.91E-17

Reference for defect energy level E¢ Above the highest Ev Above the highest Ev
Energy with respect to reference (eV) 0.5 0.671

Defect density Nt (cm™) 6.28E+12 1.88E+13

Table 3. Table 3. Details of defect types and defect densities at the ETL/ Sba(S,Se); and HTL/

Sba(S,Se); interfaces.
Parameters CdS/Sba(S,Se)s Sbz(S,Se)s/spiro Sbz(S,Se)s/Triazatruxen
interface OMeTAD interface es interface
Defect type Neutral Neutral Neutral
Electron capture cross section on (cm?) 1E-15 1E-19 1E-19
Hole capture cross section ¢, (cm?) 1E-15 1E-19 1E-19
Reference for defect energy level E¢ Above the highest Ev Above the highest Ev | Above the highest Ev
Energy with respect to reference (eV) 0.6 0.6 0.6
Defect density N¢ (cm™2) 2.5E+14 1.4E+14 1E+12

Initially, we have replicated the experimental base device through SCAPS-1D simulation with
the configuration of an experimentally reported high PCE device utilizing the parameters
mentioned in Tables 1, 2, and 3. We performed the simulations at 300 K under the AM 1.5G
solar spectrum irradiance. The work function of gold (Au) was set to -5.1 eV. Surface
recombination velocities for both electrons and holes of each layer were configured as 1x10’
cm/s, as outlined in Table 1. Further, neutral defects were introduced at the Absorber/HTL and
ETL/Absorber interfaces to ensure realistic operating conditions for simulation, as detailed in
Table 3. The series resistance (Rs) of 3.7 Q-cm? and shunt resistance (Rsy) of 752.1 Q-cm? for
the device, along with the absorption coefficient of 2.28 x 10° cm™ for the absorber layer, were
chosen to align with experimental data [42]. The JV curve of the experimental and simulated
base device shown in Fig. S(b). The PV parameters presented in the inset table validate the
reliability of the simulation method, with negligible deviations of 0.02 V for Voc, 0.17 mA/cm?
for Jsc, 1.82% for FF, and no variation in PCE. After reproducing these values, various
triazatruxene-based HTLs were explored as replacements for Spiro-OMeTAD. Details of the

HTL input and interface parameters are provided in Tables 1 and 3.
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Fig. 5. (a) Base device configuration and the proposed triazatruxene HTLs

The study then investigated the effects of varying the thickness from 0.05 to 0.2 um for HTL,
from 0.05 to 0.15um for ETL, and from 0.1 to 1.0 pm for the absorber, respectively. And the
Na of HTL and absorber and Np of ETL was varied from 10'? to 10?° cm™. Additionally,
changes with respect to the defects at the ETL/absorber and absorber/HTL interfaces in the

2 were examined. The results were confirmed through various

range of 10'° to 10'® cm-
analytical outcomes of SCAPS 1D simulation, such as electric field distribution, recombination
analysis, energy band structure assessments, J-V, C-F, and QE measurements. The study also
explores the effects of operating temperature and light intensity on device performance,

offering guidance for designing more stable and efficient solar cells under practical conditions.

5.2. Simulation Strategies for Cd-free Strontium Titanate Electron Transport Layer in

Sb2(S,Se)s Solar Cell

In this research, we utilized the SCAPS-1D simulation software to investigate the performance
of a heterojunction solar cell configured as FTO/STO/Sbx(S,Se)3/Spiro-OMeTAD/Au as shown
in Fig.6. A key aspect of this study was the introduction of STO as a novel ETL. To assess its
impact on device behavior, simulations were performed by systematically varying both the
thickness and donor density of STO. All simulations were conducted at 300 K and under the
AM1.5G solar spectrum, with a standard irradiance of 100 mW/cm? The back contact (Au)
was modelled with a work function of —5.1 eV. A surface recombination velocity of 1x107 cm/s
was applied at the interfaces, and neutral interface defects were introduced at the ETL/absorber
and absorber/HTL junctions to replicate realistic interfacial effects. Specific parameters for

each layer and their interfaces are provided in Table 4, 5 and 6.

40



Table 4. Base device layer parameters for device with STO ETL.

Parameters FTO SrTiO; Sbz(S,Se); Spiro-OMeTAD
Thickness (pm) 0.350 0.100 0.207 0.100
Ec (eV) 3.6 3.2 1.43 3.1
¥ (eV) 4.5 4.0 3.81 2.1
& 8.9 8.7 15.00 3
Nc (em?) 2.2E+18 1.7E+19 2.2E+18 2.2E+18
Nv (em™) 1.8E+19 2E+20 1.8E+19 1.8E+19
I (cm?/Vs) 100 SE+3 9.8 2E-4
uh (em?/Vs) 25 6.6E+2 10 2E-4
Na (em™) 0 0 1.66E+16 4E+18
Np (ecm™?) 1E+20 2E+16 0 0
N¢ (em™) 1E+16 1E+15 1E+15
References [44] [138] [44] [44]
Table 5. Absorber defect parameters for device with STO ETL [44]
Parameters Defect 1 Defect 2
Electron capture cross section 6, (cm?) 1.99E-17 5.91E-17
Hole capture cross section o, (cm?) 1.99E-17 5.91E-17
Reference for defect energy level E, Above the highest Ev | Above the highest Ev
Energy with respect to reference (eV) 0.5 0.671
Defect density N¢ (cm™) 6.28E+12 1.88E+13

Table 6. Interface defect parameters for device with STO ETL. [44,138]

Parameters STO/ Sba(S,Se)s Sb(S,Se)s; /spiro OMeTAD
Defect type Neutral Neutral

Electron capture cross section 6, (cm?) 1E-15 1E-19

Hole capture cross section ¢, (cm?) 1E-15 1E-19

Reference for defect energy level E; Above the highest Ev Above the highest Ev
Energy with respect to reference (eV) 0.6 0.6

Defect density N¢ (cm™2) 1E+14 1.4E+14
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The simulation also incorporated a series resistance (Rs) of 3.7 Q.cm? and a shunt resistance
(Ran) of 752.1 Q.cm?, reflecting practical device characteristics. The absorption coefficient of
the Sb(S,Se)s absorber was set to 2.28x10° cm™!, based on previously reported experimental

data [139].
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Fig. 6. Base device structure with STO as ETL.

5.3. Experimental and Simulation Procedure for Graphitic Carbon Nitride Interfacial

Layer in Sbz(S, Se)s Solar Cells

5.3.1. Experimental Procedure

GCN was prepared through a modified thermal polymerization approach based on an earlier
protocol [140]. In this process, 10 g of urea (ACS reagent grade, <0.001% (Heavy Metals by
ICP-OES, metals basis), 99.0-100.5%, solid) was placed into a lidded ceramic crucible and
subjected to heat treatment under atmospheric conditions. The crucible was then introduced
into a programmable muffle furnace (Isotemp 650-750 Series, Fisher Scientific), where the
temperature was ramped up to 550°C and maintained for 3 hours to promote complete thermal
decomposition and polymerization of the precursor. After the heating cycle, the furnace was
allowed to cool naturally to room temperature. The obtained yellow powder was subsequently
washed with 0.1 mol L™! nitric acid (Bakers ACS reagent, 66.5%), followed by repeated rinsing
with distilled water to remove any remaining alkaline residues such as surface-bound ammonia.
The product was then dried at 80 °C for 12 hours and finally ground into a fine powder using

a mortar and pestle for use in further characterization studies.
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5.3.2. Characterization Techniques

The investigation of the crystal structure and orientation of the samples was employed by XRD
with Cu-Ko radiation (A = 1.5406 A) using Smart Lab, RIGAKU instrument. The XRD scans
were conducted with a step size of 0.04° at 20 mA and 45 kV. The optical properties of the
samples were determined using a Shimadzu UV2450 UV-Vis spectrophotometer at room
temperature. FESEM images were subsequently recorded using a JSM-7401F (JEOL)
instrument at an operating voltage of 5 kV. The chemical composition analysis was then carried
out through EDS at 6 kV using an XFlash 5010 detector (BRUKER) coupled with FESEM.
The surface chemistry was further analyzed by XPS using a Thermo Scientific K-Alpha
spectrometer supplied with a monochromatic Al Ka X-ray source (1486.6 eV). Survey spectra
were recorded over a range of -10 to 1350 eV with a pass energy and step size of 200 eV and
1 eV, respectively. High-resolution spectra and valence band position were then recorded with

a pass energy and step size of 50 eV and 0.1 eV, respectively.

5.3.3. Simulation Details and Experimental Base Device Validation

In this study, the solar cell device structure considered is FTO/Spiro-OMeTAD/Sba(S,
Se)3/GCN/CdS/Au, where GCN is introduced as a novel interfacial layer between the Sba(S,
Se); absorber and the CdS ETL layer. The electrical and optical parameters for all layers
including bandgap (Ey), electron affinity (y), dielectric permittivity (e:), electron and hole
mobilities (i, Kp), effective density of states in the conduction (N¢) and valence bands (Ny),
defect densities (Nt), donor and acceptor densities (Np, Na) are listed in Table 7, 8. Parameters
for each layer in the baseline device were adopted from previous experimental reports, while
those for the GCN, the key parameters such as Eg, , & were extracted from our experimental
data (from UV-Vis absorbance, transmittance, XPS) and other dependent parameters from
standard literature. To realistically model the interfaces and their impact on device
performance, interface defect layers were introduced at the HTL/absorber, absorber/GCN,
GCN/ETL, and absorber/ETL junctions for both the baseline device and the GCN-modified
device, as detailed in Table 9. The simulations were performed under standard operating
conditions of AM1.5G illumination (1000 W/m?) at a temperature of 300 K. The series
resistance (Rs) and shunt resistance (Rsu) were fixed at 3.7 Q.cm? and 752.1 Q.cm?,
respectively. The back contact (Au) work function was set to -5.1 eV [42]. The energy
distribution of these interface defects was assumed to be Gaussian, and the parameters were

adjusted to represent mid-gap recombination centers.
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Table 7. Input parameters of all layers required for base device simulation

Parameters FTO CdS GCN Shy(S,Se); Spiro-OMeTAD
Thickness (um) 0.350 0.060 0.050 0.207 0.100
Ec (eV) 3.6 2.44 2.8 [Exp] 1.43 3.1

1 (eV) 4.5 4.1 3.6 [Exp] 3.81 2.1

& 8.9 10 7 [Exp] 15.00 3

Nc (em™) 2.2E+18 2.2E+18 2.2E+18 2.2E+18 2.2E+18
Nv (em™) 1.8E+19 1.8E+19 1.8E+19 1.8E+19 1.8E+19
s (cm?/Vs) 100 100 100 9.8 2E-4

i (cm?/Vs) 25 25 100 10 2E-4

Na (cm™) 0 0 0 1.66E+16 4E+18
Np (ecm™) 1E+20 1.1E+18 1E+18 0 0

N¢ (em™) 1E+16 1.00E+14 | 2.5E+14 1E+15
References [471[42] [47][42] [141-143] | [47][42] [471[42]
[Exp] indicates that the parameters are extracted from our experimental results.

Table 8. Details of defect types and defect densities of Sba(S, Se)s absorber

Parameters Defect 1 [42] Defect 2 [42]
Electron capture cross section 6, (cm?) 1.99E-17 5.91E-17
Hole capture cross section o, (cm?) 1.99E-17 5.91E-17
Reference for defect energy level E; Above the highest Ev | Above the highest Ev
Energy with respect to reference (eV) 0.5 0.671
Defect density N¢ (cm™) 6.28E+12 1.88E+13
Table 9. Details of defect types and defect densities at the interfaces
Parameters Sba(S,Se)s/ | Sba(S,Se)s/ | GCN/ GCN/CdS
spiro CdS Sba(S,Se);
OMeTAD
Defect type Neutral Neutral Neutral Neutral
Electron capture cross section 6, (cm?) 1E-19 1E-15 1E-15 1E-19
Hole capture cross section o, (cm?) 1E-19 1E-15 1E-15 1E-19
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Reference for defect energy level E; Above the | Above the | Above the | Above the
highest Ev | highest Ev | highest Ev | highest Ev

Energy with respect to reference (eV) 0.6 0.6 0.6 0.6

Defect density N; (cm™2) 1.4E+14 2.5E+14 1E+14 2.5E+14

The baseline FTO/CdS/Sba(S, Se)s/Spiro-OMeTAD/Au solar cell was initially simulated to
reproduce the experimentally reported device behavior. Then GCN interfacial layer was
incorporated between CdS and Sbx(S,Se)s (schematically shown in Fig. 7, whose J-V, QE,
electric field distribution Nyquist Plot, Generation and recombination rate and energy band

diagram are extracted for baseline devices without and with GCN and analysed in detail.

Fig. 7. Base device structure and GCN introduction.

Following baseline and GCN incorporation validation, a comprehensive optimization of
thickness and carrier densities of each layer was carried out to maximize device performance.
For instance, he effects of varying the thickness from 0.05 to 0.15 um for the HTL, from 0.1 to
1 um for the Sba(S, Se)s absorber, from 0.01 to 0.1 pm for the GCN interfacial layer, and from
0.05 to 0.1 pum for the ETL, respectively. The acceptor density (Na) of the HTL (10'2 to 10%°
cm™) and the Sba(S, Se)s absorber (10! to 10'® cm™), and the donor density (Np) of the GCN
(10'% to 10* ¢cm™) and the ETL (10'? to 10?° cm™) were varied. Additionally, the effect of
interface defect densities at the HTL/Sba(S, Se)s, ETL/Sba(S, Se)s, Sba(S, Se)s/GCN, and
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GCN/ETL interfaces was examined in the range of 10'? to 10** cm™?. The variation in PV
parameters on optimization of devices with and without GCN incorporation is compared and
analyzed through various SCAPS-1D analytical outputs, including generation—recombination
analysis, electric field distribution, energy band structure assessment, J-V curves, QE
responses, C—V, Mott-Schottky, and C—F measurements. The study also explored the effects of
operating temperature and light intensity on device performance, providing insights for
designing more efficient and stable Sba(S, Se)s-based solar cells with GCN interfacial
engineering. These analyses helped in understanding the role of GCN in suppressing interface

recombination and improving carrier extraction efficiency.

6. Results and Discussion

6.1. Modelling Insights of Sb2(S,Se)s Solar Cells using Triazatruxene Hole

Transport Layers

6.1.1. Initial Device Performance

The JV curve of the experimental and simulated base device shown in Fig. 8. The PV
parameters presented in the inset table validate the reliability of the simulation method, with
negligible deviations of 0.02 V for Voc, 0.17 mA/cm? for Jsc, 1.82% for FF, and no variation
in PCE. After reproducing these values, various triazatruxene-based HTLs were explored as
replacements for Spiro-OMeTAD. Details the PV parameters of base devices employing Spiro-
OMeTAD and the alternative HTLs is presented in Table 10.

Table 10. Device performance for the initial devices.

