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Abstract

Lead-free chalcogenide perovskites are emerging as promising alternatives to hybrid halide
perovskites due to their superior thermal stability, non-toxicity, and strong optical ab-
sorption. In this study, the photovoltaic performance of single-junction BaHfSes-based
perovskite solar cells (PSCs) with the TCO/TiO,/BaHfSe;/Cu;O/Au configuration is
systematically investigated using SCAPS-1D simulations. Device optimization identi-
fies TiO; and CuyO as suitable ETL and HTL materials, respectively. The optimized
structure—TCO/TiO, (50 nm)/BaHfSe3 (500 nm)/Cu,O (100 nm)/Au—achieves a power
conversion efficiency (PCE) of 24.47% under standard conditions. Simulation results reveal
that device efficiency is influenced by absorber thickness and trap density. A detailed
temperature-dependent study highlights that photovoltaic parameter efficiency is gov-
erned by the barrier alignment at the TCO/ETL interface. For lower TCO (Transparent
Conducting Oxide) work functions (3.97-4.07 eV), PCE decreases monotonically with tem-
perature, attributed to the increase in reverse saturation current resulting from a higher
intrinsic carrier concentration. By contrast, higher TCO work functions (4.47-4.8 eV) yield
an initial increase in efficiency with temperature, driven by reduced barrier height and
favorable Fermi level shifts before efficiency declines at further elevated temperatures.
These insights underscore the promise of BaHfSe3 as a lead-free, environmentally robust
perovskite absorber for next-generation PSCs, and highlight the critical importance of
interface engineering for achieving optimal thermal and operational performance.

Keywords: lead-free chalcogenide perovskites; BaHfSe3; perovskite solar cells; SCAPS-1D
simulation; interface band alignment; temperature-dependent efficiency; device stability

1. Introduction

Perovskite solar cells (PSCs) have rapidly emerged as a leading next-generation photo-
voltaic technology owing to their remarkable power conversion efficiencies (PCEs), low-cost
solution-processable fabrication routes, and highly tunable optoelectronic properties [1-3].
Organic-inorganic hybrid perovskites have especially dominated the field with certified
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PCEs exceeding 25%, [4] comparable to those of conventional silicon-based solar cells. More
notably, perovskite/silicon tandem architectures have recently surpassed the Shockley—
Queisser limit for single-junction silicon cells, achieving efficiencies above 33% [5]. Such
advancements underscore the vast potential of PSCs for efficient solar energy conversion.

Despite impressive progress, the commercialization of PSCs remains constrained by
their poor long-term operational stability. Conventional silicon photovoltaic modules are
warranted for 20-25 years, setting a rigorous benchmark for alternative solar technologies.
In contrast, PSCs suffer rapid degradation when exposed to environmental factors such as
oxygen, moisture, ultraviolet (UV) radiation, temperature stress, and electric fields [6-8].

Significant efforts have been made to improve PSC stability through encapsulation,
UV filtering, and defect passivation strategies [9]. However, thermal degradation remains
a substantial and unavoidable challenge. During operation, solar modules often experience
temperature rises of 4045 °C above ambient, with effective operating ranges from —40 °C
to +85 °C. According to IEC 61646 standards [10], sustaining long-term operational stability
at 85 °C is mandatory for commercial qualification. Elevated temperatures induce complex
degradation pathways, including chemical decomposition of perovskite components, struc-
tural phase transitions, morphological changes, and optical deterioration—all of which
critically shorten device lifetimes.

Prior studies have demonstrated that thermal stress significantly affects hybrid PSC
performance. For example, Conings et al. showed that MAPbI3-based devices degrade
within 24 h at 85 °C even under inert atmospheres, primarily due to the evaporation
of volatile halides and organic cations [11]. Habisreutinger et al. reported that organic
hole-transport layers (HTLs) such as Spiro-OMeTAD, P3HT, and PTAA worsen thermal
instability, whereas partial enhancements are attainable using inorganic transport layers
or molecular passivation [12]. Enhanced thermal resilience is observed in cesium-based
all-inorganic perovskites (CsPbX3; X = Cl, Br, I) and mixed-cation systems; Saliba et al.
reported devices preserving 95% of their initial efficiency after 500 h at 85 °C [13]. More re-
cently, p—i-n PSCs achieved record efficiencies near 24.6%, maintaining up to 96% and 88%
of their performance after 1000 h of continuous operation at 25 °C and 75 °C, respectively,
and surviving rapid thermal cycling between —60 °C and +80 °C [14]. Nonetheless, out-
door field tests reveal efficiency losses exceeding 15% within hours, highlighting ongoing
challenges of thermal degradation [15].

These challenges have motivated exploration of thermally robust and environmen-
tally benign alternatives to hybrid lead halide perovskites. Transition metal chalcogenide
perovskites (TMCPs) with general formula ABX3 (where A = Ca, Sr, Ba; B = Ti, Zr, Hf; and
X =S5, Se) have emerged as promising candidates [16]. TMCPs are non-toxic, structurally
stable, and possess semiconducting properties with tunable direct bandgaps ranging from
0.3 to 2.3 eV and high optical absorption coefficients exceeding 10° cm~!, comparable to
traditional absorbers like GaAs. Importantly, the large band dispersion in Zr- and Hf-
based TMCPs implies high carrier mobilities, essential for efficient charge transport. A
comprehensive computational screening by Sun et al. identified materials such as CaTiSg,
BaZrS;3, CaZrSes, and CaHfSe; as potential solar absorbers with favorable optoelectronic
properties [17].

