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This study investigates the effects of M-anion modifications on lead-free halide inorganic compounds,
specifically BasMCls (M = N, P, As, Sb), using DFT and SCAPS-1D software. It focuses on analyzing their
optical, electronic, and structural properties. The lattice parameters for BasMClz were found to be a =
6.14, 6.44, 651, and 6.69 A, respectively, which is consistent with previous research. Initially, GGA with
the PBE functional theory was used. The materials displayed semiconductor characteristics, with direct
band gaps of 0.551 eV for BazNCls, 0.927 eV for BazPCls, 0.980 eV for BazAsCls, and 0.996 eV for
BasSbCls. Optical characteristics such as absorption, loss function, dielectric function, electrical
conductivity, reflectance, and refractive index were also examined. Additionally, the SCAPS-1D software
was exploited to thoroughly estimate the efficiency of absorber-based PV cell structures BasNCls,

Received 21st December 2024, BazPCls;, BasAsCls, and BazSbCls with a CdS ETL layer at varying thicknesses, defect densities, and

Accepted 7th April 2025 doping levels. QE and J-V characteristics were assessed, with maximum PCEs of 23.06%, 19.93%,
17.12%, and 15.71% for BasNCls, BazPCls, BazAsCls, and BazSbCls, respectively. These computational findings

offer valuable insights for developing efficient, lead-free, durable, and cost-effective solar cells based on
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1. Introduction

As the global population grows and industrialization progresses,
the demand for energy continues to rise. To meet this demand
sustainably, renewable energy sources are essential. The urgent
issue revolves around the increasing need for advanced photo-
voltaic cells, optoelectronics, and electronic gadgets, especially
as population growth intensifies energy shortages.'™ Organic-
inorganic hybrid PSCs have made considerable development in
the construction of devices and control elements because of
their enhanced charge carrier mobility, minimal trap density,
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reduced exciton binding energy of excitons, excellent optical
absorption, and prolonged charge carrier lifetime.>” However,
the volatility and thermal instability of organic cations limit
their commercial use.”'* Creating more environmentally
friendly PSCs requires the innovation of eco-friendly and non-
toxic materials."*"” Lead-free perovskites are becoming more
popular for their environmental benefits and potential use in
electronic devices, especially halide double perovskites, which
are ideal for solar and thermoelectric devices.'®>* Reproduci-
bility presents another challenge since the performance of PSCs
can fluctuate greatly depending on the materials used and
fabrication processes.>*"** Scaling up production remains dif-
ficult as the creation of affordable, efficient, and high-capacity
perovskite solar panels poses challenges. To address these
issues, we focus on the A;MX; group of inorganic compounds,
known for their strong potential in solar energy capture.?®™°
Several researchers have conducted experimental studies on
this inorganic compound from the A;MX; group, publishing
their findings in well-regarded journals. Their research empha-
sizes the unique structural, optical, and electronic properties
of the compound. Additionally, these studies investigate its
potential applications in diverse fields such as photovoltaics,
optoelectronics, and semiconductor technology. The insights
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gained contribute to advancements in synthesis, characterization,
and performance optimization, fostering further progress in
materials science and technological innovation.*** This article
introduces a set of new cubic inorganic compounds, Ba;MCl;
(where M = Sb, As, P and N), belonging to the lead-free A;MX;
group. Studying the previously unexplored mechanical, optoelec-
tronic, and thermodynamic properties of these materials has
shown that they could be useful, particularly in optoelectronics
and solar cell technology.