Device structure Voc (V) Jsc FF PCE

(mA/cm?) (%) (%)
FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au 0.65 25.10 65.53 10.75
FTO/CdS/Sby(S,Se)s/CI-B2/Au 0.64 24.53 39.42 6.24
FTO/CdS/Sby(8S,Se)s/CI-B3/Au 0.63 24.45 33.19 5.12
FTO/CdS/Sby(S,Se)s/TAT-H/Au 0.67 24.35 52.51 8.58
FTO/CdS/Sby(S,Se)s/TAT-TY 1/Au 0.65 24.81 59.14 9.57
FTO/CdS/Sby(S,Se)s/ TAT-TY2/Au 0.65 24.94 64.95 10.60
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Fig. 8. Comparison of experimental and simulated JV curve.

6.1.2. Optimization of HTL, ETL and Absorber Properties
6.1.2.1. Effect of HTL Thickness and Na
The impact of HTL thickness is pivotal in controlling the hole transport from the absorber to

the back contact, while also minimizing the direct interaction between the absorber and the
back contact.[144] Therefore, optimizing HTL thickness is essential for enhancing solar cell
efficiency. To explore this, we varied the thickness of Spiro-OMeTAD, CI-B2, CI-B3, TAT-H,
TAT-TY1, and TAT-TY2 HTLs between 0.05 and 0.2 um. The resulting variations in Voc, Jsc,
FF, and PCE are outlined in Fig. 9(a-d). As the HTL thickness increases, there are no
substantial variations in Voc, Jsc, FF, and PCE for Spiro-OMeTAD, CI-B3, TAT-H, TAT-
TY1land TAT-TY2 HTLs-based solar cells, indicating HTL thickness has minimal effect in the
performance of these solar cells. However, a slight decrement is observed in all PV parameters
for CI-B2-based solar cells as thickness increased from 0.05 to 0.2 um. This is because an
increase in HTL thickness leads to a rise in series resistance, which refers to the opposition
encountered by charge carriers as they move through the HTL.[57,145,146] A thicker HTL
extends the transport path for holes, increasing resistive losses and enhancing scattering events,
where carriers undergo more collisions with atoms or other carriers, thus reducing their
mobility.[147,148] This reduced mobility and increased resistance hinder efficient hole
extraction, leading to voltage drops across the device and subsequently lowering Voc and FF.
Additionally, the longer transport path in a thicker HTL raises the probability of charge carrier
recombination before reaching the electrode, further diminishing the Jsc and device
efficiency.[146,149-151] Therefore, the combined effects of higher series resistance, enhanced
scattering, and increased recombination with thicker HTLs directly contribute to the observed

decline in overall solar cell performance. Hence, a thickness of 0.08 um for TAT-TY1 and 0.06
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um for the remaining HTLs was selected considering maximum PCE and material cost. This is
consistent with experimentally reported HTL thickness of Sba(S,Se)s3-based solar cell.[152] To
validate this behavior, we have compared the Nyquist plot extracted for devices with initial and

optimized HTL thickness.
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Fig. 9. Impact of HTL thickness on a) Voc, b) Jsc, ¢) FF, d) PCE.

Fig. 10 (a-f) shows the Nyquist plots generated from C—f measurements extracted from SCAPS
1D. These plots exhibit a semicircular pattern across all cases whose diameter increased for the
optimized HTL thickness compared to the final thickness, indicating that the optimized
thickness possesses higher resistance to charge carrier recombination. This facilitates more
effective charge separation and transport through HTL, allowing carriers to reach the contact
before recombining.[153] Consequently, this observation supports the changes discussed
previously. These findings highlight the significant impact of HTL thickness on the efficient

operation of solar cells.
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Fig. 10. (a-f) Nyquist plot for the effect of HTL thickness for all solar cells.

We varied the Na of all HTLs from 10'* to 10*° ¢cm?. The changes in the PV parameters
concerning the variation in N4 are shown in Fig. 11(a-d). When the Ny is increased from 10!
to 10'°> cm™, no significant changes are observed in Voc, Jsc, FF, and PCE for all HTLs. The
enhancement in all PV parameters becomes evident as the N4 surpasses 10'°> cm™, leading to a
notable improvement in PCE. This behavior is closely linked to the Na balance between the
absorber and HTL. When the HTL has a lower Na than the absorber, energy band alignment

remains stable, and solar cell performance remains unaltered till 10'> cm. Moreover, barriers
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at the HTL/Absorber interface and the back contact lead to the formation of recombination
centers, hindering efficient charge transport and negatively affecting the device performance.
As the Na of the HTL surpasses that of the absorber, significant energy band realignment
occurs, which reduces the interfacial barriers and promotes more efficient charge carrier
separation. This improvement enhances the transport efficiency thereby minimizing
recombination losses at the HTL/Absorber interface.[154,155] This trend is further evidenced
by the QE measurements depicted in Fig. 12(a-f), where an evident increase in QE is observed
with optimized Na. For the lower Na of 10'2 cm™, the QE was lower with 27.50%, 11.07%,
0.07%, 0.48%, 20.40%, 67.15% for Spiro-OMeTAD, CI-B2, CI-B3, TAT-H, TAT-TY1, and
TAT-TY2-based solar cells respectively. The drastic rise in QE >70% was attained for all the
solar cells at the optimal Na, attributed to enhanced absorption and charge collection at the
respective contacts, enabled by favorable energy level alignment and the formation of suitable
barriers for efficient hole transfer.[156] These adjustments ensure more effective charge

extraction and contribute to the improved performance of the solar cell.
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Fig. 12. (a-f) QE plots for the effect of HTL N for all solar cells.

6.1.2.2. Effect of ETL Thickness and Np
The ETL has a significant impact on improving the transmission of light and reducing the

recombination of charge carriers within solar cells. As such, optimizing the characteristics of
the charge transport layer is critical in achieving better performance.[157] In this investigation,
the thickness of CdS was varied between 0.05 pm and 0.15 um. The relationship between the
ETL thickness and PV parameters is demonstrated in Fig. 13(a-d). With increasing ETL
thickness from 0.05 to 0.15 pm, a decrease in Voc, Jsc, and PCE was observed. This is due to
the elevated charge carrier recombination as the ETL becomes thicker. A thicker ETL extends
the transport path for electrons, raising the possibility of electrons recombining with holes

before being collected at FTO. Additionally, a thicker ETL reduces optical transparency,
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limiting photon penetration into the absorber layer, thereby decreasing charge carrier
generation.[158] In contrast, the FF demonstrated a slight improvement with increasing ETL
thickness. This improvement can be ascribed to lower Rs, which enhances charge transport
efficiency.[159] However, the improvement in FF was not sufficient to compensate for the
reduction in Voc , Jsc, and PCE caused by heightened charge carrier recombination and optical

losses.

Spiro-OMeTAD === C|-B2¢ ¢ ¢ « C|-B3+ * + * TAT-H= * «TAT-TY1= « = TAT-TY2

0.670 == :
(@) KT TP (b) 2528
0.665 &g 24.8.
S o
o 0.660 1 £ 24.4;
> o
0.655; = 24.0{
0.650 23.6
006 0.09 012 0.15 0.06 009 012 0.15
ETL Thickness (um) ETL Thickness (pm)
(c) Gs}dww (d) 10.8;
. ~ 10.5;
SR >
E PR R N 3 10'2.0
63-.0"‘.'... a
9.9;
006 009 012 0.15 0.06 0.09 012 015
ETL Thickness (um) ETL Thickness (um)

Fig. 13. Impact of ETL thickness on a) Voc, b) Jsc, ¢) FF, d) PCE.

These changes are validated through (Fig. 14(a-f) that highlights the comparison of charge
carrier recombination rates for the optimized (0.05 um) and maximum (0.15pm) ETL
thicknesses. A higher recombination rate, nearly 6x10'® to 1x10'° cms’!, is observed for higher
thickness, while it was substantially minimized by a factor of ~ 3x10'® cm™s! at the optimized
thickness for all solar cells. In practice, selecting the appropriate ETL thickness during
fabrication is essential for ensuring adequate substrate coverage, effective charge separation,
and the reduction of recombination at the ETL/absorber interface. Experimental findings reveal
that increasing the ETL thickness beyond 0.1 pm leads to higher recombination rates, primarily

due to the longer electron transport path and parasitic absorption within the ETL.[160,161]
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Conversely, an excessively thin ETL (<0.05 um) compromises substrate coverage, poor

junction formation, and leakage currents, all of which further elevate charge carrier

recombination.[162—164] These experimental results emphasize the critical role of optimizing

the ETL thickness to maximize efficiency and minimize recombination. Consistent with these

experimental findings, our observations confirm that an ETL thickness of 0.05 pum strikes the

ideal balance between minimizing recombination, maintaining sufficient optical transparency,

and ensuring effective charge transport.
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The Np of the ETL is a key parameter that influences the effective formation of the p-n junction
and the alignment of energy bands.[165] The variation of Np significantly impacts the PV
parameters, as shown in Fig. 15(a-d). Up to an Np of ~10'® cm™, the parameters Voc, FF, Jsc,
and PCE remain relatively constant, and changes are insignificant, indicating that the device
performance is unaffected within this range. Beyond 10'® cm?, all parameters show a consistent
improvement, leading to higher PCE values. These enhancements are attributed to the
improved built-in potential and enhanced conductivity, which facilitate better charge transport
and reduce recombination losses.[166] The optimum Np is determined to be 10%° cm™, where
maximum performance in relation to Voc, Jsc, FF, and PCE is achieved, indicating efficient

energy band alignment and charge separation.
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The electric field distribution, illustrated in Fig. 16(a-f), provides strong support for the trends
observed. At the initial Np of 10! cm™, a minimal electric field is observed, resulting in limited
charge separation and increased recombination losses. This in turn corresponds to the lower
PCE. At the optimized Np of 10*° cm?, the electric field is significantly stronger throughout

the device layers. This stronger field ensures more efficient separation of electron-hole pairs,
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reducing recombination losses and enabling better charge collection. The enhanced electric
field also increases the built-in potential and improves charge carrier mobility, contributing to
improved Voc and FF values.[167] Overall, the stronger electric field at the optimized Np
aligns with the observed improvements in Voc, Jsc, FF, and PCE. This highlights the critical

role of achieving the optimum Np to enhance both electric field strength and solar cell

performance.
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Fig. 16. (a-f) Electric field for effect of ETL Np for all solar cells.

6.1.2.3. Effect of absorber thickness and Na
The absorber layer thickness significantly impacts solar cell performance by influencing

photon absorption and efficiency. While a thinner layer reduces charge carrier generation, an
excessively thick layer limits carrier diffusion.[168—170] Achieving an optimal absorber
thickness is, therefore, essential for enhancing PCE. In this study, the Sba(S,Se); absorber

thickness was varied between 0.1 to 1 um to identify the optimal value.
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Fig. 17. Impact of absorber thickness on a) Voc, b) Jsc, c) FF, d) PCE.

In this study, varying the absorber thickness from 0.1 to 1 um showed distinct trends in the
performance of solar cells, as shown in Fig. 17(a-d). It can be observed that Voc slightly
decreases for the TAT-H-based cell up to a certain thickness and reaches saturation, while for
the other solar cells, it initially improves and then stabilizes. The initial enhancement in Voc
for Spiro-OMeTAD, CI-B2, CI-B3, TAT-TY1, and TAT-TY?2 is due to enhancement in the
splitting of quasi-Fermi levels, whereas the decrement in Voc for TAT-H and the saturation
observed beyond a certain thickness for all solar cells result from an increase in dark saturation
current associated with larger absorber thicknesses.[171] On the other hand, FF was decreased
for Spiro-OMeTAD, CI-B2, CI-B3, TAT-TY 1, and TAT-TY2-based solar cells. Lower FF is
typically associated with an increase in series resistance at higher absorber thicknesses, which
can hinder effective charge carrier transport.[171] However, TAT-H-based solar cells showed
an increase in FF when the thickness was increased from 0.1 pum to 1 pm but exhibited
fluctuations. This unusual behavior could be attributed to the specific characteristics of TAT-
H, which requires further experimental investigation to understand the underlying reasons

better.
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Fig. 18. (a-f) QE plots for the effect of absorber thickness for all solar cells.

In addition, Jsc consistently increased with absorber thickness in all solar cells, with a
difference of ~3 mA/cm? for TAT-H-based cells and ~8 mA/cm? for the others as thickness
increased from 0.1 to 1 um. The increase in Jsc was significant up to optimal thicknesses of 0.7
pum for Spiro-OMeTED, CI-B2, and TAT-TY2, 0.8 um for CI-B3, 0.6 um for TAT-H, and 0.9
um for TAT-TY 1-based solar cells. A similar trend was observed for PCE, which increased by
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over 2% as thickness reached the optimal values. Beyond these optimal thicknesses, only
marginal improvements of ~0.2 mA/cm? and ~0.1% in the Jsc and PCE were observed,
indicating saturation of photon absorption. Thicker absorber layers require longer charge
carrier travel distances, leading to increased recombination as a result of shorter diffusion
lengths, thereby saturating the solar cell performance.[172] The QE data in Fig. 18(a-f) further
supports this, showing continuous improvement with thicker absorbers, plateauing beyond a
certain thickness. For example, absorption increased from 67.10%-79.07%, 60.09%-79.28%,
60.05%-79.31%, 74.04%-84.57%, 60.11%-79.70%, and 62.42%-80.46% for Spiro-OMeTAD,
CI-B2, CI-B3, TAT-H, TAT-TY1, and TAT-TY2-based solar cells, respectively, when thickness
increased from 0.1 um to the optimal thicknesses. Further increase in thickness resulted in only
a negligible absorption improvement of 0.1%-0.4%. These findings confirm that thicker
absorbers improve photon absorption but with diminishing returns at larger thicknesses. The
optimal absorber thicknesses for each HTL-based solar cell were identified as 0.7 um for Spiro,
CI-B2, and TAT-TY2, 0.8 pum for CI-B3, 0.6 um for TAT-H, and 0.9 um for TAT-TY 1-based

solar cells respectively, offering the best balance of performance and manufacturability.

Spiro-OMeTAD ====C|-B2 ¢ ¢ « «C|-B3+ « «  TAT-H = « «TAT-TY1= « «TAT-TY2

(a) 08— (b) i
S E
S ] 2 )
g 0 £ ,,
2 G 24{eecccdt’
0.4 \ ” |
] 21

1012 .1014 1616 1018 1020. 1012 .1014 1616 1018 1020
N, (cm™) of Absorber N, (cm™) of Absorber

(d

g

PCE (%)

1012 .1014 1616 1018 1020 . 1012 1014 1016 1018 1020
N, (cm™) of Absorber N, (cm™) of Absorber

Fig. 19. Impact of Na of absorber on a) Voc, b) Jsc, ¢) FF, d) PCE.

58



The acceptor density of the absorber layer plays a pivotal role in enhancing carrier transport

and overall stability in solar cells. We varied the Na from 10'> cm™ to 10?° cm™ to find the

optimal value for improving solar cell performance. The changes in the PV parameters are

depicted in Fig. 19(a-d).
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Fig. 20. (a-f) Energy band diagram for effect of absorber Na for all solar cells.