Among these, BaZrS; has been studied extensively due to its lead-free composi-
tion, exceptional environmental stability, and strong light absorption [18,19]. Its high
absorption coefficient facilitates efficient carrier collection in thin-film configurations. The
structurally analogous BaHfS; is equally stable but exhibits a relatively wide bandgap
(~1.9-2.0 eV), limiting its solar spectrum coverage. To overcome this, anion substitution
strategies replacing sulfur with selenium yield BaZrSe; and BaHfSes, which have reduced
bandgaps around 1.5 eV [18,20]. This red-shift originates from selenium’s larger ionic ra-
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dius and lower electronegativity, enhancing orbital overlap and extending absorption into
the visible-near-infrared range, rendering these selenide variants ideal for single-junction
thermally stable photovoltaic applications. However, experimentally, only BaZrS;-based
solar cells have been reported, achieving a modest PCE of 0.11% [21], whereas BaZrSe; and
BaHfSe; remain unexplored experimentally, with existing studies limited to theoretical and
simulation-based investigations.

Chalcogenide perovskites such as BaZrS3; and BaHfS3 are known for their excellent
thermal and chemical stability, retaining their orthorhombic phase up to ~650 °C, far
exceeding the stability of halide perovskites like CsPbBrs (stable up to ~300 °C) [22].
Although BaHfSe; has not yet been extensively studied, its close structural similarity to
BaHfS; and BaZrSes implies comparable robustness, with an estimated thermal stability
up to ~500 K. To date, BaHfSe; has not been experimentally synthesized, and no device
reports exist. However, its predicted narrow bandgap (~1.5 eV) and structural similarity to
stable Ba—Zr and Ba-Hf sulfides make it a promising candidate for lead-free and thermally
robust photovoltaic applications.

Temperature-dependent studies have been conducted on Ba—Zr-based chalcogenide
perovskites using SCAPS-1D simulations. For instance, Verma et al. observed a reduction
in efficiency from 31.14% at 300 K to 29.98% at 500 K in FTO/CdS/BaZrSSe/Cu,O/Au
devices [23]. Similarly, Kumar et al. simulated an Au/Cu,O/BaZrSSes /WS, /FTO system
and noted efficiency decline from 24% at 300 K to 20.6% at 400 K [24]. Mercy et al. reported
a modest decrease from 32.58% to 31.79% when temperature increased from 300 K to 400 K
in an FTO/ZrS; /Ba (Zry.95Tig.04)S3/SnS /Pt device [18]. These studies collectively suggest
that the power conversion efficiency of Ba-Zr-based chalcogenide perovskites decreases
monotonically with temperature.

However, the influence of interfacial energy alignment—particularly the barrier height
at the transparent conducting oxide (TCO)/electron transport layer (ETL) interface—plays a
decisive role in determining the temperature-dependent photovoltaic behavior. The barrier
height directly affects charge extraction efficiency, interfacial recombination dynamics, and
the variation of open-circuit voltage (Vo) with temperature [25,26]. Despite its potential
importance, no comprehensive simulation study has yet quantitatively explored how
barrier height modulation impacts the temperature dependence of photovoltaic parameters
in chalcogenide perovskite solar cells.

In this work, we employ SCAPS-1D simulations to model and optimize the perfor-
mance of a BaHfSe3-based single-junction perovskite solar cell (PSC) with the architecture
TCO/ETL/BaHfSe3 /HTL/Au. Alongside the selection and optimization of suitable ETL
and HTL materials, we systematically investigate the combined effects of temperature and
interfacial barrier height variations at the TCO/ETL interface. Furthermore, optimization of
critical device parameters—including absorber thickness, trap density, and transport layer
thickness—has been performed to establish a comprehensive understanding of the coupled
thermal and interfacial influences on device performance. The insights derived from this
study provide valuable guidance for designing thermally stable, lead-free chalcogenide
perovskite solar cells with enhanced operational reliability.

2. Materials and Methods

SCAPS-1D has been widely used in the literature for solar cell simulation [27-31]. In
this work, we employed SCAPS-1D (version 3.3.10), a one-dimensional solar cell simulation
program developed by Prof. Marc Burgelman and colleagues at the University of Ghent,
Belgium, to simulate and optimize the performance of BaHfSe3-based perovskite solar
cells (PSCs) [32]. A planar n—i—p heterojunction architecture was adopted, comprising an
electron transport layer (ETL), a BaHfSe; absorber, and a hole transport layer (HTL), as
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illustrated in Figure 1. In this structure, the BaHfSe3 absorber serves as the intrinsic region
between the p-type HTL and n-type ETL. Under illumination, photogenerated electron—
hole pairs are separated by the built-in electric field at the heterojunction; electrons drift
toward the ETL, while holes move toward the HTL, resulting in photocurrent generation.
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Figure 1. (a) Proposed n-i-p structure of the PSC with different layers. (b) Energy band diagram of
the PSC structure (combined) with bandgap denotation for absorber and different possible charge
transport layers.

Four ETLs (TiO,, SnS,, ZnSe, ZrS,) and four HTLs (M0oO3, Mo0S,, Cu,O, and CZTS)
were examined in the Transparent conducting oxide/ETL/BaHfSe; /HTL/Au configura-
tion to identify the most efficient material combination. The effects of absorber thickness
and defect densities (bulk and interfacial) were systematically optimized. All simulations
were performed under AM 1.5 G illumination (100 mW/ cm?, 1 sun) at 300 K. As trans-
parent conducting oxide (TCO) Fluorine doped tin oxide (FTO) has been used. All input
parameters for the device layers were obtained from previously reported studies and are
summarized in Table 1, while the electrode parameters are provided in Table 2.
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Table 1. Parameters for the different layers of proposed solar cell.