The current study employs first-principles computations
using DFT**?” to investigate the various characteristics of this
material. The SCF method was exploited to analyze the DOS,
ECD, and band structure. The CASTEP method, based on DFT,
was applied to examine the properties of Baz;MCl; (M = N, P, As,
and Sb).*®*° Despite the lack of detailed theoretical work on
the optical and electronic characteristics of these perovskite
materials in the existing literature, its significant crystal
features and practical applications prompted our investigation.
We conducted a comprehensive analysis of its physical attri-
butes using DFT simulations with the CASTEP code, comparing
the results with similar compounds. Subsequently, investigations
were conducted in hybrid PSCs using A;MX; materials with a CdS
ETL, focusing on the impact of layer thickness, doping levels, bulk
defect density, QE and JV characteristics. Ultimately, the efficiency
of all proposed devices under optimal conditions was evaluated.
Although it is a set of novel inorganic compounds, Ba;MCl; (M =
Sb, As, P and N) exhibits promising properties, suggesting its
suitability as an effective absorber and for optoelectronic applica-
tions due to its excellent electronic and optical characteristics.
We anticipate that this study will significantly contribute to
research on perovskite-based technologies in modern technology.

2. Experimental
2.1. Computational details

In this study, we conducted first-principles DFT*>*" calculations
utilizing the CASTEP method*> to explore the characteristics of
BazMCl; (M = Sb, As, P and N) perovskite cells. The Kohn-Sham
equation*® was employed to ascertain the crystal system. The
process began with geometric optimization, followed by electro-
nic property calculations employing ultrasoft pseudopotentials**
and the BFGS*® algorithm. GGA*® and the PBE approach were
utilized to improve our understanding of the characteristics of
Baz;MCl; perovskite cells (M = Sb, As, P and N). For this research,
we set specific convergence standards, including an energy cut-
off of 700 €V, a highest displacement of 0.0002 A, a highest force
of 0.05 eV per atom, a SCF tolerance of 1.0 x 10~ ° eV per atom,
and a highest energy of 2.0 x 10~> eV per atom. For accurate
computations, we applied a 7 x 7 x 7 k-point mesh based on
the Monkhorst-Pack scheme®’ for sampling the BZ. The SCF
method was exploited to compute the DOS and band structure,
while also establishing parameters for the ECD. To examine
the optical characteristics, we applied the linear feedback
approach to measure how the dielectric function varies with
frequency. Additionally, we computed the refractive index, the
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conductivity’s real and imaginary segments, and the dielectric
constant. Convergence checks were carried out to establish the
chosen k-point mesh size and convergence criteria, ensuring
both accuracy and computational efficiency. These computa-
tional approaches were carefully chosen to guarantee the
precision and dependability of the results gained. In summary,
this computational approach proposes an in-depth examina-
tion of the characteristics of Ba;MCl; materials (M = Sb, As,
P and N) and may serve as a valuable tool in the future.

2.2. Chemical reactions

However, the chemical reaction of this inorganic compound
Ba;MCl; is outlined below. The Ba;NCl; inorganic compound
consisting of barium (Ba), nitrogen (N), and chlorine (Cl), forms
through a specific chemical reaction, as shown by eqn (1).*®

Ba;N, + 3BaCl, — 2Ba;NCl, (1)

On the other hand, the creation of the inorganic compound
Ba;PCl; is given below. This compound, composed of barium
(Ba), phosphorus (P), and chlorine (Cl), is produced through a
particular chemical reaction, as shown by eqn (2).

Ba;P, + 3BaCl, — 2Ba;PCl, (2)

Additionally, the synthesis of the inorganic compound
BazAsCl; is detailed below. This compound, which comprises
barium (Ba), arsenic (As), and chlorine (Cl), is formed through a
precise chemical reaction, as shown by eqn (3). The process
involves the careful combination of these elements in exact
proportions, leading to the creation of BazAsCl;.

BajAs, + 3BaCl, — 2BazAsCl; (3)

The formation of the inorganic compound Ba;SbCl; is
described below. This compound, made up of barium (Ba),
antimony (Sb), and chlorine (Cl), is produced through a specific
chemical reaction. The procedure requires the precise mixing
of these elements in the correct proportions, resulting in the
synthesis of Ba;SbCl; as shown by eqn (4).