Initially, Voc stayed almost constant with minimal variation up to 10'® cm~. However, beyond

this point, Voc dropped sharply for all solar cells, primarily due to increased non-radiative

recombination that hindered hole mobility.[173,174] The Jsc increased abruptly with rising Na,
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reaching a peak at 10'® cm™ for TAT-H-based cells and at 10" cm™ for the other solar cells,
after which it started to decrease. This drop in Jsc can be attributed to a reduction in the
depletion width along the absorber layer, which negatively affects light absorption and charge
carrier generation.[175] Both FF and PCE followed an increasing trend as the Na rose from
10'2 cm™ to 10! cm™ for TAT-H-based solar cells and from 102 cm?™ to 10'7 cm™ for the
remaining solar cells. Beyond this optimal range, both parameters experienced a significant
decrease. These changes were linked to shifts in the energy level alignments, as demonstrated

by the energy band diagrams for N varied in the range of 10'2 cm™ to 10?° cm™ (Fig. 20(a-
).

The upward shift of the conduction band (Ec) and valence band (Ev) in the absorber layer
altered the band offsets at the interfaces, modifying the barriers for photogenerated holes and
electrons. This shift created suitable barriers for charge carriers at the optimal Na, while values
either lower or higher than the optimal resulted in performance degradation.[176] Supporting
these observations, Nyquist plots (Fig. 21(a-f)) from C-f measurements were extracted for the
initial (10" cm™), optimized (10'® cm™ for TAT-H-based solar cells and 107 ¢cm™ for the
remaining solar cells) and final (10%° cm™) Na. For the initial N, the diameter of the semicircle
was smaller, whereas an increase in the semicircle diameter at the optimized Na was observed,
indicating improved carrier transport. However, beyond this point, the diameter decreased as
Na rose to 10?° cm™, further supporting the optimal range. In addition, QE plots (Fig. 21(g-1))
showed an increase in QE from 10'> cm™ to the optimal Na, followed by a decline as Na
reached 10?° cm™. This confirms that the optimized Na creates a suitable barrier for efficient
carrier transport, while deviations from this range lead to recombination and inefficient
transport to the contacts.[177,178] Based on these results, we determined that the optimal Na

is 10'® cm™ for TAT-H-based cells and 10'7 cm™ for remaining solar cells.
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Fig. 21. (a-f) Nyquist plots and (g-1) QE plots for the initial, optimized and final Na.

6.1.3. Optimization of Interface Properties

900

Interface defects are inevitable in solar cells due to structural imperfections during fabrication.

Even with optimal band alignment, non-radiative recombination at interfaces must be

considered. For instance, Sb(S,Se); has an orthorhombic structure, while CdS and spiro-

OMeTAD adopt hexagonal and triclinic

structures,

respectively. These

structural

incompatibilities at the Absorber/HTL and ETL/Absorber interfaces lead to non-radiative

recombination that hinders solar cell performance.[179] Thus, optimizing these defects is
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crucial for reducing interface recombination. We varied defect densities from 10'° to 10'® cm’
2 at the HTL/Absorber interface, with the results shown in Fig. 22(a-d). PV parameters
remained unaltered up to a certain defect density, after which a decline in performance occurred
due to trap-assisted recombination.[180] The optimal defect densities were found to be 10'3
cm? for spiro-OMeTAD and TAT-TY2, 10'* cm™ for CI-B2, 10'® cm™ for CI-B3, 10'? cm™
for TAT-H, and 10'° cm™ for TAT-TY 1 respectively.
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Fig. 22. Impact of defect density at the absorber/HTL interface on a) Voc, b) Jsc, ¢) FF, and d)
PCE.

Similarly, varying the defect density at the ETL/Absorber interface, as shown in Fig. 23(a-d),
caused all PV parameters to decrease rapidly from 10'° to 10" cm™, with values stabilizing
beyond 10" cm™. Therefore, a defect density of 10! cm™ was selected for all solar cells,
consistent with experimental reports for similar structures.[181] The performance degradation
with higher interface defects is due to increased trapping of photo-generated electrons at the

ETL/Absorber interface and holes at the HTL/Absorber interface, which accelerates
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recombination.[180] After optimizing the defect densities, the maximum PCEs achieved were
22.97%, 23.09%, 22.47%, 21.08%, 23.24%, and 23.11% for Spiro-OMeTAD, CI-B2, CI-B3,
TAT-H, TAT-TY 1, and TAT-TY?2 solar cells, respectively. Notably, the HTL/Absorber interface
showed less PCE degradation compared to the ETL/Absorber interface, indicating that these

solar cells are more sensitive to later defects.
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Fig. 23. Impact of defect density at the ETL/absorber interface on a) Voc, b) Jsc, ¢) FF, and d)
PCE.

6.1.4. Summary and Optimal Solar Cell Design

6.1.4.1. Optimized Device Performance
In conclusion, this study systematically optimized the layer parameters of Sb(S,Se); solar cells

with an FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au device structure. Diverse triazatruxene-
based HTLs, including CI-B2, CI-B3, TAT-H, TAT-TY 1, and TAT-TY2, were tested and found

to be promising alternatives to spiro-OMeTAD.
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Fig. 24. J-V measurement for a) initial and b) optimized devices.
Table 11. Device performance for the optimized devices.
Device structure Voc (V) Jsc FF PCE
(mA/cm?) (%) (%)
FTO/CdS/Sby(S,Se)s/ Spiro-OMeTAD /Au 1.00 30.88 74.49 22.97
FTO/CdS/Sbx(S,Se)s/CI-B2 /Au 1.00 30.88 74.94 23.09
FTO/CdS/Sba(S,Se)s/ CI-B3/Au 1.00 30.99 72.71 22.47
FTO/CdS/Sby(S,Se)s/ TAT-H/Au 0.95 30.66 72.41 21.08
FTO/CdS/Sby(S,Se)s/ TAT-TY1 /Au 1.00 30.88 74.87 23.24
FTO/CdS/Sby(S,Se)s/ TAT-TY2 /Au 1.00 30.88 7491 23.11

The high-performance device structures for the various HTL-based solar cells, along with their
corresponding solar cell parameters, are presented in Table 11. The initial and final device J-V
characteristics are illustrated in Fig. 24 (a,b). As shown in Table 5, all HTL-based solar cells
achieved PCE greater than 21%. In addition, the initial Voc of ~0.63-0.65 V was increased to
~1V for all the solar cells. These results indicate that the energy losses were minimized,
resulting in a reduced Voc deficit of approximately 0.4V in the optimized solar cells.
Furthermore, all HTL-based solar cells demonstrated Jsc values exceeding 30 mA/cm? and FF
around 72 to 74%, highlighting the effectiveness of these materials in optimizing solar cell
performance. Overall, the maximum PCEs attained were 22.97%, 23.09%, 22.47%, 21.08%,
23.24%, and 23.11% for Spiro-OMeTAD, CI-B2, CI-B3, TAT-H, TAT-TY1, and TAT-TY2-

based solar cells, respectively. The efficiencies of diverse triazatruxene HTLs are comparable
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to Spiro-OMeTAD, unveiling their immense potential and applicability in Sba(S,Se)s solar

cells.

6.1.4.2. Energy Band Diagram of Optimized Devices

The transport of photogenerated charge carriers in solar cells is critically governed by the band
alignment at the heterojunction interfaces, which plays a pivotal role in determining the overall
device performance.[182] In this study, CBO and VBO at the HTL/absorber interfaces were
analyzed to understand their impact on the PV parameters. For the HTL/absorber interface,
CBO is calculated as the difference between the conduction band minimum (Ec) of the absorber
and the conduction band minimum of the HTL, while the VBO is derived from the difference
between the valence band maximum (Ev) of the HTL and that of the absorber. Herein, the
negative (—) sign indicates the clift-like barrier, and the positive (+) sign represents the spike-
like barrier for the respective charge carriers at the interfaces.[183,184] Fig. 25(a-f) shows the
energy band diagram of all the devices. The CBO and VBO values at the HTL/absorber
interfaces estimated from Figure 12 are listed in Table 12. These values that are extracted from
the energy band diagram are also consistent with the CBO and VBO calculated using the
following relation:[185]

CBO = Xabsorber — XHTL (13)

VBO = [Eg HTL + XHTL] - [Eg Absorber + XAbsorber] (14)

The values of CBO and VBO obtained both theoretically and from the energy band diagram
are consistent with each other, validating the bandgap matching advantage of the HTL and the

absorber.

Further all the investigated HTLs—CI-B2, CI-B3, TAT-H, TAT-TY1, and TAT-TY2—along
with the benchmark Spiro-OMeTAD, demonstrated energy band alignments suitable for
efficient hole extraction from the absorber while effectively suppressing the backflow of
electrons through high CBOs. Notably, the CBO values at the HTL/absorber interfaces of all
devices are significantly positive, indicating substantial spike-like barriers that effectively
block electrons from recombining at the HTL side. Meanwhile, the VBO values remain
relatively small in magnitude, ranging from —0.037 eV to —0.358 eV, with cliff-like barriers for
the transport of photogenerated holes to the HTL. These band alignment characteristics validate
that all HTLs exhibit potential as viable alternatives to Spiro-OMeTAD for efficient hole

extraction. However, among them, TAT-H showed the lowest efficiency of 21.08%, which can
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be primarily attributed to its large VBO of —0.358 eV at the HTL/absorber interface. This
substantial cliff-like barrier poses a hindrance to the transport of holes, thereby increasing
recombination losses and adversely affecting performance [].[183,184] In contrast, HTLs like
TAT-TY1 and TAT-TY2, with VBOs of only —0.06 eV and —0.146 eV respectively, facilitate
smoother hole transport, resulting in improved PCEs of 23.24% and 23.11%, both of which
slightly surpass the 22.97% efficiency of the standard Spiro-OMeTAD device. Regarding the
ETL/absorber and ETL/FTO interfaces, all solar cell configurations exhibit consistent and
favorable band alignments across the devices. The ETLs form small CBOs with the absorber,
enabling efficient electron transport while presenting significant VBOs that act as spike-like
barriers for holes. This alignment effectively suppresses hole back-injection towards the front
contact, enhancing carrier selectivity and reducing recombination losses.[186—188] The
similarity in these offsets across all devices confirms that the differences in performance arise

predominantly from the HTL/absorber interface properties.

In summary, all the investigated HTLs exhibit favorable band alignment with the absorber,
supporting efficient charge extraction and minimal recombination losses. The close range of
PCEs achieved across the devices indicates that their overall performance is on par with that
of the benchmark spiro-OMeTAD. This comparable efficiency, coupled with suitable energetic
alignment, highlights their potential as viable alternatives to conventional HTLs in next-

generation PV devices.
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Fig. 25. (a-f) Energy band diagrams of optimized devices with diverse triazatruxene HTLs.

Table 12. Energy band offset values at the HTL/absorber interfaces are estimated from Fig. 25

HTL/absorber interfaces CBO VBO
Spiro-OMeTAD/Sba(S,Se)s | +1.717 | -0.04
CI-B2/Sba(8S,Se)s +0.64 -0.037
CI-B3/Sba(S,Se)s +0.52 -0.078
TAT-H/Sba(S,Se)3 +2.33 -0.358
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TAT-TY1/Sba(S,Se)s +1.8

-0.06

TAT-TY2/Sba(S,Se)s +1.972

-0.146

6.1.4.3. Comparison of Present Outcomes with Other SCAPS-1D Studies in the Literature
A comparative analysis of these findings with existing literature is provided in Table 13,

demonstrating the competitiveness of the reported results. The efficiency achieved in this study

is comparable to those reported in the literature for devices with Spiro-OMeTAD. Furthermore,

our results exceed the performance of devices incorporating other previously reported HTLs,

namely, MoS», Cu,0, MoSe,, MnS, NiO and CuSbS; respectively. Therefore, this study could

unlock new possibilities for high-efficiency thin-film solar cells by employing Sba(S,Se)s as

the absorber and triazatruxene-based HTLs as innovative, cost-effective alternatives for Spiro-

OMeTAD.

Table 13. Comparison of the device performance from existing reports and the present study.

Device structures Voc Jsc (mA-¢cm?) | FF (%) | PCE | Ref.
(V) (%)

FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au 1.31 24.05 58.56 18.43 | [179]
ITO/CdS/Sba(S,Se)s/MoS2/Mo 095 | 3532 75.96 25.67 | [189]
FTO/Cdy.6Zno.4S/Sba(S,Se)s/Spiro-OMeTAD/Au 0.88 | 26.67 74.22 17.43 | [190]
FTO/ZnO/Sb(8,Se)3/Cu,O/Au 095 |27.70 68.00 18.00 | [191]
FTO/ZnO/Sb(S,Se):/NiO/Au 094 | 27.6 67.00 17.3 [191]
FTO/Cdo.6Z10.4S/Sba(S,Se)3/CuO/Au 089 | 274 71.00 17.3 [191]
ITO/CdS/Sba(8S,Se)s’MnS/Au 0.72 | 25.29 69.54 12.70 | [192]
AV/ZnO/Cdy.6Zn0.4S/Ti02/Sba(S,Se)s/MoSez/Mo 0.64 | 32.34 75.75 15.65 | [193]
FTO/ZnSe/Sby(S,Se)s/CuSbS,/Au 0.93 | 28.64 74.54 20.01 | [194]
FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au 0.99 |3093 87.09 26.77 | [47]
FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au 1.00 | 30.88 74.49 22.97 | This work
FTO/CdS/Sba(S,Se)s/CI-B2/Au 1.00 | 30.88 74.94 23.09 | This work
FTO/CdS/Sba(S,Se)s/CI-B3/Au 1.00 | 30.99 72.71 22.47 | This work
FTO/CdS/Sba(S,Se)s/TAT-H/Au 0.95 30.66 72.41 21.08 | This work
FTO/CdS/Sba(S,Se)s/TAT-TY1/Au 1.00 | 30.88 74.87 23.24 | This work
FTO/CdS/Sba(S,Se)s/TAT-TY2/Au 1.00 | 30.88 74.91 23.11 | This work
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6.1.5. Impact of Operating Temperature and Light Intensity

Temperature plays a crucial role in determining the operational stability and efficiency of solar
cells by influencing carrier generation, recombination, and transport dynamics. To assess this
effect, we varied the temperature from 280 K to 400 K, and the corresponding PV parameters

are extracted and are depicted in Fig. 26(a-d).