BaHfSej3
ETL 1201 HTL
Material TiO, [19] ZrS2 [18] ZnSe [33] SnS,; [34] Cup,O[19] MoOj [34] CZTS[18] MoS; [34]
Thickness (pm) 0.04 0.04 0.04 0.04 0.5 0.1 0.1 0.1 0.1
Band gap (eV) 32 25 2.81 1.85 15 2.17 3 15 1.29
Electron affinity (eV) 39 41 4.09 426 38 32 23 42 42
Dielectric
permittivity 9 16.4 8.6 17.7 11 7.11 18 10 3
(relative)
B de(ris/”ci%f) States 101020 22x108  22x1018  7.32x108  22x108  2.02x107  1.0x101°  22x10  22x108
VB deas/‘tci‘;f)“ates 20%x1020  18x101  18x108  1.0x10  18x10°  11x10  22x108  18x10  1.9x10Y
Electron mobility 20 2.3%10° 4x102 50 9.4x10 2 2.0x102 210 1.0%102 100
(cm/s)
Hole mobility 10 1.3x103 1.1x10! 25 35x102 80 210 25 150
(cm/s)
Donor density 20%10°  1.0x10°  1.0x10'8  9.85x101° 0 0 0 0 0
(1/cm?)
Acceptor density 18 18 18 17 17
3 0 0 0 0 1.0x10 1.0x10 1.0x10 1.0x10 1.0x10
(1/cm?)
Table 2. Contact parameters in the simulation.
Contact/Parameter Front Contact (FTO) Back Contact (Au)
Metal work function,
4.07 [35 5.1[36
®,, (eV) [35] [36]
Electron thermal velocity 1.0 x 107 1.0 x 107
Hole Thermal Velocity 1.0 x 107 1.0 x 107

SCAPS-1D numerically solves the Poisson, carrier continuity, and drift-diffusion
equations self-consistently to obtain current-voltage (J-V) characteristics, from which V,,
Jse, FE, and power conversion efficiency (1) are determined. The governing equations are:

2

w=f =t =1 -n Ny - Ny <1>
P = Gy — Ra), @

aaif =q(Gp — Ry) (3)

Ju = qnuyE + gDy 92, (4)

Jp = apppE — ”’D”% (5)

Here, ¢ is the electrostatic potential, E is the electric field, p is the charge density, p
and 7 are hole and electron concentrations, i, and y, are mobilities, and D, and D), are
the diffusion coefficients.

The Einstein relation, linking mobility and diffusion, is given by:

kgT
Dn,py = S5 Hinp) (6)

Hence, the diffusion coefficients vary proportionally with temperature, while carrier
mobilities remain constant unless manually varied.
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The temperature-dependent performance of the device was investigated over the range
of 270-520 K. To examine the influence of the front contact on thermal behavior, simulations
were performed using six different work function (WF) values (3.97, 3.98, 4.07, 4.47, 4.58
and 4.8 eV) for the TCO electrode. Varying the TCO work function effectively alters
the interfacial energy alignment and the barrier height at the TCO/ETL interface, which
critically governs carrier injection, extraction, and recombination processes. This approach
enables a detailed understanding of how contact energetics modulate the temperature
dependence of key photovoltaic parameters such as V., Jsc, FF, and overall device efficiency.
In SCAPS-1D, only a few parameters such as conduction band density of states, valence
band density of states, and thermal velocity of charge carriers vary intrinsically with
temperature, expressed as:

3/2 3/2 1/2
N = NCO(%) /Ny = N‘UO(%) 1 Oth = vth,O(%) . (7)

These variations influence the intrinsic carrier concentration:

E
n; = NCNUexp(—ﬁ) 8

All other quantities—including band gap (Eg), carrier mobilities, and defect
parameters—remain fixed unless explicitly modified. The thermal velocities of elec-
trons and holes were set to 107 cm /s at 300 K.

Although both band gap and mobility are generally temperature-dependent in semi-
conductors, no experimental or theoretical data are currently available for BaHfSe;. Given
the chemical similarity to BaZrSes, which exhibits a decreasing band gap with increas-
ing temperature, [37] BaHfSej3 is expected to follow a similar trend. Therefore, while the
temperature-dependent simulations maintained a fixed band gap, a separate analysis (see
Supporting Information Figure S2) examined efficiency variation by changing the band gap
from 1.5 eV to 1.4 eV and mobility.

3. Results and Discussion
3.1. Optimization of ETL and HTL Material

The conduction band minimum (CBM) of BaHfSe; is positioned at 3.8 eV below
the vacuum level, while its valence band maximum (VBM) lies near 5.3 eV. In designing
efficient solar cells based on BaHfSe; absorbers, the selection of appropriate electron
transport layer(ETL) and hole transport layer (HTL) materials is crucial to enable effective
charge extraction and minimize interfacial recombination losses. Specifically, for efficient
electron transport, the ETL's CBM should be aligned below (i.e., at a lower energy than) the
BaHfSez CBM (value is greater than 3.8 eV since the energy is measured from vacuum, i.e.,
zero) to facilitate energetically favorable electron transfer toward the front contact or FTO
electrode. Similarly, the HTL's valence band edge should closely match or lie slightly above
the BaHfSe; VBM (around or less than 5.3 eV) to ensure efficient hole extraction toward the
Au back electrode.

Guided by these criteria, several inorganic ETL and HTL materials were selected based
on their reported band edge positions that closely satisfy these alignment conditions. The
ETL candidates include TiO,, ZrSy, ZnSe, and SnS, all possessing conduction band minima
ideally placed relative to BaHfSes. For the HTL, materials such as MoS,, Cu,O, CupZnSnSy
(CZTS), and MoO3 were chosen for their suitable valence band maxima favorable for hole
transport (Figure 1b). Different combinations of ETL and HTL materials were used in
the device configuration FTO/ETL (50 nm)/BaHfSes (400 nm)/HTL (100 nm)/Au, and
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their photovoltaic performances were systematically simulated using SCAPS-1D to get the
best efficiency.