Ba3Sb2 + 3BaClz - ZBa3SbCI3 (4)

3. Results and discussion
3.1. Structural study of Ba;MCl; (M = N, P, As, and Sb)

Fig. 1(a) shows that the crystal structures of Ba;MCl; (M =N, P,
As, and Sb) belong to the cubic space group Pm3m (no. 221).
Each structure comprises a unit cell containing 7 atoms. The Cl
atoms hold the 3d Wyckoff site with relevant positions of (0, 0,
0.5) on the borders of one face, while the central position is
occupied by the M atom (N, P, As, and Sb) at the 1b Wyckoff site
with relevant positions of (0.5, 0.5, 0.5). Additionally, the Ba
atoms at the 3c Wyckoff site are located near the vertices of a
single cell, with relative positions of (0.5, 0.5, 0). Fig. 1(b)
visually signifies the trajectory in k-space within the primary
BZ. The electronic band arrangement of BazMCl; is determined

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d4cp04812a

Published on 08 April 2025. Downloaded on 6/14/2026 4:52:16 PM.

PCCP

e/A3

e/A3

View Article Online

Paper

i
AN

<

Fig. 1 (a) Crystal structure of BasMCls (M = N, P, As, and Sb), (b) BZ path (X_R_M_G_R) and the distribution of electronic charges in (c) BasNCls,

(d) BazPCls, (e) BazAsCls and (f) BazSbCls.

by the points of high symmetry (X-R-M-G-R) in the BZ,
where the band diagram is replicated throughout the structure.

This journal is © the Owner Societies 2025

The most optimized structures of BazNCl;, Ba;PCl;, BazAsCls,
and Ba;SbCl; yielded the computed lattice parameters of 6.14,
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6.44, 6.51, and 6.69, respectively. The respective unit cell volumes of
Ba;NCl;, BasPCl;, BazAsCl;, and BasSbCl; are 1563.6448 (a.u.)’,
1804.2245 (a.u.)’, 1863.6998 (a.u.)’, and 2022.6062 (a.u.)’.

3.2. Electron charge density

The type of bonding present among different atoms is elucidated
by means of the arrangement of charge density. To understand
the movement of the charge between atoms and discern the
bonding within Baz;MCl; (M = Sb, As, P and N), we evaluated the
charge density. Fig. 1(c)—(f) illustrate the pattern of electrical
charge density in BazMCl; (M = Sb, As, P and N), respectively.
The images feature a scale bar positioned on the left side that
utilizes color representation to indicate the electron density’s
intensity. The cyan color corresponds to regions of high electron
density, whereas the yellow color indicates areas with low
electron density. In this case, the ECD is highest around the
Cl ion and lowest around the Ba ion. Because an ionic bond
develops when negative and positive charges are balanced
at atomic locations, the absence of overlap between the Ba
and Cl ions means an ionic bond. In contrast, the charge
density is comparable between Cl and M ions (where M =
N, P, As, and Sb), which is indicative of a covalent bond.
Additionally, a notable difference in electron density between
the Ba and M (N, P, As, and Sb) ions suggests an ionic bond
connecting them.

3.3. Electronic study of Ba;MCl; (M = N, P, As, and Sb)

The electrical band arrangement of a material is crucial for
understanding its physical features such as charge transport
behavior and optical characteristics. In the case of Baz;MCl;
(M =N, P, As, and Sb), its band structures are depicted in Fig. 2
along the BZ path X-R-M-G-R, by employing the PBE process.
The analysis reveals band gaps of 0.551 eV, 0.927 eV, 0.980 €V,
and 0.996 eV for Ba;NCl;, BazPCl;, BazAsCl; and Ba;SbCls,
respectively, using the GGA-PBE function at the G point, known
for its accuracy.*® Notably, different exchange-correlation (XC)
functions may yield varying band-gap results.

In this representation, the Fermi level (Ef) is denoted at 0 eV,
while the energy stages vary from —6 to +6 eV. The upper lines
in the band structure correspond to the CB, whereas those at
the Fermi level signify the VB. This direct bandgap emerges
from the intriguing alignment of the maximum VB energy state
with the minimum CB energy state at the G symmetry point.”®

The narrow band gap of BazMCl; (M = N, P, As, and Sb)
allows efficient capture of visible light and reduces thermalization
losses, improving its efficacy in converting light to electricity. Such
materials exhibit elevated electron mobility and are proficient in
light emission, making them desirable for electronic and optical
devices.”**> A smaller band gap permits light absorption with
lower energy levels, such as near-infrared wavelengths corres-
ponding to 0.551 eV, 0.927 eV, 0.980 eV, and 0.996 eV band gaps.
This analysis suggests the suitability of the material for optoelec-
tronic devices, given its semiconducting nature, which is a crucial
consideration for solar cell applications.

