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Advancing sustainable photovoltaic technologies depends greatly on the development of high-performance
perovskite solar cells (PSCs), and new materials continue to provide promising opportunities for improving
device efficiency. This research investigates the double perovskite compound Cs,TIRhI, as a potential light-
harvesting material through first-principles calculations and device-level simulations. The material has a direct
bandgap of 1.12eV, a refractive index of about 3.1, low reflectivity (below 30%), and strong absorption in the

visible range, all of which support its potential for photovoltaic applications. Furthermore, implementing our
absorber in an optimized device structure, employing Cu,O as the HTL and IGZO as the ETL, achieves a PCE
of 25.78%, with a Jg; of 40.53 mA/cm?, a V¢ of 0.79 V, and a FF of 80.40%. Temperature analysis indicates
a slight reduction in performance at high temperatures, revealing good thermal stability of the device. This
work opens up Cs,TIRhlg as a promising and structurally stable material for future PSCs.

1. Introduction

The rapid progress in solar energy technologies has inspired great
interest in PSCs [1]. Their efficiency has increased from 3.8% to
25.7% over the past decade [2,3]. This remarkable improvement is
attributed to their excellent optoelectronic properties, such as long
charge carrier diffusion lengths, high absorption coefficients, and tun-
able bandgaps [4-6]. The discovery of perovskites was first reported
in 1839, when Gustav Rose identified the mineral and named it in
honor of the Russian mineralogist Lev Perovski. These compounds
typically adopt the ABX; perovskite structure, where ‘A’ denotes a
monovalent cation such as methylammonium (CH3NH;’), formami-
dinium (NH2CHNH;), or cesium (Cs%); ‘X’ refers to a halide species,
including chloride, fluoride, or iodide [7,8] and ‘B’ refers to a cation
in the +2 oxidation state such as lead (Pb?*), Sn and Ge [9] but the
major hurdle in developing Sn-based SCs is their tendency to oxidize.
To address these challenges double perovskite structures in A,BB'X,
format as Cs,AgBiX¢, Cs,TIRhX¢ etc. have gained attention [10,11].
These materials exhibit enhanced stability and suitable band gaps. A
well accepted approach relies on the use of a mono and trivalent cation
scheme to fabricate double PSCs, including (MA),AgBiBrg, Cs,AgBiClg,
and Cs,AgBi 75Sbg 55Brg [12-14]. Moreover, silver (Ag*) and bismuth
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(Bi*+) in this compound also provide a better prospect for its prac-
tical use [13]. Recently, Toki et al. (2024) theoretically optimized a
lead-free ITO/WS,/Cs;Bi,I,/Cu,0/Ni PSC, achieving a PCE of 18.36%
with enhanced environmental stability [15]. Furthermore, Cs,AgBiBr,
and Cs,BiAgl, have attracted interest as stable double perovskites,
with Density Functional Theory (DFT) and device simulations (using
SCAPS-1D and WXAMPS) predicting up to 21.59% efficiency based
on their favorable structural and optoelectronic properties [11]. In
2023, Hossain et al. conducted a combined DFT and SCAPS-1D analysis
on CsPbBr;-based all-inorganic PSCs, achieving a maximum PCE of
13.86% for the TiO,/CFTS charge transport configuration, highlight-
ing the crucial role of interface and transport layer optimization in
enhancing device performance [16]. Sabbah et al. attained 26.3%
efficiency in hydrogenated lead-free Cs,AgBiBr, double PSCs through
SCAPS-1D simulations and structural modifications [17]. Furthermore,
in 2024, Lunge et al. proposed double perovskite solar cells based
on Cs,AuBiClg with optimized charge-transport layers, achieving an
efficiency of 21.16% [18]. In high-efficiency solar cells, perovskite
materials usually have bandgaps between 1.48eV and 1.62eV [19].
Unlike typical perovskite materials, halide double perovskites (HDPs)
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usually have wider bandgaps, often greater than 2 eV, particularly
those that include chloride and bromide anions [20]. For example,
Slavney et al. (2018) studied Cs,AgTIXy; compounds (where X = Cl,
Br) with narrower bandgaps. Their results showed strong agreement
between theoretical predictions (1.91 eV and 0.8 eV) and experimental
measurements (1.96 eV and 0.95 eV) [21]. Recently, in 2023, Amin
et al. studied Cs,TIRhXy (X = Cl, Br, I) using first-principle methods
by TB-mBJ potential, discovering the bandgaps of 1.29 eV to 1.55 eV,
which is applicable to solar energy harvesting [10]. Despite substan-
tial advancements in designing high efficiency PSCs, several research
gaps remain. Many studies still over rely on DFT-based optoelectronic
analyses without incorporating device level simulations. In addition,
critical environmental factors such as defect densities, series and shunt
resistances, and temperature effects are often overlooked, even though
they can significantly influence device performance.

In this article, the optoelectronic properties of Cs,TIRhIg are exam-
ined using DFT with the HSE06 hybrid functional within the CASTEP
framework. The absorber material exhibits 1.12 eV of direct bandgap,
a strong absorption coefficient of 6 x 10* cm~! in the visible range,
and low reflectivity. Furthermore, when integrated into a photovoltaic
device using SCAPS-1D with Cu,O as the HTL and IGZO as the ETL,
the system demonstrates excellent performance. It gains an efficiency
of 25.78%, with an open circuit voltage (Voc) of 0.79 V, a short
circuit current density (Jgc) of 40.53 mA/cm?, and a fill factor (FF) of
80.40%. Temperature analysis shows minor efficiency losses at higher
temperatures, confirming the device’s good thermal stability. Defect
analysis indicates negligible impact from HTL and ETL defects, whereas
higher defect densities in the absorber material significantly reduce per-
formance. Resistance studies further reveal that increased series resis-
tance degrades efficiency, while optimized shunt resistance suppresses
leakage and ensures stable operation.