The simulation results, summarized in Figure 2, reveal that the device incorporating
TiO; as the ETL and CuyO as the HTL demonstrates the highest power conversion efficiency,
reaching 24.15%. This superior performance is attributed to the optimal band alignment
provided by TiO, and Cu,O with respect to BaHfSes, enabling efficient charge separation
and extraction while minimizing recombination at the interfaces. Other ETL/HTL combi-
nations exhibited lower efficiencies, reflecting less favorable band alignment or increased
interfacial losses. These findings highlight the critical importance of carefully matching ETL
and HTL band edges with the absorber’s electronic structure to maximize device efficiency
in BaHfSe3-based perovskite solar cells.

o5 L Auw/HTL/BaH{fSe,/ETL/FTO

N
o
T

LN
&)
|

—_
o
|

Efficiency (%)

o
MoSI2/TiO2
CZTS/ZxS,

CZTS/TiO,

Cu,0/TiO,
MoO,/ZnSe
MoO,/SnS,
Cu,0/ZnSe

o

| | | |
HTL/ETL

Figure 2. Efficiencies with different HTL and ETL combination.

3.2. Optimization of Absorber Layer Thickness

After selecting the optimal device structure, the thickness of the BaHfSe; absorber
layer was systematically optimized, as it critically influences the photovoltaic performance
of PSCs. An appropriate absorber thickness must balance efficient light absorption and
effective charge carrier collection. An absorber that is too thin results in incomplete
photon absorption, reducing the short-circuit current density ( Jsc) and overall efficiency.
Conversely, excessively thick layers contribute to increased bulk recombination, which
degrades device performance.

Our simulations reveal that J;. increases steadily with the absorber thickness, reaching
a saturation point near 500 nm where the efficiency peaks at 24.47% (Figure 3a). The
efficiency remains relatively stable between 500 nm and 700 nm, indicating an optimal
thickness range where the benefit of increased photon absorption offsets recombination
losses. Beyond 700 nm, efficiency declines progressively, reaching 23.09% at 1500 nm
thickness (Figure 3b). This degradation is attributed to elevated recombination rates within
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Figure 3. Variation of (a) short-circuit current density, open-circuit voltage, (b) fill factor, and efficiency
with absorber layer thickness.

The gradual decrease in fill factor (FF) observed with increasing thickness further
supports the presence of enhanced carrier recombination and series resistance. The com-

bined effect of saturation in J,, rising recombination, and increasing saturation current
explains the observed efficiency trend. Our results indicate that the absorber thickness
range of 500-700 nm provides the best trade-off between photon absorption and charge
extraction, maximizing power conversion efficiency before performance deteriorates at

higher thicknesses.

3.3. Optimization of ETL and HTL Layers Thickness

Optimization of the ETL and HTL layers was also carried out by varying their thick-
nesses from 10 nm to 500 nm. The corresponding results are provided in the Supporting

Information (Figure S1). The variation in photovoltaic parameters with layer thickness was
found to be negligible, indicating that both ETL and HTL layers primarily serve charge
transport and selective contact roles rather than contributing significantly to optical absorp-
tion. Therefore, an ETL thickness of 50 nm and an HTL thickness of 100 nm were selected
for the optimized device structure.

The HTL thickness was chosen slightly higher to ensure complete coverage of the

absorber surface, thereby minimizing interfacial recombination and improving hole extrac-
tion uniformity. A thicker HTL also helps in reducing shunt pathways and enhancing the
overall stability of the device without significantly affecting series resistance. This thickness-

dependent behavior aligns well with previous theoretical and experimental observations in

perovskite solar cells, underscoring the importance of tailoring absorber dimensions for
optimized device operation [38,39].

The optimized BaHfSe3-based perovskite solar cell, structured as TCO/TiO;
(50 nm)/BaHfSe3 (500 nm)/Cuy0O (100 nm)/Au, achieves a short-circuit current density
(Jsc) of 22.61 mA/cm?, an open-circuit voltage (V,.) of 1.25V, a fill factor (FF) of 86.29%,
and a power conversion efficiency (PCE) of 24.47% under standard testing conditions

(trap density of 10! cm™

3

, room temperature 300 K). This performance highlights

the exceptional promise of lead-free chalcogenide perovskites for highly efficient and
stable solar cell applications, with device metrics closely comparable to the leading
results in the contemporary perovskite research field.
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3.4. Evaluation of the Shockley—Queisser Efficiency Limit and the Role of Radiative Recombination

To benchmark the simulated performance of the BaHfSes-based perovskite solar
cell, the theoretical Shockley—Queisser (SQ) efficiency limit was estimated based on its
optical bandgap (Eg9 = 1.50 eV). Under standard AM1.5G illumination (ASTM G-173 [40]),
the corresponding SQ limit is approximately 31-32%, which represents the maximum
attainable efficiency when radiative recombination is the only loss mechanism.

In practical photovoltaic devices, however, radiative recombination contributes sig-
nificantly to carrier losses and reduces the overall efficiency. Since BaHfSej is a relatively
new and less-explored lead-free perovskite, there are currently no reported theoretical or
experimental values for its radiative recombination coefficient (B). To address this uncer-
tainty and to assess its potential influence on device performance, a systematic simulation
study was performed by varying B over a wide range from 10~ to 10713 cm® s ! using the
SCAPS-1D framework.