In Fig. 2(e)-(h), using the HSE06 functional, the materials
Ba;NCl;, BazPCl;, BazAsCl; and BazSbCl; were found to have
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Fig. 2 Electronic band structures and inorganic cubic PDOS structures of
(@) BasNCls, (b) BasPCls, (c) BasAsCls, and (d) BasSbCls structures and
(e)-(h) the band structures using the HSEQ6 function.
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direct bandgaps of approximately 1.19 eV, 1.42 eV, 1.50 eV, and
1.55 eV, respectively. These values were calculated using the
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HSEO06 exchange-correlation functional. The band structure
analysis, conducted along the trajectory in reciprocal space
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Fig. 3 Energy-associated (a) absorption index, (b) loss function, (c) real, (d) imaginary component of conductivity, (e) real, (f) imaginary dielectric
function, (g) real and (h) imaginary segment of refractive index of BazsMCls (M = N, P, As, and Sb).
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Table 1 Parameters set for the FTO, ETL, and absorber layer
Parameters BazNCl; BazPCl; BazAsCl; Ba;SbCl; Cds FTO
Thickness (nm) 1000 1000 1000 1000 50 50
Band gap, E, (eV) 0.55 0.927 0.98 0.996 2.4 3.6
Electron affinity, y (eV) 3.687 4.5 4.562 4.805 4.4 4.5
Dielectric permittivity (relative), ¢, 6.606 3.206 5.602 5.48 9 10
CB effective density of states, N¢ (1 cm ™) 6.78 x 10'® 7.728 x 10'® 7.94 x 10"® 9.347 x 10'® 1.8 x 10" 2 x 10'®
VB effective density of states, Ny (1 cm ™) 1.007 x 10"° 1.09 x 10" 1.136 x 10" 1.2 x 10" 2.4 x 10" 1.8 x 10"
Electron mobility, u, (cm?> Vv ' s~ ! 60 70 65 45 100 100
Hole mobility, u, (cm® V' s71) 55 60 45 40 25 20
Ny (1 em™) 1 x 10 1x 10" 1 x 10" 1 x 10" 0 0
Np (1 ecm ™) 0 0 0 0 1 x 10" 1 x 10"
Defect density, N; (1 cm ™) 1 x 10" 1 x 10*2 1 x 10*2 1 x 10" 1 x 10*2 1 x 10*
Table 2 Input parameters of the interface of the BasMCls (M = N, P, As, and Sb) based solar cells
Parameters Ba;NCl;/SnS, Ba;PCl;/SnS, BajAsCl;/SnS, Ba;SbCl;/SnS,
Defect type Neutral Neutral Neutral Neutral
e (cm?) 1x10" 1x10" 1x10"° 1x10"°
o (cm?) 1x10" 1x10°" 1x10°" 1x10°"
E, 0.6 0.6 0.6 0.6
Total defect density (cm ™) 10" 10" 10" 10"

(a) (b)
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Fig. 4 Influence of alteration of the absorber layer (BasNCls, BasPCls, BasAsCls and BasSbCls) (a) thickness and (b) acceptor density with PV factors of

Voc, Jsc, FF and PCE.
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(X_R_M_G_R), corresponds to the cubic arrangement of
Ba;MCl; under the HSE06 functional.