2. Methodology
2.1. CASTEP

The present work explores the optoelectronic behavior of the HDP
compound CsTIRhIy via first-principles density functional theory [22].
Simulations were performed using the CASTEP module implemented
in the Material Studio package [23], with pseudopotential selection
prioritized for accurate structural and electronic optimization of semi-
conductors [24]. For structural optimization, the BFGS algorithm was
used with a plane-wave cutoff of 500 eV, an energy convergence crite-
rion of 5x 10~ eV/atom, and a 6 x 6 X 6 k-point mesh. The relaxation
was further constrained by a stress tolerance of 0.02 GPa together
with a maximum force limit of 0.01 eV/A, while the atomic displace-
ment threshold was set to 5 x 10~# A. Since GGA generally underesti-
mates semiconductor band gaps, the hybrid HSE06 functional [25] was
employed to achieve more reliable band gap values.

2.2. Fundamental theory and device layout

SCAPS-1D software will be used to assess the proper overview of
the SCs in the field of electrical and optical and enhance their power
conversion efficiency. It is operated by Poisson’s equations along with
continuity equations to model charge carrier behavior, including the
p-n junction’s electrostatic properties. The following form of Poisson’s
equation is applied [26]:

N,
%(E"e’%) =—qh—e+Cp—Cy+ def

In this context, the electrostatic potential v, along with the acceptor
concentration C4, donor concentration Cj, and the concentration of
traps Ny, are interconnected. The continuity equations, presented
in Egs. (2) and (3), illustrate the relationship between the carrier
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recombination rate and the current densities of holes J, and electrons
J, in the semiconductor [26]:
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In the specified equations, G denotes the carrier generation rate,
R, represents recombination rate of electron, and R, indicates the
recombination rate of holes. The drift current, represented by the
symbols D, (for electrons) and D, (for holes), is given by Egs. (4) and
(5), respectively [27,28]:

de

Je = qeu E — gD, —~ 4
oh

Jn = qenp E = qDy 0 ()
u

This investigation focuses the design and simulation of a Cs, TIRhI-
based PSC utilizing SCAPS-1D to assess its optoelectronic properties.
The SC design, shown in Fig. 1(a), includes a glass substrate, a trans-
parent and conductive FTO layer, an ETL, the Cs,TIRhI, layer, an HTL,
and a back contact. To determine the optimal HTL, various candidates,
including Cu, O, CFTS, Cul, CuSCN, P3HT, Spiro, MoOs, and, CdTe were
analyzed while keeping TiO, fixed as the ETL. After evaluation, CdTe
showed the best performance among them. CdTe as HTL has certain en-
vironmental and health concerns. So, Cu,0 is selected as HTL because
it is a convenient and promising material for HTL performance [29].
Similarly, different ETLs such as SnS,, TiO,, IGZO, Cdy 5Zng 5S, PCBM,
ZnOS, and CdS were studied while maintaining Cu,O as the fixed
HTL, with IGZO demonstrating the best performance. Nickel served
as the metal contact for the back owing to its advantageous electrical
characteristics.

The material parameters considered in our work are outlined in Ta-
bles 1 and 2, respectively. The properties were sourced from previously
published, peer-reviewed literature, thereby ensuring the accuracy and
reliability of the simulation outcomes [28]. Furthermore, a uniform
interface state density of 10'cm™3 was considered across the whole
simulation domain [26]. The simulations were performed with AM
1.5G illumination with an incidence power of 1000 W/m? and a
reference temperature of 300 K. Resistances (series (Rs) and shunt
(Rsh)) were initially configured to 1 Qcm™2 and 1 x 10° Q cm~2
respectively, prior to the optimization process. The simulation yielded
the following PV performance metrics: the PCE of 16.41%, the Jgc of
39.94 mA/cm?, the FF of 70.04%, and the Vo of 0.59 V. The recorded
values represent the initial state prior to the exploration of optimization
and subsequent enhancements, which involved tuning of the physical
parameters, interface defect densities, and external conditions.

3. Results & Discussion
3.1. DFT analysis

3.1.1. Structural properties of Cs,TIRhI; compound

Cs,TIRhl; adopts a double perovskite structure following
the A,BB’X, formulation, where Cs*occupies the A-site, while Tl and
Rh reside on the B-sites, and ["acts as the halide. The compound is
anticipated to the form of crystal in the high-symmetry cubic state
most likely Fm3m (No. 225) space group characterized by minimal
octahedral tilting. In this structure, Cs* ions coordinate with 12 I~ions
to form Csl;, cuboctahedra, which share corners with both TII; and
Rhlg octahedra. Each of the TIllg and Rhlg octahedra is built from
six I"ions, and these octahedral units interconnect with the Cslj,
frameworks to generate a robust three-dimensional work. The detailed
atomic arrangement is supported by the assigned Wyckoff positions: 4a
Wyckoff site, at coordinates (0, 0, 0), is occupied by Rh; Tl is placed at
4b site having coordinates (0.5,0.5,0.5); Cs is placed at 8c site having
coordinates (0.25,0.25,0.25); and I is lied at 24e site having coordinates
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Fig. 1. (a) Depiction of the designed SC configuration and (b) crystallographic unit cell of the HDP.