The results of this parametric study are summarized in Supplementary Material
(Figure S2). A clear trend was observed where the power conversion efficiency (PCE)
decreases with increasing radiative recombination rate. Specifically, the efficiency drops
from 24.77% for B = 0 cm3 s~! (no radiative recombination) to about 19% for B = 10!3 cm3
s~1, and further down to approximately 5% for B = 10° cm® s 1. This pronounced reduction
demonstrates the detrimental impact of radiative losses and provides a realistic projection
of device efficiency under practical conditions, where radiative recombination cannot be
fully suppressed.

All final simulations presented in this manuscript were carried out using B = 0 cm3 s !
to represent the upper theoretical limit of performance for the optimized device structure.
Importantly, even under this idealized condition, the obtained efficiency (~24.77%) re-
mains well below the SQ limit of 31-32%, confirming that the chosen material and device
parameters are physically reasonable and do not involve any overestimation. The variation
of efficiency with B further illustrates the performance degradation expected under real-
istic recombination scenarios, offering valuable insight into the potential efficiency range
achievable in experimental BaHfSe3-based solar cells.

3.5. Effect of Absorber Thickness and Trap Density on Device Performance

Our SCAPS-1D simulations systematically elucidate the critical interplay between
absorber thickness d and bulk trap density N; in determining perovskite solar cell efficiency.
Key trends emerge from defect-related recombination physics and optical absorption
considerations. The findings are shown in Figure 4.

03 cm~3): The minority carrier diffusion length L

e  Low trap density regime (N; <1
is much greater than d (L > d), enabling nearly all photogenerated carriers to be
collected efficiently. Increasing d improves light absorption and thus short-circuit
current density Js, resulting in monotonically increasing power conversion efficiency
(PCE). Efficiency tends to saturate at very high thicknesses (> 1500 nm) as absorption
approaches completeness and marginal gains diminish.

e Moderate trap density regime (N; ~ 10'* cm~3): The diffusion length becomes com-
parable to d (L ~ d), yielding an optimal absorber thickness around 500-700 nm.
Thinner devices suffer from insufficient photon absorption causing low Js., while
thicker films experience pronounced Shockley-Read-Hall (SRH) recombination losses,
which reduce carrier collection efficiency and degrade performance beyond ~ 800 nm.

e  High trap density regime (N; ~ 10!7 cm~3): SRH recombination dominates; carrier
lifetimes and diffusion lengths shrink drastically (L < d), causing rapid recombina-
tion before carriers reach contacts. Here, [;c and overall efficiency become largely
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independent of thickness and converge to a low value (~3.7%), reflecting severe
recombination losses regardless of d.

35
L —I—100nm
7 e 200nm
L +300nm
—_ 25 v 400nm
SN =
\—/ ! 600nm
! > 700nm
8 g —e— 800nm
§ - *— 1000nm
S oL +— 1500nm
84 i @ 1800nm
5F \.
- D,u-m
0k
]012 ]014 1016 ]0]8 1020

Total Defect Density (cm_3 )

Figure 4. Variation of power conversion efficiency (PCE) with total defect density for different
absorber layer thicknesses, as specified in the legend.

These behaviors can be quantitatively described by the SRH carrier lifetime T and
diffusion length L, which link defect density directly to transport and collection efficiency:

=1 ©)

oo N

L=+Dt (10)

where o = capture cross-section of traps, vy, = carrier thermal velocity, D = diffusion coefficient.

Higher N; reduces T, shortening L and impairing collection efficiency, affecting Js,
Ve, and FFE.

3.6. Role of Transparent Conducting Oxide (Front Contact) Work Function

The work function (®co) of transparent conducting oxides (TCOs) plays a pivotal role
in governing the performance of optoelectronic devices, including organic and perovskite
solar cells (PSCs). It critically determines the energy band alignment at the TCO/electron
transport layer (ETL) interface, thereby influencing charge extraction efficiency, carrier
recombination dynamics, and ultimately the open-circuit voltage. Several studies have
demonstrated that surface modification of TCOs can substantially enhance device per-
formance. For instance, Lee et al. reported a 3.6% improvement in power conversion
efficiency (PCE) by introducing a MoOj3-graded ITO anode [41] while Lei et al. achieved an
improvement PCE of 7.4% by incorporating a CuS interlayer on ITO [42].

A systematic simulation-based investigation of device behavior as a function of TCO
work function is therefore essential—not only for optimizing photovoltaic performance
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but also for interpreting temperature-dependent trends in PSCs. Such computational
insights can guide targeted experimental strategies for TCO surface engineering, enabling
enhanced interfacial alignment and superior thermal stability in next-generation perovskite.
Indium tin oxide (ITO), a commonly used TCO, has a tunable WF that can be controlled via
oxidative treatments such as oxygen plasma, UV-ozone exposure, or chemical oxidation.
These treatments alter surface dipoles and electronic states, allowing ®rro to vary typically
between 3.95 eV and 5.11 eV, as reported earlier [43].

In this work, we systematically varied the ITO WF from 3.97 to 4.8 eV and examined
its influence on key photovoltaic parameters: short-circuit current density (Jsc), open-
circuit voltage (Vic), fill factor (FF), and power conversion efficiency (#). As illustrated in
Figure 5a,b, all these parameters decrease as the value of TCO WF increases (i.e., shifts
deeper below the vacuum level). Specifically, V. remains nearly constant at approximately
1.25V for ®rco = 3.97 — 4.07 eV, but declines beyond this range, reaching approximately
0.99 V at &1co = 4.8 eV. Correspondingly, FF and 7 follow a similar downward trend,
implying increased series resistance and reduced charge extraction efficiency. Js. also
decreases with increasing ®tco, likely due to enhanced interfacial barriers causing minor
transport limitations.
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This behavior is explained by the variation in the interfacial barrier height (®p) formed
between ITO and the ETL (typically TiO;). The barrier height is defined as:

®p = Prco — XETL (11)

where @10 is the TCO WF and xgry is the electron affinity (conduction band minimum,
CBM) of the ETL.