As shown in the figure, Voc decreases with the rising temperature of all the devices. This
decline is primarily due to the increase in recombination processes, particularly Shockley-
Read-Hall (SRH) recombination, which becomes more pronounced at higher temperatures. The

relationship between Voc and temperature can be understood from the equation (15):

L (Voo) = =2 (15)
where Vo is Voc at absolute temperature (0K), E; is the bandgap energy, q is the charge of the
electron, and T is the temperature. Equation (4) signifies that as temperature increases, the
saturation current increases, which in turn enhances recombination rates, resulting in a decrease
in Voc.[195,196] This is consistent with findings in the literature, where higher temperatures
have been shown to reduce Voc due to increased recombination and a slight reduction in the
material’s bandgap.[197] Along with Voc, the FF and PCE of all the devices also decrease as
the temperature rises. This behavior can be attributed to an increase in the series resistance and
a reduction in the carrier diffusion length at higher temperatures. The higher series resistance
at elevated temperatures causes a drop in FF, while the increased recombination reduces the
efficiency of charge carrier collection, leading to a decrease in PCE. These trends are in
agreement with studies by Ouédraogo et al. (2021), who observed similar decreases in both FF
and PCE due to enhanced recombination and increased series resistance at higher

temperatures.[198]

To understand the underlying reason for such degradation in transport characteristics, one
should also consider the temperature dependence of carrier mobility, which generally follows

the relation:
u(T) ccT™™ (16)

where m>0 for phonon-limited scattering.[199] This implies that as temperature increases,
mobility decreases due to increased phonon (lattice vibration) scattering, which adversely

affects charge transport and extraction, contributing further to losses in FF and efficiency.[200]
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Furthermore, Jsc exhibited a slight increase with temperature. This is primarily due to the
reduction in bandgap of the absorber at higher temperatures, leading to the absorption of
longer-wavelength photons and generation of more charge carriers. Although the increased
generation may contribute positively to Jsc, the accompanying dark current and recombination
mechanisms often negate these benefits. Therefore, the observed increase in Jsc remains
minimal or stagnates at higher temperatures.[201,202] Overall, the results from the SCAPS-
1D simulation show that temperature has an apparent effect on the performance of the solar
cells. While Jsc remains stable primarily, the decrease in Voc, FF, and PCE can be attributed to
increased recombination, higher series resistance, and reduced carrier diffusion length at higher

temperatures.

Progressively to investigate the illumination-dependent performance, we performed
simulations under different light intensities ranging from 100 W/m? to 1000 W/m?, adjusted
through the variation of Neutral Density (ND) filter values from 1 to 0 in steps of 0.1. The

transmission (T) as a function of ND is given by [203]
T =100% x 10~NP (17)

At ND=0 the light intensity is 1000 W/m? which is equivalent to 1 sun. Then to calculate ND,

different intensities are applied in following relation,
ND = —log (,L) (18)

Where I, = 1000 W/m? and I is varying intensities.

For each light intensity, the PV parameters were extracted, and the results are shown in Fig. 26
(e-h). The Jsc showed a linear increase with increasing light intensity, which is consistent with
the increase in incident photon flux. This behavior validates the expected direct proportionality
between the short-circuit current and light intensity, as the generation of photocarriers scales
with the number of absorbed photons.[204] Similarly, the Voc increased logarithmically with
light intensity, following the well-known relation

Voo = %m (GL—T) (19)

n;

where G is the generation rate of carriers, T, is the effective carrier lifetime, and n; is the
intrinsic carrier concentration. The increase in Voc is attributed to the enhanced splitting of the

quasi-Fermi levels due to the higher carrier density under stronger illumination.[203,205]
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Interestingly, the FF initially increases with light intensity, reflecting reduced series resistance
effects and improved carrier transport.[206] However, beyond a certain threshold (~800 W/m?),
FF exhibits a saturation behavior with no significant further enhancement. This suggests that
beyond a certain illumination level, the FF reaches a saturation point, where further increases
in light intensity do not significantly improve carrier extraction efficiency. At this stage,
intrinsic recombination processes and fixed resistive losses in the device become dominant
factors, limiting further enhancement in FF. A similar trend is observed for the PCE, indicating

it is highly influenced by changes in FF with varying light intensities.[204,207,208]

To further validate these observations and understand the carrier dynamics, we analyzed the
total generation and recombination rates extracted from SCAPS-1D simulations under various
light intensities as depicted in Fig. 27. The results show that both the generation and
recombination rates increase with increasing light intensity. However, a notable trend is that
the rate of increase in generation and recombination is much steeper from 100 W/m? up to mid-
range intensities (~700-800 W/m?), whereas beyond this point, the increment becomes
relatively minimal which supports the changes observed in FF and PCE. This suggests that the
device enters a quasi-saturation regime where additional photons do not lead to proportionally
higher carrier generation or recombination.[208] Importantly, at all light intensities, the
generation rate remained significantly higher than the recombination rate, ensuring a net
increase in collected carriers. This supports the high PCE observed even at maximum light
intensity. For example, the maximum generation rate of ~2 x10*? cm™. s™! is observed at high
intensity (1000 W/m?) while the maximum recombination rate was ~8 x 10** cm?. s™ which is

lower than the generation rate for all the devices.

These findings indicate that the simulated solar cell maintains efficient photocarrier generation
and transport across a broad illumination range, with minimal losses due to recombination. The
saturation trends observed in FF and PCE at higher intensities further suggest that the device
performance is predominantly limited by intrinsic material properties rather than external
optical constraints. The analysis confirms that the device configuration is robust and stable

under varying real-world sunlight intensities.
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Fig. 27. (a-f) Generation rate and (g-1) recombination rate with respect to various light

intensities.
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6.2. Numerical Simulation of Cd-free Strontium Titanate Electron Transport Layer in

Sb2(S,Se)s Solar Cell

6.2.1. Base Device Performance with STO
Fig. 28 (a) shows the QE plot of the base device structure. Similarly, the JV characteristics is

illustrated in Fig. 28(b) with the respective PV parameters in the inset. At the first introduction,
the device achieved an impressive efficiency of ~14%, surpassing the reported experimental
benchmark of 10.75%, owing to an improved QE of 81.8%. The QE spectrum exhibits slightly
reduced response in the UV region (<400 nm) due to front-surface recombination, near-unity
QE in the 400-600 nm range indicating minimal surface recombination, and a gradual decline
at longer wavelengths reflecting bulk recombination within the absorber. The sharp drop near
850-900 nm corresponds to the band edge of Sba(S,Se)s; [67]. These observations demonstrate
that the SrTiO; ETL effectively reduces both surface and bulk recombination, enhancing carrier

collection and overall device performance.
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Fig. 28. (a) QE plot (b) JV curve of base device

6.2.2. Optimization of ETL Thickness

The thickness of the ETL plays a vital role in the performance of the solar cell by influencing
the extraction and transport of photogenerated electrons from the absorber to the front contact.
Hence the ETL thickness was varied from 0.01 pm to 0.1 pm to investigate the effect on key
PV parameters. The variations in Voc and Jsc are illustrated in Fig. 29(a), while Fig. 29(c)
displays the trends in FF and PCE. It was observed that as the thickness of STO increased, Voc,
FF, and PCE exhibited a decreasing trend, while Jsc showed a slight increase. The highest PCE
was obtained for the thinnest ETL layer (0.01 um), likely due to reduced series resistance and

minimal charge recombination losses at this thickness [159]. However, in practical device
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fabrication, using an ETL as thin as 0.01 um can lead to incomplete coverage over the substrate
and poor interface formation with the absorber, which may result in increased leakage currents

and degraded device stability [160].
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Fig. 29. (a) Voc and Jsc, (b) FF and PCE (c) Recombination rate and (d) JV curve for varying
ETL thickness

Interestingly, the increase in Jsc with thicker ETL may appear counterintuitive, as ETLs like
STO do not contribute significantly to light absorption. This slight increase may be attributed
to better charge collection efficiency due to improved physical coverage. However, this benefit
is outweighed by the higher recombination and resistance at greater thicknesses. The
recombination rate plot (Fig. 29(b)) shows noticeably higher recombination at 0.1 pm
compared to 0.03 um, confirming that thicker ETLs induce greater losses with difference of
~0.12 x 10'7 ecm?s!. Likewise, the J-V curve at 0.03 pm (Fig. 29(d)) exhibits superior
performance over the 0.1 um counterpart. Moreover, from a device design standpoint, a thinner
ETL compared to the HTL is generally preferred, since electrons typically exhibit higher
mobility than holes. A relatively thicker HTL ensures balanced charge extraction and
suppresses interfacial recombination [162]. Therefore, selecting an ETL thickness lower than
that of the HTL not only follows simulation outcomes but also aligns with well-established

architectural guidelines. Excessively thick ETLs (>0.05 pm) are known to introduce resistive
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losses and weaken the built-in electric field at the ETL/absorber interface, while ultra-thin
ETLs (<0.02 um) may suffer from non-uniform coverage, causing shunt paths and performance
degradation [162,209].. Taking into account the recombination behavior, J-V characteristics,
and practical considerations, an optimal STO thickness of 0.03 um was selected. This value is
consistent with the literature, achieves a good balance between minimal recombination, proper

coverage, and compatibility with standard device design, ensuring stable and efficient solar cell

operation [61].

6.2.3. Optimization of Donor density (Np) of ETL
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Fig. 30. (a) Voc and Jsc, (b) FF and PCE (c) Recombination rate and (d) JV curve for varying
ETL Np.

The Np in the ETL influences both electrical and optical behavior of the device by modifying
the internal electric field and junction properties [210]. In this study, the Np of STO was varied
from 10'2 to 10%° cm™, and its impact on device parameters was analyzed. Respective changes

in Voc and Jsc are shown in Fig. 30(a), while FF and PCE are plotted in Fig. 30(c).

As Np increased, all PV parameters remained constant up to 10'7 cm™ and beyond, which a
consistent rise in Voc, FF, and PCE was observed. However, Jsc decreased slightly with higher

doping levels. This does not suggest optical losses in the ETL. On the contrary, STO, being a
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wide bandgap material, does not absorb light in the visible range. The observed drop in Jsc is
likely due to electric field redistribution at high doping levels, which could slightly affect
charge collection. To clarify the optical behavior, generation rate distribution (Fig. 30(d)) was
analyzed. As seen in the simulation results, the generation rate is significantly higher on

average 3.21x 10! cm?.s™! at 10*° cm™ than at lower doping of 10'2 cm™ with 2.67x 10*! cm?

S
Uin the absorber region. This confirms that the ETL continues to efficiently transmit incident
light to the absorber without absorption, allowing better light penetration and generation in the
active region. In other words, although Jsc drops slightly, the absorber receives more light and
supports improved carrier generation, as confirmed by the generation rate profile. In addition,
the electric field distribution (Fig. 30(b)) supports this observation. At low Np, the internal
field is weak, which limits carrier separation and contributes to recombination. At the optimized
level of 10° ¢cm?, the field strength across the junction is significantly higher, promoting
efficient charge separation and enhancing both Voc and FF [167,211].. Considering all these
effects, including field strength and optical transparency, 10?° cm™ was chosen as the optimal
ETL doping concentration. It ensures minimal optical loss, stronger internal field, improved

charge separation, and higher overall efficiency as consistent with trends reported in earlier

studies [167,210,211].

6.2.4. Final Device Performance

To better understand the origin of performance enhancement upon optimizing the ETL
properties, the JV characteristics, generation rate, and energy band diagrams of the initial and
final devices were analyzed, as shown in Fig. 31(a—d). A clear improvement in device
performance is evident from the JV plot (Fig. 31(a)), where the optimized structure

demonstrates higher current density and Voc compared to the initial configuration.
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Fig. 31. Comparison of (a) JV curve, (c) Generation rate, (b,d) Energy band alignment for

initial and final device

This enhancement signifies more efficient charge separation, reduced recombination, and better
carrier extraction in the optimized device. The generation rate distribution (Fig. 31(c)) further
supports this observation. A sharper and more intense peak is observed in the final device with
maximum carrier generation of 2.69x10%? cm?.s”! particularly in the absorber region, indicating
more effective photogeneration. Despite a slight drop in Jsc with increasing ETL doping, STO
remains optically transparent due to its wide bandgap and does not interfere with light
absorption. Instead, it enables efficient light transmission to the absorber, which is confirmed
by the increased generation rate [209]. This clearly demonstrates that the optimization
promotes not only charge transport but also enhances photon harvesting in the active layer,
contributing to the improved efficiency. The energy band diagrams of the initial and optimized
devices (Fig. 31(b) and (d)) provide further insights into the underlying mechanism. In the
initial device, the band alignment appears relatively flat, with minimal electric field across the
layers. Such weak field conditions limit carrier separation and can increase recombination
losses at interfaces. After optimization, the bands exhibit stronger bending across the STO and

Sbo(S,Se)s junction, indicating the presence of a steeper internal electric field that facilitates
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rapid carrier drift and reduces recombination. This improved alignment results in a more
favorable conduction band offset (CBO) at the ETL/absorber interface. The formation of a
small cliff-type CBO is considered beneficial, as it avoids creating energy barriers for electron
transport, enabling smooth extraction toward the front contact [212]. Simultaneously, the
valence band offset (VBO) presents a substantial spike, effectively blocking holes from
diffusing into the ETL. This configuration helps suppress interfacial recombination, which can
otherwise compromise device performance. The distinct positioning of the quasi-Fermi levels
in the final band diagram (Fig. 31(d)) further confirms enhanced charge separation and
collection. These improvements in field strength, band energetics, and optical behavior all
contribute synergistically to the enhanced PV performance after optimization with reduced Voc
loss of ~0.39V. Overall, Voc of 1.04 eV, Jsc of 27.52 mA.cm2, FF of 76.29% and PCE of
21.91% were achieved for the final device and are compared with other reported emerging
solar cells (Table 14). The simulation outcomes are consistent with previous findings on
interface energetics, where appropriate band offsets especially small electron cliffs and
significant hole barriers are essential for minimizing recombination while supporting efficient

carrier flow [209].

Table 14. Comparison of our results with scaps 1d reports of Cd- free Sba(S,Se)s solar cells
and other emerging lead free PSCs.