(0.2507,0,0). The structural stability of Cs,TIRhI, can be assessed using
Goldsmith’s stability criteria. According to Goldsmith, octahedral factor
(1) along with tolerance factor (TF) are defined as follows [10]:

Ry + R
Ty = Ry +RZ/\/5<% +RZ> ()

M=RBI+RB”/2RZ (7)

here, R denotes the Shannon ionic radii corresponding to each element,
where X = Cs* with a coordination number of 12, B’ = TI*, B" = Rh’*,
and Z =1 with a coordination number of 6. The calculated values of
T and u are 0.88 and 0.49, in that order. Both parameters lie within
the ranges 0.80 < Tg < 1.1 [30] and 0.414 < u < 0.89 [31], thereby
validating the structural stability. The optimized lattice constant is
a = 11.78 A, showing close agreement with the earlier reported value
of 11.72A [10] obtained through GGA-PBE-based volume optimization.
Furthermore, the formation energy plays a key role, where a negative
value signifies the thermodynamic stability and structural robustness of
the material. For the investigated compound, the computed formation
energy is —3.016 eV per atom, expressed in the following equation [32]:

AE = ([E (Cs,TIRhIg) — 2E(Cs) — E(TI) - E(RR) —6E(D]) /N (8)

here, E(Cs), E(T), E(Rh), and E(I) represent energies of given materials
Cs,Tl, Rh along with I in bulk form and E (Cs,TIRhlg) represents
the systems total energy and N represents how many atoms are in
the system. The estimated formation energy of this double perovskite
indicates strong structural stability.

3.1.2. Band dispersion and DOS study of Cs, TIRhI

The electronic behavior of Cs,TIRhI; can be explored effectively
by evaluating its band profile and density of states (DOS). Important
insights into the compound’s band gaps, carrier states, and energy dis-
tributions are obtained through electronic structure analysis [26]. Fig.
2(a) presents the band dispersion of Cs,TIRhI; along the Brillouin zone
path W-L-I'-X-W-K, calculated using the hybrid HSE06 functional.
The Fermi level (E) is indicated by a red dotted line, set at the
reference energy of 0 eV. Bands along with energy values below E
are often termed as valence bands, and those with energy values more
than E, are referred to as conduction bands. From the observation,
it was found that bands (valence along with conduction) do not cross
over the Fermi level and also do not interfere with each other. The
coincidence of the valence band top and conduction band bottom at
the L point confirms that this compound displays a direct band gap
of 1.12 eV. It is noted that Amin et al. calculated band gap values of
1.29 eV for Cs,TIRhI¢ executing the exchange—correlation functional of
TB-mBJ method, which is close to this result [29].

In Fig. 2(b), the partial along with the total DOS is utilized to high-
light the contributions of specific atomic species and orbitals, shedding
light on the chemical bonding characteristics of Cs, TIRhI4. As displayed
in Fig. 2(b), the Fermi level (E) is marked by a vertical line at E =
0 eV. The energy states below E represent the occupied valence band
states, while those above it correspond to the unoccupied conduction
band states, extending up to approximately 1.1 eV. The computed band
gap of 1.12 eV is consistent with the observed separation, confirming
the semiconducting nature of the material. Below the Fermi energy,
the TDOS is predominantly contributed by iodine 5p orbitals, along
with notable involvement of rhodium 4d states. This indicates that
the Rh atoms are essential to the bonding and electrical properties
of the compound. The density of states decreases greatly above E,
indicative of a band offset confirming the semiconducting nature of the
compound. When viewed in the contextual nature of a projected DOS,
the contributions of cesium 4d and thallium 6p can be seen as residual,
indicating a less compelling role concerning the electronic structure.
The iodine 5p and rhodium 4d orbitals are, therefore, especially rele-
vant for light absorption and conductivity generation in the suggested
device for solar applications.

3.1.3. Optical characteristics of Cs, TIRhl; material

Optical behavior are crucial for analyzing a material’s response, as
they arise from the interaction between electromagnetic energy, such as
light, and the material’s electrons. Sensoring these properties may give
hints to applications, which might include their use in PSCs. To explore
the optical characteristics of Cs,TIRhl;, we examine key parameters
across a photon energy range from 0 to 10 eV. The complex dielectric
function can be expressed as [10]:

E(w) = Er(w) + ifi(w) ()]

The energy-dependent components, &;(w) and &,(w), of the dielectric
function £(w) are described using the Kramers—Kronig equation [10]:

e2h 2
£i(@) = Z/BZ | Mp )| 8lewp(k) — w] d*k 10)
sr(w)=1+2—P/m%dw’ an
T Jo @?-w

where P represents principal integral value, e is the charge of the
electron, and # is the reduced Planck constant. The electron mass
is represented by m, and ® indicates the angular frequency of the
incoming photon. The term Mg(k) corresponds to the dipole matrix
element between conduction and valence band states. The Dirac delta
function is represented by §, wg(k) indicates the transition energy, and
BZ signifies integration over the Brillouin zone.
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Fig. 2. (a) Estimated band structure and (b) DOS of Cs,TIRhl,;. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. (a) The real part of dielectric function’s, ¢, (w), and imaginary part, &,(w), (b) material’s refractive index n(w), (c) material’s coefficient of absorption a(w),
and (d) material’s reflectivity R(w) of Cs,TIRhI;. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

The red curve in Fig. 3(a) represents the real component of the
dielectric function, &.(w). This component indicates the compound’s
ability to store electric energy. Here, & (w) starts at a high value for low
photon energy and decreases as the photon energy increases. The peak
value, which occurs around 1.15 eV, is approximately 9.2 and signifies
strong electronic polarizability. At higher photon energies, the &.(w)
decrease occurs, meaning the material becomes less polarizable at these
energies. The &(w), shown by the blue curve, displays sharp peaks that
indicate strong optical absorption at specific photon energies. These

features are linked to electronic transitions. The first noticeable peak
appears near E = 2eV, marking an important absorption feature close
to the material’s main absorption edge [10].