Figure 5c illustrates the energy level alignment of the ITO work function (WF), con-
duction band minimum (CBM), valence band maximum (VBM), and the Fermi level of the
ETL layer before contact. When the ITO work function is relatively low (e.g., 3.97 eV), it lies
above the Fermi level of the n-type TiO, layer. Upon contact, electrons transfer from the
ITO electrode to the TiO; layer until Fermi level equilibrium is achieved. This electron flow
leads to the accumulation of negative charge on the TiO; side, resulting in a downward
band bending at the TCO/ETL interface, as shown in Figure 5d.

Conversely, when the ITO work function is higher (e.g., 4.8 eV) and lies deeper than
the Fermi level of TiO,, electrons move from the TiO, layer to the ITO during equilibration.
This process leaves behind positively charged donor ions near the TiO; interface, leading
to an upward band bending. These two distinct interfacial alignments crucially affect the
barrier height, carrier transport, and open-circuit voltage (V,.) behavior, which are further
discussed in the following section.

. Case 1: ITO Work Function ®;rg = 3.97 — 4.07 eV (Lower Work Function)

In this case, the ITO Fermi level lies above the TiO, CBM at 3.9 eV (shallower energy level), re-
sulting in a minimal or negligible barrier height: ®p = 3.97 — 3.9 = 0.07 eV — no effective barrier.

Electrons in TiO; can move “downhill” energetically toward the ITO electrode with
very little resistance. This favorable alignment results in downwards band bending on
the TiO, side at the interface, promoting efficient electron extraction and low recom-
bination losses as shown in Figure 5a. Consequently, devices show stable and higher
Jse, FE, Vo and 77 in that range.

° Case 2: ITO Work Function ®rpo = 4.7 — 4.8 eV (Higher Work Function)

In this case, the Fermi level of ITO lies below the conduction band minimum (CBM)
of TiO,, forming a Schottky barrier at the TCO/ETL interface. The barrier height can
be estimated as ®p = 4.8 — 4.2 = 0.6 eV. This results in upward band bending on the
TiO, side near the interface, as illustrated in Figure 5b. Such an interfacial energy barrier
hinders electron transfer from TiO, to ITO, thereby enhancing interface recombination and
increasing series resistance. Consequently, electron extraction efficiency is reduced. As the
ITO work function increases, the corresponding barrier height also increases, leading to a
monotonic decline in V,, FE, and overall power conversion efficiency ().

3.7. Temperature Dependence of Photovoltaic Parameters

The temperature dependence of photovoltaic parameters strongly influences the
operational performance of solar cells. With increasing temperature, band gap narrowing,
carrier mobility degradation, and interface barrier modification collectively affect the open-
circuit voltage (Vo), short-circuit current density (Js.), fill factor (FF), and power conversion
efficiency (PCE). Among these factors, the work function (WF) of the transparent conducting
oxide (TCO) layer is particularly critical, as it determines the built-in potential and barrier
height at the front interface. Moreover, tuning the TCO work function is experimentally
more feasible than modifying intrinsic semiconductor parameters, making it a practical
route for optimizing temperature-dependent performance.

Since 1D SCAPS simulations do not account for temperature-induced changes in band
gap and carrier mobility, these parameters were independently varied to understand their
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qualitative effects on efficiency. For BaHfSe3, the band gap was varied from 1.5eV to 1.4 eV,
corresponding to a temperature range of 270-500 K. The PCE increased from 24.47% to
25.77%, indicating that band gap narrowing exerts a positive influence as it approaches
the optimal single-junction band gap. The variation of the parameters is shown in Supple-
mentary Materials (Figure S3). Conversely, assuming carrier mobility follows p o T=0-3,
efficiency decreased from 24.47% at 300 K to 17.73% at 500 K, showing a negative temper-
ature effect. The detailed results are provided in the Supporting Information (Figure S4).
Overall, band gap narrowing slightly enhances efficiency, while mobility degradation
dominates, leading to a net decrease in performance with temperature.

After confirming these trends, we systematically examined the impact of TCO work
function variation on temperature-dependent device characteristics. The WF of TCO
was varied from 3.97 eV to 4.80 eV, and the corresponding V., Js., FF, and PCE values
were analyzed with temperature. As shown in Figure 6, V,, and PCE exhibit similar
temperature-dependent behavior, while ;. increases monotonically. These results con-
firm that careful tuning of the TCO work function—being relatively easier to modify
experimentally—can effectively mitigate adverse thermal effects and enhance the tempera-
ture stability of BaHfSe3-based solar cells.

1 23.7
130 (a) | (b) e
[ vey, s
125+ *s, 234+ e
120 | ty S| ptt
=~ s, B 231} o2t
» ) O ‘
< LIst ¢, = ot
S0l vyd T 228 $
N0 F Tys, 8§ 2971 ot
r v:n ‘ 5 i 9"
1.05 | 'Y S 225f o3
1.00 + W - Y
r 222
0.95 - _
T T T T T L 1 L 1 L 1 L 1 L 1 L
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Temperature (K) Temperature (K)
26
. A = 3.97eV
. “I—r‘,‘“““ ‘-‘ “(d) o 398V
" (¢) vy, 2410 e, A 4.07eV
_ v ““* L v""".‘ v—4.47eV
—~ v L4 PN etk v ";“ 4.58eV
2 s S g
S 80F T * = '\h‘
3 v’ £ 20 - $a
k3] n E
= g 2
75 F n
= "U-j 18
5 i
16
70 I
| . . ¢ . . 14 L 1 L 1 N 1 L 1 N 1 N
250 300 350 400 450 500 550 250 300 350 400 450 500 550

Temperature (K)

Temperature (K)

Figure 6. Variation of (a) open-circuit voltage (V,), (b) short-circuit current density (Js), (c) fill
factor (FF), and (d) power conversion efficiency (PCE) with temperature for six different TCO work
functions, as specified in the legend.
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(a) Open Circuit Voltage (V) Behavior

For TCOs with lower work functions (3.97 eV, 3.98 eV, and 4.07 eV), V,. decreases
monotonically with increasing temperature. However, for deeper work functions (4.47 eV,
4.58 eV, and 4.80 eV), V, initially increases with temperature, reaches a maximum at a
characteristic temperature, and then gradually decreases. Notably, the peak V. shifts
toward higher temperatures as the TCO work function deepens, suggesting a temperature-
dependent Fermi-level alignment effect at the TCO/ETL interface.