Structure Voc Jsc FF PCE Ref
ITO/ZnO/MAGels/Spiro-OmeTAD/Au 1.74 64.52 | 1627 | 183 [43]
FTO/TiO2/CH3NH3SnBr3;/NiO 0.80 84.89 | 31.88 |21.66 | [44]
ZnO/MASnI3/Spiro-OmeTAD/Au 0.876 | 76.19 |33.19 | 22.16 | [45]
glass + SnO,/ FASnl; /rGO /Au 1.12 8591 | 2658 |25.65 | [46]
FTO/WS,/CsSnl;/rGO/Pt 1.15 88.48 |30.47 |31.00 | [47]
FTO/WS,/CsBaCls/rGO/Pt 1.47 91.10 | 2449 | 3283 | [48]
FTO/WS,/RbTiBr;/rGO/Pt 1.48 91.19 | 2427 | 3277 | [48]
FTO/SnO,/SrZrS3/Cu- MOF/Ni 1.17 29.54 | 88.40 | 30.60 | [49]
FTO/TiO2/BaZrS3/ CuFeO/Au 1.51 21.94 | 85.54 | 2835 |[50]
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Structure Voc Jsc FF PCE Ref
Glass/ITO/ZnO/Cs;BiAgls/CBTS/Au 1.08 32.06 | 84.5 29.06 | [51]
FTO/ZnO/Cs;AgBi0.75Sbo.2sBre/Spiro-OMeTAD/Au | 1.6 16.04 | 7834 | 18.18 | [52]
FTO/ZnO/Sby(8S,Se)3/Cu20O/Au 0.95 27.70 | 68.00 | 18.00 | [53]
FTO/ZnSe/Sby(S,Se)s/CuSbS,/Au 0.93 28.64 | 74.54 | 20.01 | [54]
FTO/STO/Sb;(S,Se)s/Spiro-OMeTAD/Au 1.04 27.52 17629 | 2191 \Tvl(:lsk

Practically, in STO, recombination arises from oxygen (Vo) and titanium (VTi) vacancies
forming deep in-gap states, oxygen (Oj) and titanium (Ti;) interstitials introducing
recombination centers, and antisite defects (Tis:, Srri) distorting the lattice, while dislocations
and grain boundaries act as nonradiative pathways. These defects limit carrier lifetime and ETL
performance but can be mitigated by oxygen-rich annealing, precise stoichiometry, high-
quality thin-film growth, and interface passivation [213,214].. At the STO/Sbx(S,Se)3 junction,
further issues include unfavorable band offsets, interface defect densities, and damage during
high-energy/high-temperature processing, and lattice-orientation effects [70]. As demonstrated
for Cd-free ETLs (TiO2, Zn(0O,S), etc.), band-offset engineering, ultrathin passivation layers
(ZnS, TiCls, halides), low-temperature ALD buffers, and optimized annealing are effective
strategies for STO-based devices[47,215].. In terms of commercialization, STO offers
advantages over CdS ETL. While CdS is simple and low-cost to synthesize, its reliance on
toxic chemicals requires strict waste management, raising operational expenses. STO, on the
other hand, can be deposited by eco-friendly solution methods such as polymer-assisted
deposition, potentially lowering processing costs. Its high thermal stability and favorable
electronic properties further enhance performance and durability, reducing degradation and

long-term maintenance costs [216].

6.2.5. Effect of Varying Operating Conditions

The performance stability of a solar cell under varying environmental conditions is crucial for
its practical application. Therefore, the temperature and illumination dependencies of the
optimized device were investigated. The effect of temperature on the key parameters such as
Voc, Jsc, FF, and PCE is illustrated in Fig. 32(a) and (b). A clear decline in Voc is observed as

the temperature increases from 300 to 450 K. This behavior aligns with the known trend that
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elevated temperatures enhance intrinsic carrier concentration and increase Shockley-Read-Hall
recombination, which in turn reduces the quasi-Fermi level splitting and hence the Voc [195].
The decrease in FF and PCE with rising temperature is also evident, likely due to increased
series resistance and reduced carrier mobility. Additionally, thermal energy can lead to
increased phonon scattering, reducing diffusion lengths and making carrier collection less
efficient at elevated temperatures. Interestingly, Jsc shows a very slight increasing trend with
temperature. This minor rise can be attributed to the marginal narrowing of the absorber’s
bandgap at higher temperatures, which enables absorption of longer-wavelength photons and
slightly enhances the photogeneration of carriers [ 195]. However, this increase is not sufficient
to offset the performance losses induced by recombination and resistive effects. To assess the
device response under different illumination conditions, simulations were carried out from 100
to 1000 W/m?, and the results are displayed in Fig. 32(c) and (d). The Jsc increases linearly
with light intensity, indicating effective utilization of incoming photons and proportional
generation of photocarriers. This linearity supports the expected correlation between incident

photon flux and charge carrier generation [204].
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Fig. 32. Change in (a,c) Voc and Jsc, (b,d) FF and PCE with temperature and light intensities.

Simultaneously, Voc increases logarithmically with illumination, which is a well-established

response governed by the increased splitting of quasi-Fermi levels under higher carrier
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densities. In the case of FF, a sharp rise is noticed initially with light intensity, followed by a
tendency to saturate beyond 800 W/m?, as seen in Fig. 32(d). This plateau suggests that at high
illumination, the benefits from enhanced carrier injection are offset by saturation of carrier
mobility or increased recombination implying that fixed resistive losses begin to dominate. A
similar trend is reflected in the PCE, which follows FF closely, highlighting that its dependence
lies not only on light-induced generation but also on the ability of the device to transport and
extract the generated carriers effectively [44,204]. Overall, while the cell maintains reasonable
operational integrity, elevated temperature and high illumination reduce efficiency. To enhance
thermal and operational stability, interface passivation with TiO, or Al,O3 can suppress
interfacial recombination, Cl or Na doping in the absorber or Zn-doping in STO can improve
carrier mobility and reduce resistive losses, and thermally conductive substrates such as AIN
or graphene-based layers can limit temperature rise and maintain PCE under harsh conditions

[217,218].

6.3. Exploring Interfacial Charge Dynamics in Sb2(S, Se)s Solar Cells with Graphitic
Carbon Nitride: Experimental Parameters Applied in SCAPS-1D Modeling

6.3.1. Experimental result
The XRD profile of the synthesized GCN (Fig. 33(a)) showed a distinct diffraction peak near

20 = 27.4°, which corresponds to the (002) crystallographic plane. This peak is characteristic
of the interlayer stacking of aromatic systems in the GCN structure, indicating a layered
arrangement similar to that found in graphite. The appearance and intensity of the (002) peak
confirm the successful thermal polymerization and formation of a two-dimensional layered
GCN framework. Such structural features are crucial for charge transport performance, as they
facilitate m—m interactions between adjacent layers. This observation is consistent with previous
reports in which the (002) reflection is regarded as a signature of GCN’s crystalline stacking,
especially in materials synthesized via urea or melamine pyrolysis methods under ambient
conditions [219,220].. The optical response of the synthesized GCN was investigated using
UV-Vis spectrum data. As shown in Fig. 33(b), the material exhibits strong absorption in the
UV-visible region with an absorption edge observed around 450 nm, which is typical for GCN
synthesized via thermal condensation of urea. To estimate the bandgap energy, a Tauc plot was
constructed. The Tauc plot (Fig. 33(c)) revealed an indirect bandgap of approximately 2.8 eV,
consistent with previously reported values for pristine GCN [221]. To further understand the
optical behavior, the complex dielectric function was derived from the UV—Vis data. The real

part indicates the material’s polarizability and energy storage capability, while the imaginary
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part relates to energy dissipation during photon—electron interactions. These are calculated

using the following standard equations [222]:
g =n? —k? (20)
& =2nk 21)

Where n is the refractive index and k is the extinction coefficient estimated [223],

n= %+ \/Tl:z -1 (22)
) = @ (23)
Where a is the absorption coefficient obtained from the absorbance spectrum

A is wavelength and T is transmittance calculated using Absorbance (A) as follows [224],

T = [1074] (24)
These values are obtained using UV-Vis data from Fig. 33(b)

As depicted in Fig. 33(d), the imaginary part of the dielectric permittivity showed a prominent
peak around the bandgap region (~2.8 e¢V), with a value of approximately 7.01. This peak
indicates strong interband transitions and significant optical loss due to absorption processes.
The real part, plotted alongside, reflects the material’s polarizable nature across the examined
spectral range. The obtained value of &” = 7.01 at the absorption edge is consistent with
literature reports, where similar magnitudes have been observed for polymeric GCN [225]. The
EDS spectrum in Fig.27(e) confirms the elemental composition of the synthesized GCN. The
prominent peaks observed for carbon (C) and nitrogen (N) correspond to the primary
constituents of graphitic carbon nitride, affirming the successful formation of the material. The
typical atomic percentages show a C:N ratio close to the theoretical value (~0.75) expected for
polymeric GCN structures based on heptazine or tri-s-triazine units. The absence of other
significant impurity peaks (except for a minor oxygen signal, possibly due to surface adsorption
or air exposure) further indicates the purity of the synthesized sample. This result supports the
formation of a stoichiometrically stable C—-N framework, consistent with literature reports on

urea-derived GCN materials [219,226].
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Further, the surface chemistry was analyzed using XPS analysis. The high-resolution XPS
analysis of the synthesized sample provides valuable insight into its chemical structure. In the
C 1s spectrum (Fig. 34(a)), two prominent peaks are observed at binding energies of
approximately 282.6 eV and 286 eV. The lower energy peak is associated with C=C bonds,
indicating the presence of graphitic or sp?>-hybridized carbon. The peak at 286 eV corresponds
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to N—C=N bonds, which are characteristic of the heptazine or triazine units in graphitic carbon
nitride. Similarly, the N 1s spectrum (Fig. 34(b)) reveals three distinct peaks centered at 396.2
eV, 397.2 eV, and 398.3 eV. The first peak is attributed to the C=N—C configuration, suggesting
nitrogen is bonded in a sp’-hybridized planar structure. The second peak at 397.2 eV
corresponds to nitrogen coordinated with three carbon atoms (N—[C]3), which is typical of
aromatic nitrogen in the heptazine ring system. The third peak at 398.3 eV indicates the
presence of terminal or edge nitrogen groups such as —NH or —-NH,. Together, these results
confirm the formation of a polymeric carbon nitride structure with both graphitic carbon and
nitrogen-rich bonding environments, consistent with the expected features of GCN synthesized
through thermal polymerization [226]. Fig. 34(c) illustrates the Valence band spectrum of the
synthesized GCN. The valence band edge appears at approximately 1.6 eV, indicating the
energy difference between the Fermi level and the valence band maximum. This value
complements the bandgap (~2.8 eV from UV-Vis), suggesting that the conduction band
minimum is near 1.2 eV, supporting efficient electron transport [227]. The wide-scan (survey)
spectrum in Fig. 34(d) shows clear peaks for C 1s and N 1s, confirming the purity of GCN
without any significant impurities. No signals for oxygen, metals, or other elements are
detected, supporting high sample quality. To estimate the electron affinity (EA) of the
synthesized GCN, the following equation was used [64,228]:

x=®—(E; —VBM) (25)

Where @ is the work function (taken as 4.8 eV from literature [229]), Eg is bandgap energy (2.8
eV from UV—Vis Tauc plot) and VBM is the valence band maximum (1.6 eV from XPS). The
resulting EA of 3.6 eV aligns well with values reported in previous studies for urea-derived
GCN [230]. The relatively high EA indicates a deep conduction band minimum, which is
beneficial for electron transport and charge separation in PV applications. Finally, the surface
morphology of GCN was analyzed using FESEM. The FESEM images presented in Fig. 34(e)
and (f) provide a comprehensive view of the surface morphology of the synthesized GCN. At
low magnification (Fig. 34(e)), the material exhibits a rough, sponge-like texture with large,
interconnected clusters composed of crumpled sheet-like structures. These features suggest a
layered framework with significant surface roughness and porosity across the micrometer
scale. This is further clarified in the high-magnification image (Fig. 34(f)), where the individual
nanosheets become more distinguishable. The surface reveals tightly packed, wrinkled layers
and folds that are characteristic of the graphitic structure of GCN formed through thermal

polycondensation of nitrogen-rich precursors like urea. This structure results from the release
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of gases like ammonia and cyanuric acid during pyrolysis, creating voids and wrinkles. These
nanoscale wrinkles and curvatures not only support the layered stacking observed at lower
magnification but also point to a high density of edge sites and voids. Such a hierarchical
structure, porous and loosely packed at the microscale, yet compact and wrinkled at the

nanoscale, is advantageous for optoelectronic applications, as it enhances surface area,

facilitates charge transfer, and improves light scattering [231].
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6.3.2. Baseline Device Validation and Performance
The baseline FTO/CdS/Sba(S, Se)s/Spiro-OMeTAD/Au solar cell was initially simulated to

reproduce the experimentally reported device behavior, as presented in Fig. 35(a). The
simulated J-V curve shows a close agreement with the experimental counterpart, confirming
that the selected material and interface parameters accurately describe the physical device. The
resulting PV parameters, such as Voc, Jsc, FF, and PCE of the experimental and simulated
devices are summarized in Table 15, demonstrating that the baseline model successfully
reproduces the experimental device efficiency, confirming the reliability of the model. The QE
spectra (Fig. 35(b)) further substantiate this model fidelity. The baseline device exhibits a
strong spectral response, consistent with the optical absorption range of Sbx(S, Se)s. However,
a slight dip observed in the mid-visible region indicates localized recombination losses, likely
arising from interfacial trap states near the CdS/Sba(S, Se); junction [232,233]. For this reason
GCN is introduced between CdS and Sba(S,Se)s. Upon the incorporation of the GCN both the
J-V and QE responses (Fig 35 (a) and (b)) exhibit pronounced enhancement. The modified
device demonstrates an improvement in PCE from 10.75% to 18.3%, accompanied by an
increase in PV parameters, as summarized in Table 15. The enhanced performance stems
primarily from the improved charge extraction and reduced recombination at the
CdS/Sba(S,Se)s interface facilitated by the GCN interlayer. The QE spectrum of the GCN-
modified device displays a more uniform and broadened response across the entire visible
range, with an extended tail toward longer wavelengths, suggesting enhanced minority-carrier
collection from deeper regions of the absorber. The smoother QE profile also indicates the
suppression of abrupt recombination losses and a shift toward a more ideal QE distribution.
This improvement is attributed to intermediate energy levels and passivation effect of GCN,
which mitigate interface trap density and enable efficient photogenerated carrier
transport[234,235].. In particular, the reduction in mid-visible suppression confirms the
decreased SRH recombination at the CdS/Sba(S,Se)s interface, while the higher long-
wavelength response signifies improved carrier lifetime and diffusion length within the
absorber. Overall, the incorporation of GCN as an interfacial modifier effectively tunes the
charge dynamics by improving band alignment and reducing recombination pathways,
resulting in a more efficient charge extraction and a notable improvement in overall device

performance [236,237].
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Table 15. Device performance for the initial devices

Device structure Voc Jsc FF PCE
V)  (mAlem?®) (%) (%)
FTO/CdS/Sby(8S,Se)s/Spiro-OMeTAD/Au (Experimental) 0.63 25.27 67.35 10.75
FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au (Simulated) 0.65 25.10 65.53 10.75
FTO/CdS/GCN/Sba(S,Se)s/Spiro-OMeTAD/Au (With GCN) 097 254 73.9 18.29
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Fig. 35. (a) JV, (b) QE plot for the experimental and simulated and GCN incorporated baseline

devices.

6.3.3. Electric Field Distribution and Nyquist Plot Analysis

The internal electric field distribution obtained from SCAPS-1D, illustrated in Fig. 36(a),
provides key insight into the role of GCN in modulating interfacial electrostatics. In the
baseline device, the electric field is highly localized near the CdS/Sba(S, Se)s junction, showing
an abrupt potential drop that signifies strong band bending and carrier accumulation. Such field
non-uniformity is often associated with barrier formation, trigger interface recombination. In
contrast, the GCN-modified structure exhibits a more homogeneous and slightly intensified
electric field across the depletion region, promoting efficient charge separation. The smoother
potential gradient across the GCN layer originates from its moderate dielectric constant and
interfacial dipole, which reduces the abrupt discontinuity between CdS and Sba(S, Se)s
[238,239].. The improved field assists electrons in drifting swiftly toward the ETL while
simultaneously enhancing the driving force for hole extraction toward the HTL, thereby
improving carrier mobility balance and fill factor[232,240].. Complementary evidence is
provided by the Nyquist plots (Fig. 36(b)), which reveal a significant decrease in charge

transfer resistance (Rct) upon GCN incorporation. The semicircular arc diameter, associated
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with the interfacial recombination and charge transport resistance, is markedly smaller for the
GCN device, confirming its superior charge extraction capability. The extracted Rct decreases
from 625.4 Q.cm?® to 401.3 Q.cm?, while the Rs also reduces from 3.7 Q.cm?to 3.5 Q.cm?. This
lowered impedance indicates that GCN not only improves electronic coupling at the Sba(S,
Se)3/CdS interface but also mitigates trap-assisted recombination losses, consistent with its role

as an efficient charge transfer mediator [196,241,242].