The real part of the refractive index in Fig. 3(b) is about 2.75 at
zero photon energy. As photon energy increases, the refractive index
also rises and reaches a maximum of roughly 3.1 at around 1.5 eV.
This increase at lower energies shows that the material has a high
optical density and interacts strongly with light. This trend agrees with
the behavior of the dielectric function and supports the suitability of
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Table 1

Physical parameters of selected HTLs and absorber.
Property? CdTe Spiro  P3HT MoO; CuSCN Cul Cu,0 CFTS Cs,TIRh];
t [nm] 200 150 150 100 150 150 150 150 500
E, [eV] 1.5 2.88 1.7 3.0 3.4 298 217 1.3 1.12
x [eV] 3.9 2.05 3.5 2.3 1.9 2.1 3.2 3.3 4.21
£, 9.4 3.0 3.0 18 10 6.5 7.1 3.5 7.6
N¢ (10" ecm™) 0.8 250 2000 10 17 28 250 2.2 42
Ny (10" ecm™) 1.8 25 200 0.22 250 1.1 250 1.8 3
4, (em? V-! s71) 320 0.0021 0.0018 210 0.0001 100 200 21.98 12.50
uy (em? V- ™) 40 0.0026 0.0186 210 1.0 43.9 8600 21.98 15.73
N, (cm™) 0 0 0 0 0 0 0 0 0
N, (x10'® cm™) 0.0002 1.0 1.0 1.0 1.0 20 1.0 1.0 1
Ny (x10 c¢m™) 1.0 1.0 0.1 1.0 0.1 1.0 1.0 1.0 1.0
References [3] [34] [6] [5] [4] [34] [35] [36] This work

 t: thickness, y: electron affinity, E,: energy bandgap, ¢,: relative dielectric constant, N, Ny:
effective density of states in conduction and valence bands, y,, u,: electron and hole mobilities, N,
N,: donor and acceptor concentrations, N;: trap density.

the compound for photovoltaic and optoelectronic applications. The
complex refractive index, 7ii(w) can be expressed as [10]:

() = [E(0) + i&(w)] : (12)

The absorption parameter a(w) is determined according to the ex-
pression given below [10]:

1/2
a(w) = @ [, [EX (@) + EX(w) - é'r(a))]

The absorption coefficient is an important factor in evaluating
materials for solar-cell applications because it shows how strongly the
material absorbs light. As shown in Fig. 3(c), absorption is very low be-
tween 0 and 1.0 eV, but it begins to rise quickly once the photon energy
reaches around 1.0 eV. This behavior matches the calculated band gap
of 1.12 eV obtained using the hybrid functional. A strong absorption
peak appears in the visible region, reaching about 6 x 10*cm~! at
roughly 2.75 eV, which suggests that the material can effectively absorb
visible light for photovoltaic use. The reflectivity, which describes how
much light is reflected from the surface, can be calculated from the real
and imaginary parts of the dielectric function as described in Ref. [18].

1 -vE&(w) ?

1+ VE)

13

R(w) = 14)

The reflectivity, shown in Fig. 3(d), describes how much of the
incoming light is reflected from the surface of the material. At 0 eV
photon energy, the reflectivity is about 22%. As the photon energy
increases, R(w) rises and reaches a peak of around 29% near 2 eV,
mainly due to interband electronic transitions. After this point, the
reflectivity slowly decreases. Across the visible range (1.75-3.3 eV), the
reflectivity stays below 30%, which suggests that the material absorbs
light efficiently and supports its suitability for optoelectronic devices
and solar cells [33].

3.2. SCAPS-1D results analysis

3.2.1. Selection of the optimal HTL for enhanced PV performance

Selecting an HTL is essential for creating extremely effective SCs.
This work investigates eight distinct HTL materials: Cu,O, CFTS, Cul,
CuSCN, P3HT, Spiro, MoO; and CdTe to determine the material that
delivers the best PV performance. Table 1 summarizes various HTL
parameters sourced from peer-reviewed journals [28]. The material for
ETL remains fixed as TiO, throughout this analysis (see Table 3).

Fig. 4(a) displays a comparative bar chart illustrating the output of
various HTLs. Among the evaluated HTLs, CdTe exhibited the highest
PCE, achieving a value of 25.125%. However, despite its high effi-
ciency, the use of CdTe is associated with environmental and health

concerns, which limits its viability for sustainable applications. From
the above analysis, Cu,0O is selected as the most suitable HTL. More-
over, it is notable for its chemical stability and ease of fabrication,
make it a strong contender for application in organic and PSCs [28].
The equation below is used to calculate the VBOs for different HTL
materials [36]:

VBO = (xyrr + Equrr) = (Xabs + Eaabs) (15)

In this expression, y,,s and yyrp, represent the electron affinities of
the Cs,TIRhI absorber and the HTL, respectively. The terms E,,;,, and
E,yr, denote the energy bandgaps of the absorber layer and the HTL.
Based on this formula and the values provided in Tables 1 and 2, the
VBO values for Cu,0, Cul, CuSCN, P3HT, Spiro, MoO;, and CdTe are:
0.04 eV, —0.25 eV, —0.03 eV, —0.13 eV, —0.4 eV, —0.03 eV, and 0.07 eV,
respectively. A positive value of VBO at the spaces between the HTL and
perovskite layer forms a slight energy drop, often referred to as a cliff in
the energy band structure [39]. This configuration facilitates effective
hole transfer from the absorber to the HTL. Fig. 4(b) displays the
energy band diagram of various HTLs, demonstrating their alignment
with two bands (valence and conduction) of the absorber material.
This band structure shows the energy of the valence band of Cu,O
being marginally less than the absorber valence band energy, which
forms a cliff of 0.04 eV. It helps the Cu,O to collect holes only and
prevent electrons. Thus, it maintains good carrier selectivity. So, this
analysis supports the choice of Cu,O as an HTL. Using Cu,O together
with TiO, yields the following performance parameters: Vo = 0.587 V;
FF = 70.41%; Jgc = 39.94 mA/cm?; PCE = 16.38%. Table 3 presents the
VBO values along with the photovoltaic performance metrics of PSCs
incorporating various HTLs paired with TiO,.