At 270 K, for WF = 4.47 eV, V. = 1.28 V and decreases linearly to 0.99 V at 520 K. For
WEF = 4.58 eV, V, rises from 1.18 V at 270 K to a peak at 300-330 K before decreasing to
0.99 V at 520 K. Similarly, for WF = 4.80 eV, V| increases from 0.96 V to 1.10 V at 400 K,
then decreases beyond 420 K.

The temperature dependence of V,. can be described by:

Ve = "IZITIn (1 + C”;’) (12)

where k is the Boltzmann constant, T is absolute temperature, g is the electronic charge, 7 is
the ideality factor, ], is the photocurrent, and ]y is the reverse saturation current density.
For a one-sided p—n junction, Jy is expressed as:

Duyn?  Dpn?
= + L 13
Jo=4 (NALn NpL, (13)

where D;, and Dy, are the electron and hole diffusion coefficients, L, and L, are the cor-

responding diffusion lengths, and N4, Np are acceptor and donor doping densities. The
intrinsic carrier concentration #; follows:

n? = NNy e~ Fs/(KT) (14)

Thus,

Jo= g Daele | DpNelo) 55 e
NaL, NpL,

Since N, N, & T3/2, J; can be approximated as
3 -8
Jo < T°e™ ®r (16)

The monotonic increase in Jp with temperature leads to a decrease in V,, due to
enhanced recombination [23,44].

However, for deeper WF (>4.58 eV), the initial increase in V,, can be explained by
temperature-induced reduction in the interfacial barrier height caused by Fermi-level shifts.
The Fermi level in an n-type semiconductor depends on the intrinsic carrier concentration
and donor density as:

Er = Ei+len<]:lh?> (17)

1

where E; is the intrinsic Fermi level. As temperature increases, n; increases exponentially,
leading to a downward shift in Er. For TCOs with deeper work functions, this downward
shift of the ETL Fermi level reduces the TCO/ETL barrier height, temporarily improving
band alignment and increasing V,.. Beyond a critical temperature, however, the expo-
nential rise in Jy dominates, resulting in a decrease in V.. Consequently, the temperature
corresponding to maximum V,, shifts toward higher values for higher TCO work func-
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tions, reflecting the prolonged influence of Fermi-level realignment before Jo-dominated
degradation sets in.

(b) Short-Circuit Current Density (Jsc) Behavior

In contrast to V,, the short-circuit current density ( Js;) increases monotonically
with temperature for all TCO work functions, indicating that its temperature depen-
dence is largely insensitive to interfacial barrier variations. In perovskite solar cells, Js
is primarily governed by bulk photogeneration and collection processes rather than by
interface energetics.

The photocurrent under short-circuit conditions is given by:

Mg
Fe =0 [ @) [1 = RO (1, T) A 18)

where @ () is the photon flux, R(A) is the reflectance, and #,; (A, T) is the carrier collection
efficiency, which can vary weakly with temperature.

With increasing temperature, the intrinsic carrier concentration »; rises due to en-
hanced thermal excitation of carriers across the band gap:

This increased n; enhances the photogenerated carrier population, improving carrier
collection efficiency and leading to a higher .

(c) Fill Factor Behavior

The fill factor (FF) exhibits a complex and work-function-dependent temperature
behavior in the simulated devices. For lower TCO work functions (3.97, 3.98, and 4.07 eV),
FF decreases monotonically with increasing temperature, primarily due to enhanced re-
combination and increased series resistance effects at higher temperatures.

At a moderate work function of 4.47 eV, FF shows a non-monotonic trend—initially
increasing as moderate temperature rise improves carrier mobility and reduces interfacial
resistance, followed by a decrease as thermal effects such as increased recombination and
trap-assisted losses dominate.

For deeper work functions (4.58 eV and 4.80 eV), the FF demonstrates more intricate
behavior. At 4.58 eV, FF first decreases, then increases due to the interplay between barrier
height reduction and improved charge extraction efficiency at moderate temperatures,
before decreasing again as thermal degradation and recombination intensify. For 4.80 eV,
FF initially decreases, then increases, and within the simulation temperature range (up to
520 K) shows no subsequent decrease; however, a decline beyond 520 K is plausible based
on the observed trends and underlying physics.

This complex FF variation arises from competing effects: temperature-driven improve-
ments in carrier transport and interface charge extraction coexist with degradation from
enhanced recombination, ion migration, and interface state activation. The barrier height
significantly modulates these competing processes, thereby shifting the temperature range
over which FF maxima occur.