(a) 5x10°% , -@)- With GCN (b) -~ With GCN
- WithoutGCN ~ 91 8 o Without GCN
3x10°%- 1 £ 60
Q

— '
g 2x105 ! .g -120 -
S : } -
; 04 ¢ T £ -180 -

-2x10°- ™ 2401

-3x10°% -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 100 200 300 400 500 600 700
Distance (um) Z.re (ohm.cm?)

Fig. 36. (a) Electric field distribution (b) Nyquist plot of initial devices with and without GCN.

6.3.4. Generation and Recombination Mechanism

The simulated recombination and generation rate profiles for both devices are plotted in Fig.
37(a) and (b). In the baseline device, the maximum recombination occurs near the CdS/Sba(S,
Se)sinterface, indicating the presence of a high density of defect states that trap photogenerated
carriers[243]. The average recombination rate reaches approximately 1.5x10" cm. s,
confirming severe non-radiative losses at this interface. Upon introducing GCN, this

3. ¢!, The overall

recombination rate is significantly suppressed, reducing to 3.4x10'® ¢cm
photogeneration rate concurrently increases by the factor of 5x10%° cm?. ™!, highlighting that
GCN not only passivates interfacial defects but also enhances optical absorption by improving
internal light scattering and photon recycling at the interface. GCN introduces a passivating
layer rich in lone-pair nitrogen sites that can interact with undercoordinated metal atoms on the
Sbo(S, Se)s surface, thereby neutralizing defect states responsible for SRH recombination. The
suppression of SRH processes leads to a longer carrier lifetime and a larger diffusion length

within the absorber, demonstrating the overall improvement in carrier dynamics induced by

GCN [244,245].
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Fig. 37. (a) Recombination and (b) Generation rate of initial devices with and without GCN.

6.3.5. Energy Band Alignment
The energy band diagrams illustrated in Fig. 38(a) and (b) elucidate the crucial role of GCN in

governing interfacial charge dynamics and carrier selectivity. In the baseline configuration
(Fig. 38(a)), the CdS/Sbx(S, Se)s interface exhibits a misaligned energy junction, where the
conduction band edge of CdS is positioned slightly higher relative to the absorber, forming a
weak barrier that obstructs electron extraction. This discontinuity creates an unfavorable
potential landscape that causes electron accumulation at the interface and increases the
probability of interfacial recombination [233]. Simultaneously, the valence band alignment at
the Sba(S, Se)s/Spiro-OMeTAD interface facilitates partial backflow of holes into the absorber,
further aggravating recombination losses and limiting both Voc and FF [36]. The resulting band
architecture in the baseline device thus lacks sufficient selectivity, allowing carriers to leak
across interfaces and undergo recombination before extraction. Upon the introduction of the
GCN interlayer (Fig. 38(b)), the interfacial energies are profoundly altered, producing a
cascade-like band configuration between Sbx(S, Se); and CdS. The GCN layer provides an
intermediate conduction band position that smoothens the transition for electrons moving from
the absorber to the ETL, thereby eliminating potential energy spikes that hinder carrier
transport [246,247].. This stepwise alignment enables electrons to transfer seamlessly through
the GCN bridge while simultaneously preventing their reflection back into the absorber. In
contrast, the valence band of GCN lies sufficiently below that of Sba(S, Se)s, establishing an
energetic barrier that effectively blocks holes from diffusing toward the ETL. This selective
transport mechanism ensures that electrons are efficiently extracted toward the CdS layer,
whereas holes are confined within the absorber and directed toward the HTL, thereby
minimizing charge accumulation at both interfaces [248]. Additionally, the presence of GCN

modulates the interfacial dipole moment and surface potential, resulting in improved band
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bending within the absorber near the junction region. The enhanced downward bending of the
conduction band strengthens the internal electric field, facilitating faster electron drift and
promoting efficient charge separation under illumination. This improved energetic landscape
reduces interfacial trap-assisted recombination and maintains a wider quasi-Fermi level
separation, which translates directly to the observed increase in Voc and FF [248,249].. Overall,
the GCN interlayer transforms the non-selective and discontinuous band structure of the
baseline device into a well-aligned graded configuration that promotes unidirectional carrier

flow, suppresses recombination losses, and thereby enables superior PV performance.
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Fig. 38. Energy band alignment for Base devices (a) with and (b) without GCN

Following baseline and GCN incorporation validation, a comprehensive optimization of
thickness and carrier densities of each layer was carried out to maximize device performance.
For instance, he effects of varying the thickness from 0.05 to 0.15 um for the HTL, from 0.1 to
1 um for the Sba(S, Se)s absorber, from 0.01 to 0.1 pm for the GCN interfacial layer, and from
0.05 to 0.1 pum for the ETL, respectively. The acceptor density (Na) of the HTL (10'% to 10%°
cm™) and the Sba(S, Se)s absorber (10! to 10'® cm™), and the donor density (Np) of the GCN
(10" to 10*° cm™) and the ETL (10" to 10%° cm™) were varied. Additionally, the effect of
interface defect densities at the HTL/Sba(S, Se)s, ETL/Sba(S, Se)s, Sba(S, Se)s/GCN, and
GCN/ETL interfaces was examined in the range of 10'? to 10°° cm™. The variation in PV
parameters on optimization of devices with and without GCN incorporation is compared and
analyzed through various SCAPS-1D analytical outputs, including generation—-recombination
analysis, electric field distribution, energy band structure assessment, J-V curves, QE
responses, C—V, Mott-Schottky, and C—F measurements. The study also explored the effects of

operating temperature and light intensity on device performance, providing insights for
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designing more efficient and stable Sbo(S, Se)s;-based solar cells with GCN interfacial
engineering. These analyses helped in understanding the role of GCN in suppressing interface

recombination and improving carrier extraction efficiency.

6.3.6. Optimization of Each Layer Parameters with and without GCN

6.3.6.1.0ptimization of HTL Thickness and Na
The HTL functions as a crucial layer between the absorber and back contact, facilitating

efficient hole extraction while blocking electron backflow [144]. To assess the influence of
HTL thickness on device performance, simulations were conducted by varying the thickness
from 0.05 to 0.15 um while keeping all other parameters constant. The variations in the PV
parameters are presented in Fig. 39(a-d) for devices with and without a GCN interfacial layer.
For the device without GCN, it was observed that variations in HTL thickness resulted in
negligible changes across all PV parameters. Specifically, Voc and Jsc remained stable at ~0.65
V and 25.10 mA/cm?, respectively, while FF gradually decreased fro[61]m 65.63% to 65.30%,
leading to a minor decline in PCE from 10.77% to 10.71%. This trend indicates that beyond a
certain thickness, the additional transport path may introduce slight series resistance,
marginally affecting charge transport and collection efficiency [57,145,146]. A similar trend
was observed for the device incorporating GCN, where the PV parameters remained unchanged
with increasing HTL thickness. Voc and Jsc consistently retained values around 0.97 V and
25.43 mA/cm?, respectively, while FF decreased slightly from 73.98% to 73.82%, resulting in
a minimal reduction in PCE from 18.32% to 18.28%. These results imply that HTL thickness
has a limited impact on device performance, as long as it maintains sufficient coverage to
support hole transport and prevent recombination at the back contact. Considering both the
performance output and material cost, a thickness of 0.06 um was selected as optimal for the
HTL. This choice ensures minimized resistive losses while avoiding unnecessary material

usage [147,148].
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devices with and without GCN.

The influence of the HTL Na on the PV performance of Sbx(S, Se); solar cells was
systematically examined over the range of 10'> to 10°° cm™ for both device configurations
(with and without the GCN interfacial layer) as shown in Fig. 40 (a—d). In the reference device
without GCN, all the PV parameters remained almost constant as N4 increased from 10'? to
10" cm™. At higher concentrations (10'® c¢cm™), a significant enhancement in the PV
parameters, leading to a PCE improvement from 6.99% to a maximum PCE of 10.79% at
Na=10%" ¢m™ was observed due to improved hole transport and reduced interfacial
recombination. In the GCN-based device, a similar increasing trend was observed with
increasing Na, but with significantly higher performance at every doping level compared to the
non-GCN structure. Even at a low doping of 10'2 to 10'5 cm, the device with GCN exhibited
a remarkable PCE of 13.81%, indicating the strong impact of GCN on enhancing charge
extraction and interface quality. With increasing Na, performance continued to improve,
reaching a maximum PCE of 18.35% at 10?° cm?, with Voc=0.97 V, Jsc=25.44 mA/cm?, and
FF = 74.04%. The inferior performance at lower Na for both configurations is primarily
attributed to weak electric fields within the absorber, which hinder the effective separation and
collection of photogenerated carriers. Low Na in the HTL leads to insufficient band bending at

the absorber/HTL interface, creating potential barriers that inhibit hole extraction and increase
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recombination losses [154,155]. As Na increases, the built-in potential strengthens, resulting
in enhanced electric field strength across the junction. This leads to improved carrier drift, more
efficient separation of electron—hole pairs, and reduced interfacial recombination, ultimately
boosting device performance [166][167].[167]. Hence, 10?° cm™ was selected as the optimal

Na value for both devices.
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Fig. 40. Variation in (a) Voc, (b) Jsc, (¢) FF, (d) PCE for different HTL Na.

To support this explanation, Fig. 41 (a) and (b) presents the electric field distribution for both
device configurations at low and optimal Na values. In the absence of GCN, the electric field
within the absorber region is relatively weak and the depletion region is narrower, indicating
limited junction strength and reduced charge separation efficiency, particularly at lower Na,
which limits carrier extraction. In contrast, the GCN-based structure exhibits a stronger and
more uniform electric field broader depletion width across the absorber even at lower doping
levels. This enhancement in the internal field contributes directly to the improved PV metrics
observed in the GCN-containing devices, confirming the role of GCN in facilitating better
charge transport and suppressing recombination via interface passivation and band alignment

optimization [167].

94



—10"2 (cm3) =——10% (cm™)

(@) M Without GCN [4M (b) am With GeN [V
—_ 3M- P P — 1 —_
E m E O E . &
> 2M M = > 2M; bl
"M | . o M WM, ?1M -
0{ = . - 0] = “v“ -2M
0.0 0.2 04 0.6 0.0 0.2 04 0.6
Distance (um) Distance (um)

Fig. 41. Electric field distribution for initial and optimized Na of HTL for the devices (a)
without and (b) with GCN

6.3.6.2.0ptimization of Absorber Thickness and Na
The thickness of the Sba(S,Se)s absorber layer strongly impacts the solar performance by

controlling photon absorption and charge carrier dynamics. A thinner absorber limits photon
absorption, reducing charge carrier generation and thus Jsc, while an excessively thick absorber
increases the distance charge carriers must travel, which can lead to higher recombination
losses due to limited diffusion lengths [168—170]. Therefore, optimizing the absorber thickness
is critical to balance enhanced light harvesting with minimized recombination, maximizing the
PCE. In this regard, the absorber thickness was varied from 0.1 pum to 1.0 um for both the
baseline device and the device modified with the GCN interfacial layer, and the trends in Voc,
Jsc, FF, and PCE are presented in Fig. 42(a—d). For the baseline device, Voc increased from
0.63 V at 0.1 um to 0.66 V at around 0.7 pum, beyond which it stabilized, reflecting enhanced
splitting of the quasi-Fermi levels with increasing thickness. However, the saturation beyond
0.7 um is likely due to an increase in the dark saturation current associated with thicker
absorbers, which leads to enhanced recombination [171]. Jsc consistently increased from 20.19
mA/cm? at 0.1 pm to 28.23 mA/cm? at 0.7 um and showed marginal improvement beyond this
thickness, indicating saturation of photon absorption. This increase in Jsc is the primary driver
for the overall enhancement in PCE with increasing thickness. The FF exhibited a very slight
decrease from 66.38% at 0.1 pm to 65.23% at 0.7 um. But this decrement was negligible and
did not significantly affect the device performance. Such a small FF drop is commonly
attributed to increased series resistance and reduced charge carrier transport efficiency at higher
thicknesses.[171] Consequently, the PCE improved from 8.42% to 12.13% at 0.7 um, with only
marginal increases beyond this thickness, indicating the optimal absorber thickness lies near

0.7 wm for the baseline device. This thickness provides the best compromise between
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maximizing photon absorption and minimizing recombination losses. In the GCN-modified
device, similar trends were observed but with notably enhanced PV parameters at all
thicknesses. Voc rose from 0.96 V at 0.1 um to 0.98 V at 0.7 pm and then saturated, indicating
that the GCN layer effectively suppresses interface recombination. Jsc increased significantly
from 20.10 mA/cm? to 28.67 mA/cm? at 0.7 um, saturating thereafter. The FF slightly
decreased from 74.47% to 73.64%, but this minor reduction again had a negligible impact on
the overall device efficiency. The PCE improved dramatically from 14.44% at 0.1 um to
20.64% at 0.7 um and remained stable beyond, confirming the critical role of GCN in
enhancing carrier extraction and reducing recombination losses [172]. The QE plots (Fig. 42(e)
and (f)) further validate these results by showing increased photoresponse with thicker
absorbers, especially at longer wavelengths where photon absorption is crucial. QE increased
steadily from 0.1pm up to 0.7 um, with improvement of 19.25% and 21.09% for the devices
without and with GCN, after which the response plateaued with only ~0.5% improvement
beyond this optimal thickness. This indicates that photon absorption saturates beyond this
thickness due to the balance between absorption and recombination effects. The GCN device
consistently demonstrated higher QE across all thicknesses, confirming its role in improving
carrier collection efficiency and lowering recombination losses [172]. In summary, the optimal
absorber thickness for Sba(S, Se)s solar cells is approximately 0.7 pm, offering the best balance
between photon absorption and recombination. Incorporating the GCN interfacial layer further
enhances the PCE by a difference of 8.51% compared to the device without GCN, by

effectively reducing interface recombination and improving charge transport.
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Fig. 42. Variation in (a) Voc, (b) Jsc, (c) FF, (d) PCE for different absorber thicknesses, and

(e,f) QE plots at different absorber thicknesses for the devices without and with GCN

The Na in the absorber has a direct impact on carrier dynamics and is crucial for tuning the

performance and internal physics of the solar cell. To investigate this effect, NA was varied

from 10" to 10'® cm™, and the evolution of Voc, Jsc, FF, and PCE was examined for devices

with and without GCN, as shown in Fig. 43(a-d). Without GCN, Voc remained around 0.72 V

from 10'? to 10' cm™ and began to decline at higher doping, dropping sharply to 0.29 V at
10" cm™. With GCN, Voc was consistently higher, holding steady at 0.98 V up to 10'® cm™,

decreasing slightly to 0.96 V at 10'7 cm™, and then falling to 0.35 V at 10'® cm™. Jsc increased

steadily in both cases, peaking at 10'® cm™, with GCN devices achieving higher absolute values
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(29.07 mA/cm?). FF in the GCN device stayed around 73%, while in the device without GCN,
it peaked at 10'6 cm™ before declining. PCE followed the same trend, reaching 12.07% at 10'¢
cm™ without GCN and maintaining approximately 20.5% up to 10'® cm™ with GCN, before a

sharp drop at 10'8 cm™.