3.2.2. Selection of the optimal ETL for enhanced photovoltaic performance
Different ETLs (SnS,, TiO,,1GZO, Cdy 5Zn, 5S,PCBM, ZnOS, CdS) are
analyzed to determine the finest execution. Here, Cu,O remains fixed
as the HTL. In contact with the absorber layer, the ETL is essential
for collecting electrons and preventing recombination losses. Fig. 5(a)
presents a comparative analysis of various ETLs in terms of PCE,
FF, Voc, and Jgc. Among them, IGZO demonstrated the best perfor-
mance with the respective parameters: Vo = 0.587 V, Jgc = 39.94
mA/cm?, FF = 70.04%, and PCE = 16.41%. The following equation is
used to determine conduction band (CBO) offset for the ETLs [36]:

CBO = yaps — XETL (16

here, yapg refers to the electron affinity of Cs,RhTllg, while ygy
corresponds to that of the ETL material. Based on this equation and the
values provided in Table 2, the CBOs for SnS,, TiO,, IGZO, Cd, 5Zn, 5S,
PCBM, ZnOS, and CdS are computed as: -0.05 eV, 0.31 eV, 0.05 eV,
0.41 eV, 0.31 eV, 0.71 eV, and 0.03 eV. IGZO has a tiny positive CBO
of 0.05 eV. This forms a small spike at the conduction band edge. This
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Table 2

Material properties of various ETLs and FTO.
Property® ZnOS Cds Cdy5Zny5S SnS, TiO, PCBM 1GZO FTO
t [nm] 30 30 30 30 30 50 30 200
E, [eV] 2.83 2.4 2.8 1.85 3.2 2.0 3.05 3.5
x [eV] 3.5 4.18 3.8 4.26 3.9 3.9 4.16 4.0
€, 9.0 10 10 17.7 9.0 3.9 10 9.0
N¢ (x10' cm=3) 2.2 2.2 1.0 7.32 10.0 2500 5.0 2.2
Ny, (x10" ecm™3) 1.8 1.9 0.1 1.0 1.0 250 0.5 1.8
#, (em? V-1 s71) 100 100 100 50 20 0.2 15 20
wy (em? V-1 s71) 25 43.9 25 25 10 0.2 0.1 10
N, (x10'® cm™3) 1.0 0.1 0.1 0.985 0.1 2930 0.1 1.0
N, (em™) 0 0 0 0 0 0 0 0
Ny (x10% ¢m~3) 1.0 1.0 1.0 0.1 0.1 1.0 0.1 1.0
References [37] [34] [37] [26] [26] [38] [38] [11]

@ t: thickness, y: electron affinity, E,: energy bandgap, ¢,: relative dielectric constant, N, Ny : effective density of states in conduction and
valence bands, u,, u,: electron and hole mobilities, N, N,: donor and acceptor concentrations, N;: trap density.
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Fig. 5. Comparison of ETLs: (a) performance bar chart, (b) energy band diagram.

small spike helps to prevent electrons from returning to the perovskite
from the ETL while maintaining effective energy level alignment of var-
ious ETLs with the absorber layer of Cs,TIRhI. Further, its exceptional
electron mobility and outstanding carrier transport characteristics [40]
make it the most efficient ETL candidate for PSC. Table 4 presents the
CBO values and the photovoltaic performance of PSCs incorporating

various ETLs paired with Cu,O.

3.2.3. Selection of Cu,O HTL thickness based on performance and fabrica-
tion feasibility

The device metrics of PCE, Jgc, Voc, and FF are evaluated for
various Cu,O thicknesses, are shown in Fig. 6(a). The graph shows that
PCE, Jgc, and FF decrease as thickness increases, whereas FF shows
a slight increase. Thicker layers lead to higher resistive losses and
more charge recombination, so it is important to find a balance to
maximize efficiency without adding too much loss [39]. Considering
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Table 3
Photovoltaic performance of PSCs incorporating various HTLs paired with
TiO,.
HTLs VBO (eV) PCE (%) Voe (V) Js (mA/cm?) FF (%)
CdTe 0.07 16.71 0.591 40.15 70.41
Cu,0 0.04 16.38 0.587 39.94 69.89
MoO; —0.03 16.34 0.586 39.92 69.84
CuSCN —0.03 6.03 0.597 36.65 27.53
Cul -0.25 16.27 0.585 39.91 69.71
P3HT -0.13 15.76 0.589 39.94 66.98
Spiro -0.40 13.82 0.586 39.89 59.14
CFTS -0.73 6.96 0.543 39.49 32.49
Table 4
Comparison of PSC performance for different ETLs paired with Cu,O.
ETLs CBO (V)  PCE (%)  Voc (V) Jgc (mA/cm?)  FF (%)
1GZO 0.05 16.41 0.587 39.94 70.04
SnS, —-0.05 16.85 0.596 39.94 70.79
Cds 0.03 16.85 0.596 39.93 70.80
PCBM 0.31 16.83 0.596 39.93 70.71
TiO, 0.31 16.82 0.596 39.93 70.66
CdgsZngsS  0.41 6.03 0.597 36.65 27.53
ZnOS 0.71 0.19 0.741 0.30 83.49

fabrication feasibility, prior studies by Chatterjee et al. demonstrated
that Cu,O thin films in the 40-50 nm range provide efficient carrier
mobility and minimized losses of recombination [41]. The SILAR and
solution-processed methods used in those studies ensured controlled
and uniform Cu,O deposition, which is critical for high device perfor-
mance [41,42]. In this study, a 50 nm Cu,O HTL thickness is selected,
as it achieves a Jgc of 39.93 mA/cm?, PCE of 16.65%, Vo of 0.59 V,
and a FF of 70.63%. This selection aligns with the reported optimal
range, ensuring both high performance and practical manufacturabil-
ity. Therefore, 50 nm is chosen as the optimal thickness, balancing
efficiency gains and fabrication feasibility.