Such non-monotonic temperature dependence of FF highlights the critical role of
TCO/ETL band alignment and interface engineering in optimizing device performance
across operating temperatures.
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(d) Efficiency (#7) Behaviour
The power conversion efficiency is given by:
VOC ]SC FF
= il 2
5 0)

e Low WF (3.97-4.07 eV): Both V;, and FF decrease monotonically, while [ increases
slightly. The net effect is a monotonic decrease in efficiency.

e  Moderate WF (4.47 eV): Despite a monotonically decreasing V;, the initial increase in
FF causes the efficiency to first rise at low-to-intermediate temperatures. Beyond the
temperature where FF peaks, efficiency decreases as recombination dominates.

e  Deep WF (4.58-4.80 eV): Both V,. and FF initially increase due to barrier reduction,
leading to an initial rise in efficiency. At higher temperatures, increased recombination
reduces V,. and eventually saturates FF, producing a peak efficiency at intermediate
temperature, similar to the V,. behavior. Behaviors are summarized in the Table 3.

Table 3. Summarization table of the trend of four photovoltaic parameter.

WF (eV) Voc Trend FF Trend Jsc Trend 1 Trend

3.97-4.07 J $ T 4
4.47 1 T T T
4.58 Tl I=1=4 T t—=l
4.80 Tl =1 T T—=l

Figure 7 illustrates the temperature-dependent energy band diagrams of the BaHfSes-
based device for two representative TCO work functions (4.07 eV and 4.8 eV), simulated
at 300 K, 400 K, and 500 K using SCAPS-1D. The band alignment at various interfaces—
including TCO/ETL, ETL/absorber, and absorber/HTL—plays a crucial role in determin-
ing charge transport, carrier extraction, and overall device performance [45-47]. In the
present study, different ETL and HTL materials were systematically screened to achieve
optimal energy level matching with the BaHfSes absorber, thereby identifying the most
efficient device configuration.

The present analysis focuses specifically on the TCO/ETL interface to elucidate the
role of TCO work function and temperature on device behavior. Experimentally, the
work function of TCOs such as ITO or FTO can be tuned without altering the material
composition through surface treatments like oxygen plasma exposure, UV-ozone treatment,
or controlled annealing. Therefore, the simulated variation of work function in this work is
both physically meaningful and experimentally feasible.

It should be noted that in this temperature-dependent study, the TCO work function
itself is not assumed to vary with temperature. Instead, it was systematically varied to
examine its indirect influence on temperature-dependent photovoltaic performance. The
energy band diagrams show that, with increasing temperature, all interfaces except the
TCO/ETL junction exhibit nearly parallel shifts, indicating that the band edges of the ETL,
absorber, and HTL layers move uniformly. Consequently, their relative alignments remain
effectively unchanged, and they contribute similarly to device performance across the
temperature range.
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Figure 7. Energy band diagrams of the BaHfSe3-based device at different temperatures for (a) TCO
work function of 4.80 eV and (b) TCO work function of 4.07 eV. Panels (c,d) show the corresponding
zoomed-in views of the TCO/ETL interface regions for (a,b), respectively, highlighting the variation
in interface barrier alignment with temperature.

A distinct behavior is observed at the TCO/ETL interface. For the higher TCO work
function (4.8 eV), the interfacial barrier height decreases with increasing temperature,
as evident from Figure 6. This reduction enhances carrier extraction and results in an
initial increase in both open-circuit voltage (V) and short-circuit current density (Js) at
moderate temperatures. However, as the temperature continues to rise, the increase in
reverse saturation current and recombination processes becomes dominant, leading to a
subsequent decrease in these parameters. In contrast, for the lower TCO work function
(4.07 eV), the barrier height remains nearly constant with temperature, resulting in a
monotonic decrease of V., s, and overall efficiency.

Therefore, the observed non-monotonic variation of device parameters (initial increase
followed by a decrease) can be comprehensively explained by the temperature-dependent
band alignment and barrier height evolution at the TCO/ETL junction, while the other
interfaces remain relatively unaffected.

4. Conclusions

This study demonstrates the promising potential of lead-free chalcogenide per-
ovskite BaHfSe3 as an efficient and environmentally stable absorber in perovskite solar
cells. Through comprehensive SCAPS-1D simulations, the optimized device architecture—
TCO/TiO; (50 nm)/BaHf{Se; (500 nm)/CuyO (100 nm)/Au—achieves excellent photo-
voltaic performance metrics, with a power conversion efficiency of 24.47% under standard
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conditions. The device performance is shown to be sensitive to absorber thickness and
defect density, reinforcing the importance of material quality and controlled fabrication.

The temperature-dependent analysis reveals that the photovoltaic parameters, es-
pecially V,., FF, and efficiency, exhibit distinct behaviors governed by the TCO work
function and corresponding interface barrier height. For lower TCO work functions, ef-
ficiency and V,; decrease monotonically with temperature due to increases in saturation
current driven by intrinsic carrier concentration. In contrast, higher work functions pro-
duce a non-monotonic temperature dependence, where initial efficiency improvements
arise from barrier height reduction and favorable Fermi level shifts before declining at
elevated temperatures.

These findings underscore the critical role of interface band alignment and defect
management in optimizing device stability and performance over operational tempera-
ture ranges. Moreover, BaHfSe;, with its suitable bandgap, strong absorption, and ro-
bustness, emerges as a viable lead-free alternative to conventional hybrid perovskites,
advancing the prospects of thermally stable, high-efficiency, and environmentally friendly
photovoltaic technologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/eng6120345/s1, Figure S1: (a) Variation of V. and Js (b) Variation
of FF and efficiency with ETL thickness (c) Variation of V,c and Js (d) Variation of FF and efficiency
with HTL thickness. Figure S2: (a) Simulated J-V characteristics of the BaHfSe3-based perovskite
solar cell for different values of the radiative recombination constant. (b) Corresponding variation of
power conversion efficiency (PCE) as a function of the radiative recombination constant, illustrating
its influence on overall device performance. Figure S3: (a) Variation of V. and J;c with band gap
(b) variation of efficiency and FF with band gap. Figure S4: Variation of PCE with variation in
electron mobility.
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