The increase in PV parameters up to the optimal N4 is mainly due to enhanced built-in potential
and stronger electric fields in the absorber, which promote effective charge separation and
transport, thereby reducing recombination losses [173,174]. Beyond the optimal doping, the
performance deteriorates because of increased non-radiative recombination caused by defect
states and impurity-assisted pathways at higher Na levels. Additionally, the depletion width
narrows, limiting the volume available for photogeneration and thus reducing Jsc [175]. Band
alignment changes also contribute significantly as Na increases; the upward shifts in Ec and
Ev alter interface band offsets, initially facilitating carrier separation, but at excessive doping,
creating energy barriers that hinder hole extraction and increase recombination at the interface

[176].

Nyquist plots further support these observations. These plots exhibit a semicircular pattern
across all cases, with the diameter increasing at the optimized Na, indicating that the optimized
Na offers higher resistance to charge carrier recombination. This promotes more effective
charge separation and transport through the absorber layer, allowing carriers to reach the
contacts before recombining [250]. Fig. 43(e,f) shows Nyquist plots obtained at Nyquist plots
at Na = 10'? (low), 10'® (optimal), 10'® (high)cm™. For both devices, the semicircle diameter

was small at 10'? cm™, indicating high recombination, expanded at 10'® cm™

signifying
improved carrier transport, and shrank again at 10'® cm™ reflecting increased resistive and
recombination losses [177,178]. These observations strongly support the changes noticed in
the PV parameters. Despite improvements from GCN, both device types showed performance

degradation at very high Na, but the GCN device maintained better tolerance and stability.
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6.3.6.3.0ptimization of GCN Thickness and Np
The interfacial layer plays a crucial role in suppressing ion migration and optimizing energy

level alignment at the Absorber/HTL interface, which enhances charge transfer and reduces
recombination losses. In this study, we systematically vary the interfacial layer thickness from
0.01 to 0.1 pum to identify the optimal thickness for improved device performance [251]. Fig.
44 (a) and (b) illustrate the effect of varying the thickness of the GCN interfacial layer on the
PV parameters. It is observed that increasing the GCN thickness from 0.01 pm to 0.04 um
significantly improves Voc (from 0.81 V to 0.98 V), Jsc (from 28.37 to 28.60 mA/cm?), FF
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(from 67.38% to 73.51%), and PCE (from 15.41% to 20.53%). Beyond 0.04 pm, the PV
parameters saturate, indicating an optimal thickness around 0.04 pm. This saturation suggests
that at thicknesses greater than 0.04 pm, further increases do not substantially affect charge
carrier collection or recombination dynamics, consistent with prior reports showing that an
optimized interfacial layer thickness balances effective charge transport and minimal series
resistance [251]. To understand the origin of this improvement, we consider the frequency-
dependent capacitance behavior, where capacitance is decomposed into high (CHF),
intermediate (CIF), and low-frequency (CLF) components. The intermediate-frequency
capacitance (CIF), often associated with interface processes such as trap-assisted charge
accumulation and energy alignment, is especially sensitive to the quality and coverage of the
interfacial layer. At lower thickness (0.01 pm), incomplete coverage or defects likely hinder
CIF, limiting charge accumulation and contributing to non-radiative recombination. In contrast,
the 0.04 pum layer ensures better surface passivation and enhanced charge accumulation at the
interface, improving carrier dynamics and reducing interfacial recombination losses [252]. To
validate these observations, C—V and Mott-Schottky analyses were conducted, as shown in Fig.
44(c) and (d). The optimized thickness shows a marked increase in capacitance and a positive
shift in Vy; from 0.42 V to 0.8 V. This shift indicates enhanced charge accumulation and a
stronger electric field at the junction, which facilitates efficient charge separation and
collection. These improvements in built-in potential are critical for reducing recombination

losses and improving overall device performance [162,249].
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and (d) Mott- Schottky plots for the initial and optimized GCN thicknesses

To further enhance device performance, Np in the GCN interfacial layer was systematically
varied, and its effect on PV parameters was studied. Fig. 45 (a) and (b) demonstrate that at
low Np (10" to 10'® cm™®), the device shows limited performance with Voc around 0.90 V, FF
below 32%, and PCE under 8%, primarily due to insufficient free carrier concentration, causing
higher series resistance and poor charge extraction [249]. Increasing Np beyond 10! ¢cm?
significantly improves electrical conductivity and carrier density in the GCN layer, resulting in
a steep rise in PV parameters, with peak efficiency 24.23% at Np = 10?° cm™. The Nyquist
plots in Fig. 45(c) exhibit an increased semicircle diameter at the optimized Np compared to
the low Np case, signifying enhanced charge recombination resistance. This improved
resistance supports more effective charge separation and transport through the absorber layer,
reducing recombination losses. Additionally, Fig. 45(d) shows a stronger and more uniform
electric field distribution near the interface at the optimized Np, further facilitating carrier

separation and collection. These observations confirm that precise tuning of donor density in

the GCN interfacial layer critically modulates the device electrostatics and charge transport
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characteristics, thereby directly contributing to the enhanced PV performance observed

[249,251].

—— V. & FF——J . & PCE ——10"2cm® —— 102 cm™

(a) 1.08] Al2e2 . (b) 78 a2
5 0.99 :/ 28.8 £ 65 J/ 205
3 0.90- o—o-o—o\._.7 28.4 E < 52 // 168’
> 0.81] ‘ 280 b a9 s 128
0.72| e—o-e—0—9 2167 26 izlzlzli‘/ 8
1012 1014 1016 1018 1020 1012 1014 1016 1018 1020
N, of GCN (cm?) N, of GCN (cm?)
©) ) | @) 2 anmale 4.80M
o ; 3.20M
e el |
i e | 0.00
=y 0.001 % -1.60M
-400 | -1.20M; -3.20M
0 200 400 600 800 0.0 0.3 0.6 0.9 1.2
Z,.. (Q.cm?) Distance (um)

Fig. 45. (a,b) Variation in PV parameters for different Np of GCN, (c) Nyquist plots and (d)

electric field distribution for the initial and optimized Np

6.3.6.4.0ptimization of ETL Thickness and Np
The effect of ETL thickness on device performance was investigated by varying it from 0.05

to 0.15 um for devices with and without the GCN interfacial layer. As shown in Fig. 46 (a—d),
Voc remained nearly constant at 0.67 V for the device without GCN and 1.08 V with GCN,
indicating that variations in ETL thickness do not significantly affect the built-in potential or
band alignment [209,253].. In contrast, JSC exhibited a steady decline with increasing
thickness, i.e, without GCN, Jsc drops from 27.88 to 26.63 mA/cm? and with GCN, it
decreases from 29.50 to 27.95 mA/cm? as the thickness increases from 0.05 to 0.15 um,
primarily due to reduced light transmission through the thicker ETL [158]. Although FF
showed a slight improvement with thickness owing to enhanced uniformity and reduced
interfacial recombination, the corresponding reduction in JSC led to a gradual decrease in PCE.
The PCE dropped from 12.13% to 11.63% for the device without GCN and from 24.37% to
23.15% with GCN. Across all thicknesses, the GCN-modified device exhibited superior
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performance, confirming GCN'’s role in facilitating efficient charge extraction and suppressing
recombination. Based on these findings, an ETL thickness of 0.05 um was identified as optimal,
offering the best compromise between optical transparency and charge transport. Thinner ETLs
risk incomplete coverage and leakage losses, whereas thicker layers increase series resistance
and limit light absorption within the absorber [161,254-256].. This observation is supported
by the carrier generation rate profiles in Fig. 46(e,f), where thinner ETLs allowed greater
photon penetration and higher carrier generation. The observed ~0.20 x 10*! cm?.s™! decrease
in average generation rate with increasing ETL thickness aligns with prior simulation studies

reporting similar behavior due to elevated recombination and reduced photon flux [257].
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The doping concentration of the ETL is a critical factor influencing the charge extraction and
built-in potential at the ETL/absorber interface. Herein, the Np of the ETL was varied
systematically from 10'% to 10%° cm™, and its effect on PV parameters was analyzed for devices
with and without the GCN interlayer, as shown in Fig. 47 (a-d). For both device configurations,
no appreciable changes were observed in the Voc, Jsc, FF, and PCE when Np was below 10'°
cm™, suggesting that such low doping levels do not significantly influence the electric field

3. a substantial enhancement in

strength or interface energy. As Np increased beyond 10'°> cm
device performance was observed. Notably, the device without GCN exhibited a rise in Voc
from 0.31 V at 10" cm™ to 0.80 V at 10?° cm?, while Jsc increased from 26.00 to 28.07
mA/cm?. FF improved drastically from 28.3% to 68.19%, resulting in an overall PCE
enhancement from 2.25% to 15.29%. A similar trend was observed in the GCN-modified
device, though the Voc and Jsc remained almost constant, with a marginal increase at higher
doping levels. The FF and PCE exhibited slight improvements, particularly at Np > 107 cm™,
indicating the role of enhanced doping in facilitating efficient electron transport and
suppressing recombination. The maximum PCE of 24.374% achieved at an optimal 10?° cm™
Nbp. This suggests that while the GCN interlayer already aids charge extraction by passivating
traps and improving interfacial contact, additional doping further optimizes energy level
alignment and enhances the built-in field. The overall improvement in device performance
highlights the importance of optimizing Np to balance the field strength and interface quality
for efficient charge extraction. Hence, for both device structures, an Np of 10?° cm™ was found
to be optimal for both devices, delivering the highest efficiency due to enhanced charge carrier

dynamics [161].
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6.3.7. Optimization of Interface Properties.

Interface defects at the absorber/contact layer interfaces are unavoidable due to structural
imperfections during fabrication and intrinsic mismatches in crystal structures, which lead to
non-radiative recombination and reduced solar cell performance [179]. In this work, N; ranging
from 10! to 10'® cm™ were systematically varied at the interfaces of HTL, ETL, and GCN with
the absorber, and their impact on PV parameters was analyzed. For the HTL/absorber interface
without GCN (Fig. 48 (a,b)), all PV parameters remain almost unchanged, with only a slight
decrease beyond 10" cm™. This indicates a relative insensitivity of this interface to defect-
induced recombination in the absence of GCN, and thus a defect density of 10'* cm™? was
selected as optimal for device modelling in accordance with experimentally achievable limits.
With GCN incorporated, the HTL/absorber interface demonstrates enhanced PV performance
(Fig. 48 (e,f)), achieving Voc values of approximately 1.08 V and PCEs near 24.4% at low
defect densities (10'° to 10'* cm?), while maintaining relative stability up to 10'* cm™. This
improvement suggests that GCN effectively passivates interface traps and increases defect
tolerance. In contrast, the ETL/absorber interface without GCN (Fig. 48 (c,d)) shows a
pronounced decline in all parameters with increasing defect density. Voc drops from 1.00 V at

10" ¢cm™ to 0.80 V at 10'® cm™, accompanied by decreases in Jsc and FF, culminating in a
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significant PCE reduction from 23.19% to 14.98%. This highlights that the ETL/absorber
interface is more vulnerable to defect-assisted recombination, consistent with previous findings
that solar cells are more sensitive to ETL-related interface defects [180]. Similarly, the
GCN/absorber interface (Fig. 48 (g,h)) shows the highest VOC (~1.22 V) and PCE (~27.37%)
at low defect densities, but a gradual performance decline occurs beyond 1012 cm-2 due to
increased recombination. This sensitivity underscores the necessity of controlling defect
density to fully exploit the potential of GCN. Remarkably, the ETL/GCN interface (Fig. 48
(i,j)) maintains a similar trend, indicating strong suppression of trap-assisted recombination by
GCN at this interface. Hence, optimal Nt of 1014 cm-2 for the HTL/absorber interface and
1010 cm-2 for the ETL/absorber, GCN/absorber, and GCN/ETL interfaces were selected for
the final devices as consistent with the literature [180][181].
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6.3.8. Analysis of Defect Energy Level and Density on PCE

From the interface optimization results, it is evident that the ETL/absorber interface exhibits
higher sensitivity to defect densities compared to the HTL/absorber interface, and optimizing
defect densities below 1014 cm-2 is crucial to minimize trap-assisted recombination and
maximize device efficiency. However, understanding the charge carrier dynamics involved in
the GCN incorporation and interface optimization is imperial. Fig. 49 (a) and (b) presents the
effect of interfacial defect energy levels on the power conversion efficiency (PCE) at the
absorber/GCN and GCN/ETL interfaces for different defect densities (Nt = 1010 to 1018 cm-
2). At the absorber/GCN interface, the PCE exhibits its maximum value (~27.37%) for a low
defect density (<1012cm-3) when the defect level is positioned near the valence band (—0.4
eV). A progressive decline in efficiency is observed as the defect energy level shifts toward the
midgap region (0 to 0.6 eV) and the defect density increases, resulting from the formation of
deep-level traps that act as non-radiative recombination centers and reduce carrier lifetime.
When the defect levels approach the conduction band edge (>1.4 eV), the PCE recovers slightly
and saturates, suggesting that shallow traps near or within the conduction band have minimal
impact on charge transport and may even assist in electron transfer across the interface. These
results are consistent with previous findings, where defect states near the valence band and
midgap were shown to degrade PV performance, whereas shallow donor-like states near the
conduction band exhibited negligible effects [258,259].. In contrast, the GCN/ETL interface
demonstrates exceptional defect tolerance, with the PCE remaining nearly constant (~27.42%)
across all defect levels and densities. This indicates efficient charge extraction and suppressed
interfacial recombination, even under high Nt conditions. The stability can be attributed to the
presence of shallow defect states near the conduction band that behave as benign traps,
promoting electron transfer rather than recombination. Overall, while the absorber/GCN
interface exhibits strong dependence on defect energy, particularly within the midgap region at
the GCN/ETL interface maintains interfacial robustness and electronic compatibility, thereby

ensuring minimal defect-induced losses and sustaining high device efficiency [180].