3.2.4. Effect of the acceptor density of Cu,O (HTL)

Fig. 6(b) shows how the performance changes with varying HTL
acceptor density. As the acceptor concentration increases, the PCE
improves, reaching about 24.88% at N, = 107 cm™3. The Vy also
increases steadily and becomes roughly 0.81V at this level. The Jg¢
stays almost unchanged but shows a small rise at higher acceptor
densities, helping boost the efficiency. The FF follows a similar upward
trend before becoming stable. Overall, these results show that choosing
an appropriate acceptor density in the Cu,O helps improve charge
transport and reduces recombination, which leads to better device
performance [2].

To support these findings experimentally, Jo et al. grew Cu,O thin
films using RF magnetron sputtering and then annealed the films at

600 °C in a vacuum. This process produced hole carrier concentrations
between 10" and 107 cm™3 [43]. The film thickness measured by
ellipsometry ranged from 10 to 80 nm. The acceptor density of N, =
10'7 cm=3 aligns well with these fabrication results and corresponds to
the highest observed PCE and V{,, confirming that this value represents
an optimal condition for improving PSC performance.

3.2.5. Effect of absorber thickness

Fig. 7(a) presents how the absorber layer thickness affects the main
photovoltaic parameters of the PSC. As the thickness increases, both
PCE and Jg rise sharply at lower values and then begin to saturate
beyond about 0.6 pm. This trend suggests that a thicker absorber
enhances light absorption and charge generation until the point where
additional thickness no longer contributes significantly. In contrast,
Voc and the FF slowly decrease as the absorber layer becomes thicker.
This drop is mainly due to stronger recombination and higher internal
resistance in the bulk of the material [16,35].

An absorber thickness of 0.8 pm was found to be the best choice
because it offers a good balance between PCE and V. At this thick-
ness, the PCE reaches 16.86%, Jgc is 41.82 mA/cm?, Voc is 0.58 V,
and the FF is 70.44%. Increasing the thickness further brings only a
small gain in photocurrent but increases recombination. For this reason,
keeping the absorber thickness close to 0.8 pm helps maintain good
carrier collection, lower losses, and stable performance of the PSC.

3.2.6. Impact of absorber acceptor density

In this study, Cs,TIRhI; was used as the absorber material, and
its acceptor density (IV,4) was examined to evaluate its effect on PSC
efficiency. The N, was varied from 1 x 10 cm™ to 1 x 10" cm™.
Fig. 7(b) shows a positive correlation between N, and key PV metrics,
with the highest values observed at 1 x 10" cm™3. At this optimal
density, the PCE reaches 25.83%, the highest recorded in this study.
The Vg increases to 0.79 V, reflecting improved charge separation and
reduced recombination. Jg decreases to 40.53 mA/cm? as the acceptor
density rises. The FF increases to 80.54%, showing improved charge
transport due to reduced series resistance (Rg). These results indicate
that increasing the absorber N, enhances carrier concentration and
charge transport, thereby improving photovoltaic performance.

3.2.7. Selection of appropriate ETL thickness

IGZO has been widely studied as an ETL owing to its high charge
mobility and superior transport characteristics [40]. Cho et al. pre-
viously demonstrated that IGZO thin films produced through Atomic
Layer Deposition (ALD) and RF magnetron sputtering and show signif-
icant variations in material quality [40]. IGZO films deposited via ALD
demonstrated enhanced film density, reduced oxygen vacancies, and
an increased mobility of 36.6 cm?/V's, in contrast to sputtered films
that displayed a mobility of 20.1 cm?/V s [40]. Hsu et al. investigated
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flexible IGZO transistors on polycarbonate substrates, optimizing the
thickness of IGZO between 25 and 45 nm, and reached 76 cm?/Vs
for the maximum field-effect mobility with a stacked SiO,/TiO,/SiO,
(STS) dielectric [44]. The studies indicate that IGZO thickness between
16 and 45 nm is optimal for high-performance devices, with ALD
yielding superior material quality, whereas sputtering is favored for
flexible applications. The influence of IGZO thickness variation between
0.01 pm and 0.30 pm on SC output is presented in Fig. 8(a). The findings
show that optimal efficiency within this range is yielded through an
IGZO thickness of 0.03 pm. Increasing the ETL thickness above 0.03 pm
results in a decrease in performance. The findings match with prior re-
search [40,44], indicating that thin IGZO layers (approximately 30 nm)
improve charge transport and device efficiency. The optimal perfor-
mance at 0.03 pm demonstrates that an appropriately adjusted IGZO
thickness enhances electron mobility and reduces recombination losses,
thereby serving as a critical element in attaining high-performance
PSCs.

3.2.8. Selection of appropriate ETL donor density

Fig. 8(b) illustrates the influence of IGZO donor density on the
key photovoltaic parameters of PCE, V¢, Jgc, and FF on the PSC.
As shown in the figure, the PCE, Jgc, and FF remain relatively stable
as the donor density increases from 10'* to 10!7 cm=3. In this range,
carrier transport and charge extraction are efficient, and recombination
losses are minimal. However, when the donor density increases beyond
10'7 cm™3, a sharp decline is observed in all performance metrics. This
reduction is primarily due to enhanced recombination at the interface
and increased carrier scattering, which deteriorate charge collection
efficiency. Therefore, an optimum donor concentration of 10'® ¢cm=3

is selected, ensuring high efficiency without introducing performance
degradation. At this point, the parameters obtained are: Vo = 0.79 V,
Jsc = 40.53 mA/cm?, FF = 80.40%, and PCE = 25.78%.