6.3.9. Electron (n) and Hole(p) Densities of Device at Intial and Optimal N¢

Fig. 49(c—f) provide deeper insight into the carrier dynamics and recombination behaviour at
different for N; at the absorber/GCN and GCN/ETL interfaces. As seen in Fig. 49(c) and (d),
the spatial distributions of electron and hole densities demonstrate that at higher N, the
concentration of charge carriers across the absorber region and particularly near the

absorber/GCN interface is substantially reduced due to enhanced trap-assisted recombination.
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This depletion of carriers restricts their transport toward the electrodes, resulting in severe
recombination losses at the interface. Upon optimization of Ny, the carrier densities are
effectively restored and become more uniformly distributed throughout the absorber layer,
indicating reduced deep-level trapping and improved carrier extraction efficiency. Similar
trends have been reported in MoSe>- and perovskite-based heterojunctions, where lowering
interfacial trap density led to higher minority carrier concentration and improved charge

collection [249,260,261].

6.3.10. SRH and Overall Recombination Behaviour of Device at Intial and Optimal Nt

Correspondingly, Fig. 49(e) shows a sharp reduction in the SRH recombination current density
(Jsrn) after defect optimization, confirming the suppression of non-radiative recombination and
trap-mediated carrier losses, consistent with reports on defect passivation improving diode
quality and open-circuit voltage in thin-film solar cells [262]. Furthermore, Fig. 49(f) illustrates
that the total recombination rate exhibits a pronounced peak near the depletion/interface region
(~0.849 pum) for the initial N;, which is significantly diminished following optimization. This
confirms that recombination is primarily localized at the absorber/GCN interface under high
defect densities and that defect passivation effectively mitigates these losses, consistent with
prior analyses of interfacial recombination localization in heterojunction systems [263].
Collectively, these observations substantiate that reducing the interfacial defect density
enhances carrier densities, suppresses SRH recombination, and minimizes localized
recombination peaks, thereby improving charge extraction and sustaining the high PCE

observed in Fig. 12(a,b).
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6.3.11. Final Outcomes of Optimal Solar Cell Design

The final optimized solar cells with and without the GCN interfacial layer were analyzed

through J-V characteristics, QE spectra, and energy band diagrams, as shown in Fig.50. The

results provide both quantitative and visual evidence of the improved device physics and
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performance upon the incorporation of GCN. Fig. 50(a) compares the J-V curves of the
optimized devices. The device with GCN demonstrates a clear rightward shift in turn-on
voltage and a steeper slope, indicating a significantly higher Voc and improved diode quality.
The Voc increased from 1.00 V to 1.22 V, matching the numerically extracted values. This
enhancement can be attributed to suppressed interfacial recombination, as also reflected in the
reduced Voc loss from 0.43 eV to 0.21 eV, when calculated against the absorber bandgap of
1.43 eV.

Table 16. Final device performance with and without GCN

Device structure Voc (V) Jsc FF PCE
(mA/cm?) (%) (%)

FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au 1 30.86 75.13 23.19

FTO/CdS/GCN/Sby(S,Se)s/Spiro-OMeTAD/Au  1.22 29.63 76.07 27.42

Table 16 highlights the enhancement in PV parameters following optimization. The overall
PCE increased to 23.19% for the device without GCN and further improved to 27.42% with
the inclusion of GCN. The more pronounced knee in the JV curve of the GCN-based device
indicates improved carrier extraction and lower series resistance. As shown in Fig. 50(b), the
QE spectrum of the GCN-modified device exhibits a broader and significantly higher response
across the 350—750 nm range. The peak QE increases from 81.7% to 90.2%, indicating more
efficient photon-to-electron conversion. The GCN device also shows faster onset and delayed
roll-off, suggesting improved light absorption and carrier collection, especially in the visible
spectrum. This improvement is consistent with enhanced interfacial energy alignment that
facilitates better charge extraction as illustrated in Fig. 50(c,d). To understand the effect of
interfacial band alignment on the PV performance, the conduction band offset (CBO) and
valence band offset (VBO) at the ETL/absorber and GCN/absorber interfaces were analyzed.
The CBO is defined as the difference between the conduction band minimum (Ec) of the ETL
(or interfacial layer) and that of the absorber, while the VBO is calculated as the difference
between the valence band maximum (Ev) of the absorber and that of the ETL (or interfacial
layer). A positive CBO denotes a spike-like barrier for electrons, whereas a negative CBO
implies a cliff-like barrier. Similarly, a positive VBO indicates a spike-like barrier for holes,
which is favorable for blocking hole back-injection, while a negative VBO forms a cliff-like
barrier that can hinder hole extraction [183,184]. In the device without the GCN interfacial

layer, the CBO at the ETL/absorber interface was +0.2928 eV, indicating a significant spike
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that may partially hinder electron transport. Upon introducing the GCN interfacial layer
between the ETL and absorber, the CBO at the GCN/absorber interface was reduced to +0.18
eV. This moderate spike is widely regarded as optimal, as it efficiently suppresses interfacial
recombination without significantly impeding electron extraction. Correspondingly, the VBO
at the ETL/absorber interface increased from +1.304 eV (without GCN) to +1.429 eV (at
GCN/absorber), indicating an enhanced hole-blocking barrier. This increase in VBO further
reduces the likelihood of hole backflow toward the front contact, thereby improving charge
carrier selectivity and reducing recombination losses [44]. These improved energy band
alignments, characterized by a more moderate CBO and a stronger VBO, contribute to the
enhanced performance observed in the GCN-introduced device. The PV parameters show a
marked improvement, validating the effectiveness of GCN in tuning interfacial energetics to
facilitate better charge extraction and suppress losses. The results derived from the energy band
diagram are consistent with theoretical expectations and previous studies emphasizing the
importance of optimal interfacial offsets for efficient carrier transport and minimized

recombination.
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6.3.12. Effect of Temperature and Illumination Intensity

Temperature plays a critical role in defining the operational behavior and stability of solar cells,
primarily by modulating carrier transport, recombination dynamics, and resistive losses. In the
present study, the PV performance of the GCN-incorporated optimized device was examined
under temperatures ranging from 300 K to 450 K, and the results are presented in Fig. 51 (a,b).
A clear monotonic decrease in Voc is observed as the temperature increases, declining from
1.22 V at 300 K to 1.06 V at 450 K. This reduction in Voc can be attributed to enhanced SRH
recombination at elevated temperatures, which becomes increasingly dominant due to the rise
in intrinsic carrier concentration and saturation current density, in accordance with the
temperature dependence described by the diode equation in prior studies [195,196].
Additionally, the reduction in the semiconductor bandgap with temperature further contributes
to the observed Voc degradation [197]. FF and PCE also exhibit a gradual decline with
increasing temperature. The FF drops from 76.07% to 69.88%, while the PCE decreases from
27.42% at 300 K to 22.74% at 450 K. This trend is linked to increased series resistance and

decreased carrier mobility due to phonon scattering, as carrier mobility typically follows [199]:
p(T) cT™™ (7

where m > 0 for phonon-limited transport. These factors collectively degrade charge extraction
efficiency, reducing both FF and PCE, consistent with previously reported results [198]. Jsc
shows a mild increase with temperature, rising from 29.63 to 30.60 mA/cm?. This is likely due
to the narrowing of the absorber bandgap at higher temperatures, allowing for absorption of
longer-wavelength photons and a marginal increase in charge carrier generation. However, the
benefits of enhanced generation are counterbalanced by recombination losses, resulting in only

a modest Jsc gain [201,202].

To assess the light intensity dependence, the device was simulated under varying illumination
levels from 100 to 1000 W/m?, and the corresponding PV parameters are illustrated in Fig. 51
(c,d). As expected, Jsc increases linearly with illumination intensity, consistent with the
proportional relationship between photon flux and photocarrier generation [204]. Jsc rises from
2.96 mA/cm? at 100 W/m? to 29.63 mA/cm? at 1000 W/m?, validating the efficient light
harvesting and charge generation capability of the optimized device. Simultaneously, Voc
exhibits a logarithmic increase with intensity, reaching 1.22 V at 1000 W/m? from 1.12 V at
100 W/m?. This is attributed to greater quasi-Fermi level splitting under enhanced carrier

generation, aligning with the dependence [203,205].. The FF shows a sharp increase from
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48.52% at low intensity (100 W/m?) to around 76.5% at intensities >800 W/m?, beyond which
it saturates. This initial improvement stems from reduced series resistance effects and enhanced
carrier transport at higher illumination, while the subsequent saturation suggests that internal
resistive and recombination losses dominate, limiting further improvement [206].
Consequently, PCE follows a similar trend, increasing rapidly from 16.08% at 100 W/m? to a
maximum of 27.45% at 900 W/m?, beyond which it remains stable. This saturation behavior in
both FF and PCE suggests that the device operates near its intrinsic efficiency limits under full

sunlight, with minimal losses due to optical or external constraints [44].

Overall, the simulated GCN-based solar cell demonstrates stable and predictable performance
trends under both thermal and optical stress. While elevated temperatures induce
recombination and resistive losses that deteriorate Voc, FF, and PCE, the device maintains
relatively high performance even at 450 K. Under increasing light intensity, the PV parameters
improve significantly and eventually saturate, underscoring the robustness and practical

applicability of the device under real-world sunlight conditions.
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Conclusion

This thesis systematically investigated Sba(S,Se); thin-film solar cells through three major
studies involving device simulation, optimization, and interfacial engineering, aimed at
addressing the intrinsic limitations of conventional CdS/Spiro-OMeTAD-based architectures.
A total of multiple device structures were simulated using the SCAPS-1D platform, and their
performance was analyzed through electrical (J-V, C-V), optical (QE, absorption), and
recombination—generation studies. Additionally, Nyquist analysis was employed to evaluate
charge transfer resistance, and the influence of operating conditions such as temperature and
illumination intensity was examined to assess device stability and charge dynamics under
realistic conditions. Each study specifically focused on a key structural modification—hole
transport layer (HTL), electron transport layer (ETL), and interfacial layer engineering—to
systematically enhance device efficiency, reduce non-radiative losses, and optimize charge

carrier extraction and recombination mechanisms. The outcomes are as follows:

(1) The first study explored cost-effective triazatruxene-based HTLs (CI-B2, CI-B3, TAT-H,
TAT-TY1, and TAT-TY?2) as replacements for the conventional Spiro-OMeTAD in Sba(S,Se)s
solar cells. Initially, the baseline device was designed to replicate the device configuration of
FTO/CdS/Sba(S,Se)s/Spiro-OMeTAD/Au reproducing the same experimental outcomes. Later,
by optimizing the thickness and carrier densities of the HTL, ETL, and absorber layers,
significant efficiency improvements were achieved. In precise, on optimizing the HTL, the CI-
B2, CI-B3, TAT-H, TAT-TY1, and TAT-TY2-based solar cells resulted in efficiency increases
0f' 4.53%, 5.2%, 1.6%, 1.22%, and 0.18%, respectively, compared to the baseline efficiencies.
Meanwhile, Spiro-OMeTAD showed only a slight increase, from 10.75% to 10.79%. The
enhancement in PCE is attributed to enhanced charge collection at the respective contacts, as
evident from the drastic increase in QE (>70%) for all the solar cells. Further optimization of
the ETL led to efficiencies exceeding 12% for TAT-H and 13% for the other HTLs owing to
the reduced recombination at optimal thickness (0.05 pum) and enhanced electric fields at
optimal Np (10 c¢cm™). Additionally, optimizing the absorber parameters resulted in
improvements to the Voc (~0.8 V), Jsc (27 to 29 mA/cm?), and FF (66%—68%), stabilizing
efficiencies over 15% for all solar cells pertaining to the favorable band alignments, enhanced
fermi level splitting and greater light absorption. Tuning the absorber/HTL and ETL/absorber
interfaces effectively minimized the non-radiative recombination at the interfaces, leading to
reduced Voc loss (~0.4 V), largely attributed to refined ETL/absorber interface engineering.
Overall, the final efficiencies of 22.97% for Spiro-OMeTAD, 23.09% for CI-B2, 22.47% for
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CI-B3, 21.08% for TAT-H, 23.24% for TAT-TY1, and 23.11% for TAT-TY2, were achieved,
with CI-B2, TAT-TY1, and TAT-TY2 exceeding 23% efficiency. This work highlights the
advantages of triazatruxene HTLs as a potential alternative to Spiro-OMeTAD with
comparable efficiencies after meticulous optimization of each layer. Finally, the effects of
operating temperature and light intensity on device behavior were systematically analyzed.
Hence, the findings from this study lay the groundwork for future efforts to push these devices

closer to their theoretical efficiency limits.

(2) The second study focused on implementing a Cd-free electron transport layer using STO in
place of CdS to enhance both environmental compatibility and interfacial quality. The
introduction of STO, with its wide bandgap (3.2 eV) and superior dielectric properties, led to
reduced interface recombination (~0.12 x 10'” cm™.s™!) and improved photogeneration rates
(3.21 x 10?! em™.s!"). Optimization of ETL parameters revealed a favorable electric field
distribution across the junction, resulting in stronger carrier drift and suppressed non-radiative
losses. The reduced Voc loss (~0.39 V) was attributed to a well-aligned conduction band profile
characterized by a small cliff-type offset that facilitated electron extraction while preventing
hole backflow. Simultaneously, the valence band spike acted as a selective barrier, further
lowering interfacial recombination. These effects collectively enhanced quantum efficiency
and Jsc, demonstrating improved absorption response and charge separation. The temperature
and illumination studies further revealed stable PV operation, with Voc and FF showing
predictable behavior under thermal and light variation, confirming the reliability of the STO-

based Cd-free configuration for future Sb(S,Se)s solar cells.

(3) The third study integrated an experimentally synthesized GCN interfacial layer between
CdS and Sba(S,Se)s to improve interface energetics and stability. The GCN, prepared through
thermal polymerization of urea and characterized by XRD, XPS, FESEM, and UV-Vis
spectroscopy, exhibited a (002) diffraction peak at 27.4°, an indirect bandgap of 2.8 eV, and an
electron affinity of 3.6 eV. These experimentally validated parameters were incorporated into
SCAPS-1D simulations, ensuring physical accuracy. The incorporation of GCN improved the
built-in potential (Vui) to 0.8 V and reduced charge transfer resistance (625.4 to 401.3 Q.cm?)
and series resistance (3.7 to 3.5 Q.cm?), which correlated with an improved fill factor of
76.07%. The modified energy band structure, with CBO reduced from +0.29 eV to +0.18 eV
and VBO increased to +1.43 eV, enabled selective carrier transport and minimized
recombination losses. These factors enhanced carrier generation (~0.20 x 10?! cm™.s!) and

elevated QE beyond 90% across the visible region, leading to a final efficiency of 27.42%. The
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illumination and temperature analyses confirmed minimal degradation and high stability under
operating conditions, establishing GCN as a highly effective interfacial modifier for Sbx(S,Se)s

solar cells.

In summary, this thesis provides a clear understanding of how targeted interfacial and layer-
level engineering can systematically overcome the limitations of Sb(S,Se); PV devices. The
implementation of triazatruxene-based HTLs improved hole transport and reduced Voc losses,
SrTiO; offered a Cd-free alternative with enhanced interfacial recombination control, and GCN
interfacial engineering delivered superior energetics and stability. Together, these studies
contribute a coherent strategy toward achieving high-efficiency (>27%) and stable Sba(S,Se)3
solar cells, laying the groundwork for future experimental realizations and commercialization

of sustainable thin-film PV technologies.
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