3.2.9. Selection of back metal contact

Choosing the right back metal contact (BMC) is essential to maxi-
mizing perovskite SCs’ efficiency. The impact of changes in the work
function of BMC materials on important photovoltaic parameters is
examined in Fig. 9(a). The findings shows the improvement in PCE
with a increasing in the BMC work function from 4.8 eV to 6 eV,
stabilizing PCE at about 25.78% for work functions greater than 5 eV.
It is noted that V¢ and Jg remained relatively stable. The FF exhibited
an upward trend, attaining approximately 80.40% at elevated work
functions, therefore, Ni was identified as our BMC for its favorable work
function of 5.5 eV, cost-effectiveness, availability, and efficiency [35].
Its incorporation as a BMC promotes effective charge extraction, sup-
presses carrier recombination, and contributes to improved overall
device operation.

3.2.10. Impact of series resistance (Rg)

The impact of Ry on the photovoltaic parameters was investigated
to better understand its effect. Increasing Rg leads to a decrease in
Voc due to power losses and recombination, thus reducing the overall
PCE. As shown in Fig. 9(b), the performances of devices decrease with
increasing Ry from 0 to 6Qcm™2. As Ry further increases, the PCE
decreases from 27.28% to 18.50%, and the FF reduces from 85.12%
to 57.89%. This almost linear decay corresponds to the trend found
in other studies [27,45,46]. The charge collection efficiency decreases
with increasing R since it introduces a resistive loss in the detector. To
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Fig. 10. Analysis of PSC performance variation with total trap density: (a) Cu,O layer, (b) absorber (Cs,TiRhly), and (c) IGZO layer.

be consistent with the experimental and simulation results, we take a
typical Rg = 1 Qcm™2 as reported previously [27,45]. This value gives a
more realistic and practical estimate for the PSCs, so that their intrinsic
performances can be accurately modeled at the standard operating
conditions. It can be concluded from this analysis that Ry dominates
the performance of PSCs. Reducing Rg using better charge transport
layers and optimal interfaces is important for further improving the
performance.

3.2.11. Impact of shunt resistance (R,;)

A higher shunt resistance is beneficial as it reduces leakage currents
and enhances charge extraction [39]. As shown in Fig. 9(c), the pho-
tovoltaic parameters change clearly with variations in R,,. The best
performance is obtained at Ry, = 1 x 10°Qcm™2, where the device
reaches a PCE of 25.78%, Jgc = 40.53mA/cm?, Vo = 0.79V, and an
FF of 80.40%. These results agree well with earlier simulation work by
Bimli et al. [28] and Sunny et al. [47], both of whom also used R, =
1 x 10° Qcm~2 in their studies. When R,, decreases, leakage current
increases noticeably, which lowers both V,; and FF and ultimately
reduces the PCE [28]. These observations show that careful interfacial
band alignment and good surface passivation are important for keeping
Ry, high and ensuring stable, high-efficiency PSC operation.

3.2.12. Analysis of defect density on different layers

The effect of total defect density on the device performance was
examined for the HTL, absorber, and ETL layers. Fig. 10 shows how
the main PV parameters change as the defect density varies in each
layer. For the HTL (Cu,0), increasing the defect density from 10! to
108 ¢cm™ causes only small changes in Jg;, V¢, and FF, so the PCE
stays almost the same. This means that, within this range, defects in
the HTL do not strongly affect the overall performance of the device.

The absorber layer (Cs,TIRhI;), however, shows a much stronger
response. As the defect density increases from 10 to 10'® cm~3, the
PCE drops sharply from 25.78% to about 5%. This decrease is also
reflected in lower values of Jgc, V¢, and FF. The primary cause of this
decline is the increase in non-radiative recombination. This shortens
the carrier lifetime and reduces charge extraction efficiency.

For the ETL (IGZO), the trend is similar but less severe. While V¢
changes very little, higher defect density leads to noticeable reductions
in Jgc and FF, resulting in a lower PCE. Overall, these results show
that defects in the absorber layer have the strongest impact on device
performance, followed by moderate effects from the ETL and very small
effects from the HTL. To keep the comparison consistent, a defect
density of 10!> cm™3 was used as the baseline for all simulations.
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3.2.13. Analysis of interface defects on different layers

In SCAPS simulations, the default interface defect density for all
layers is set to 1 x 10! ecm™3. To examine how interfacial defects
affect device performance, defect densities were systematically varied
at both interfaces. Fig. 11(a) illustrates that an increase in defect
density at the HTL/absorber boundary results in a gradual drop in PV
metrics, as the defect level rises from 1 x 10/ ecm™ to 1 x 10'8 cm™3.
A comparable trend is evident in Fig. 11(b), which focuses on the
absorber/ETL interface. Performance degradation mainly results from a
non-radiative recombination at elevated interface trap densities, which
shortens carrier lifetimes and lowers charge extraction efficiency [48].

3.2.14. Temperature effects on performance parameters

The effect of temperature on the performance of the optimized
Cs, TIRhI4-based device was studied in the range of 300-440 K. As the
temperature increased, V¢, Jsc, FF, and PCE all showed a gradual
decrease. The V. dropped from 0.791 V at 300 K to 0.586 V at 440 K,
mainly because of stronger non-radiative recombination and thermally
activated defect states in the absorber layer [20]. The Jg- remains
nearly constant. It indicates that carrier generation was only weakly
affected by temperature [39]. In contrast, both FF and PCE showed
a gradual reduction from 80.40% and 25.78% at 300 K to 74.05%
and 19.49% at 400 K, respectively. This decline can be attributed to
increased recombination losses and lower carrier mobility at higher
temperatures [19]. Despite this reduction, the device retains more than
90% of its original performance up to 350 K, showing that Cs,TIRhI¢
has excellent thermal stability.

10

3.2.15. Optimized results

Fig. 12(b) shows the J-V characteristics of the PSC before and
after optimization. The optimized device, shown by the black curve,
performs much better than the unoptimized one, represented by the
red curve. The V. increased from 0.587 V to 0.791 V, which is about
a 34.7% improvement and indicates lower recombination losses. The
Jc rose slightly from 39.9 mA/cm? to 40.53 mA/cm?, showing better
light absorption and charge transport. The FF improved from 70.0% to
80.40%, suggesting more efficient band alignment between the ETL and
HTL. Overall, the optimization raised the PCE from 16.4% to 25.78%,
giving an absolute improvement of about 9.4%.

4. Comparison with other work

Table 5 summarizes and compares the results of this study with
previously reported PSCs-based works. In 2022, Zhang et al. experi-
mentally produced hydrogenated Cs,AgBiBr, films and achieved a PCE
of 6.37%, showing longer carrier lifetime and better stability [49].
After that, in 2024, Xiang et al. demonstrated that introducing a
Cs,AgBiBry interlayer improved both efficiency and stability. Their
fabricated device reached a PCE of 19.52% with a V¢ of 1.12 V [50].
These experimental studies provided useful insights into the potential of
double perovskites, though performance was still limited by low current
density and interfacial losses.

In addition to these experimental efforts, several theoretical studies
have focused on improving device performance and exploring new
absorber materials. Recently, in 2025, Utsho et al. reported that using
CBTS as the hole transport layer in a Cs,CuBiBr, device increased
efficiency to 19.70% [51], showing how the choice of transport ma-
terials affects device performance. Ferdous et al. [52] and Hossen
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Table 5

Comparing photovoltaic parameters with existing research.
Device Voc Jse FF PCE Ref.
ITO/Sn0,/Cs,AgBiBrg/spiro-OMeTAD/Au 0.92 11.4 60.93 6.37 [49]
FTO/WS,/Cs,CuBiBrg/spiro-OMeTAD/Ag 0.60 34.59 67.36 14.08 [54]
ITO/WS,/Cs,CuBiBrg /CBTS/Ni 0.712 35.63 77.57 19.70 [51]
FTO/Sn0,/Cs,Til,Br,/CuSCN/Au - - - 23.41 [52]
FTO/Zn0S/Cs,AgBi, ,Sb, Br,/Cu, O/Au 1.46 18.12 89.88 23.81 [53]
ITO/LBSO/Cs,TiBrs/CNTS/Au 1.123 26.63 82.94 24.82 [55]
FTO/IGZO/Cs, TIRhIz/Cu,O/Ni 0.922 41.73 83.15 25.78 This work

et al. [53] predicted PCE values of 23.41% for Cs,Til,Br, and 23.81% Acknowledgments

for Cs,AgBi,_,Sb,Brg, respectively, indicating ongoing progress in ab-
sorber and interface optimization. In comparison, our presented work
reached a theoretical PCE of 25.78%, surpassing all previously reported
double PSCs.

5. Toxicity considerations

The studied material (Cs,TIRhl;) shows promising optoelectronic
properties for photovoltaic applications. However, its practical im-
plementation is limited by concerns regarding thallium (T1) toxicity.
Similar to Pb-based perovskites, Tl-containing compounds pose sig-
nificant health and environmental risks due to their high toxicity,
water solubility, and potential for bioaccumulation. Dipta et al. demon-
strated that effective encapsulation strategies can substantially improve
perovskite stability and mitigate heavy-metal leakage, underscoring
the importance of physical barrier layers in reducing environmental
hazards [56].

Several approaches, including hydrophobic surface coatings, toxic-
ion-absorbing interlayers based on ionogels or resins, and advanced en-
capsulation methodologies, have been developed to minimize metal ion
release from perovskite solar cells [56,57]. For Cs,TIRhI specifically,
reducing T1* ion migration should be considered a critical requirement
for practical deployment. Furthermore, the establishment of effective
disposal and recycling systems will be essential to ensure safe handling
throughout the material and device life cycle.

6. Conclusion

In this work, we studied the structural and photovoltaic properties
of the cubic double perovskite Cs,TIRhI;. The formation enthalpy
and the Goldschmidt tolerance factor confirm that the material is
structurally stable. Our DFT results show that Cs,TIRhI¢ has a direct
bandgap of about 1.12 eV, which is suitable for solar-cell use. The
material also has a strong light absorption coefficient of 6 x 10* cm™!
at 2.75 eV, along with low reflectivity (below 30%) and a refractive
index higher than 3.1, both favorable optical features for photovoltaic
applications. Among the device configurations studied, the structure
FTO/IGZO/Cs,TIRhI;/Cu,0/Ni produced the best performance. This
setup reached an efficiency of 25.78% with a fill factor of 80.40%. The
device also kept more than 90% of its efficiency up to 350 K, showing
good thermal stability.

However, despite these promising results, the use of thallium re-
mains a concern because of its environmental and health risks. There-
fore, further studies on safe handling, encapsulation, and recycling
processes are necessary to mitigate potential risks. In summary, our
findings indicate that Cs, TIRhI, is a stable and efficient lead-free double
perovskite material, holding significant promise for next-generation
photovoltaic applications.
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