Typically, PDOS analysis reveals the impact of several atoms
and their locations on the band gap of Baz;MCl; compounds.
Fig. 2(a)-(d) illustrate the PDOS distribution for BazMCl; struc-
tures (M = Sb, As, P and N) spanning the energy range from —6
to +6 eV. The states associated with the Ba and Sb, As, P and N
atoms, which interact with Cl in BazMCl; (M = Sb, As, P and N),
are found to spread throughout the total energy spectrum with-
out impacting the band gap. This proposal proposes that the
bonding between Ba-Cl, N-Cl, P-Cl, As-Cl, and Sb-Cl is pre-
dominantly covalent in nature. Furthermore, in BazNCl;,
Ba;PCl;, BazAsCl;, and Ba;SbCls, electron charge transfer occurs

Table 3 Performance metrics of solar cells using the CdS ETL are eval-
uated against various absorbers

Parameters BazNCl; Ba;PCl; BazAsCl; Ba;SbCl;
Voc (V) 0.5 0.49 0.47 0.46
Jsc (mA em™?) 53.97 50.78 46.76 45.55
FF (%) 82.06 80.01 78.15 74.49
PCE (%) 23.06 19.93 17.12 15.71
()
Voc (V)

0.6320

BazNCl3

0.5710

0.5100

0.4490

0.3880

0.3270

0.2660

0.2050

Absorber Defect density (cm':’)

0.1440
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from Ba and N, P, As, and Sb to Cl, respectively, potentially
resulting in substantial changes in atomic situations. Because of
their separation from the Fermi level, the Ba** atoms have only a
minimal influence on the determination of band edge condi-
tions in this scenario. In our study of the cubic phase, we noted
that the VB of BazMCl; is mainly shaped by the CI-3p orbital,
whereas the CB is mainly determined by the Ba-4d orbital, with
slight involvement from the N-2s, P-3s, As-4s and Sb-5s orbitals.
The strong contribution from Cl-3p orbitals in the valence band
indicates a significant ionic character in the bonding between Cl
and Ba. The Ba-4d orbitals’ involvement in the conduction band
suggests that these states are important for electronic transitions
and charge carrier transport. This combination of contributions
from both orbitals plays a critical role in defining the material’s
bandgap and electronic structure.

3.4. Optical study of Ba;MCl; (M = N, P, As, and Sb)

Various applications, including optical coatings, rectifiers, light
absorbers, and devices converting light into electricity, are
explored depending on their optical characteristics. When sub-
jected to an external electromagnetic wave, a material’s interaction
with photons can reveal facts about its characteristics and

(b)
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g
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Fig. 5 Influence of variations in absorber thickness and defect density (device-I, BasNCls) on key PV performance factors: (a) Voc, (b) Jsc, (c) FF, and

(d) PCE.
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potential applications relative to energy. An investigation of elec-
tronic conversions between bond types, occupied and unoccupied
energy states, band arrangements, and internal structural proper-
ties of compounds is achieved by examination of their optical
spectra.”® Certain optical properties of a perovskite that vary with
energy levels comprise energy loss function L(w), reflectivity R(w),
optical conductivity o(w), refractive index N(w), dielectric function
&(w), and absorption coefficient «(w). We compute and examine
these optical features to explore how Ba;MCl; (M = N, P, As, and
Sb) reacts to incoming photons in this section.

Fig. 3(a)-(h) illustrate the spectra for the parameters men-
tioned above, spanning incident energies equal to 40 eV and an
exclusively polarized electric field that has the crystal plane
[1 0 0].>* The complex dielectric constant, which changes with
frequency or energy, is attained through the Kramers-Kronig
transformation as follows:*’

£(0) = 61(0) + i62(0) (5)

Furthermore, other optical properties were determined
using the real portion ¢ (w) and the imaginary portion ie,().
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Fig. 3(a) illustrates the optical absorption coefficient of
Ba;MCl; (M = N, P, As, and Sb).>* The optical absorption
coefficient plays a vital role in evaluating a material’s ability
to absorb light, providing valuable insights into its suitability for
efficient solar energy conversion.>®*” The absorption coefficient
spans from 5 to 25 eV, with the absorption being notably high,
reaching its peak around 17 eV of photon energy for all materials.
It starts at 0.7 eV and diminishes to zero after 25 €V, indicating a
considerable photon energy absorption ranging from 0.7 to 25 €V.
This proposes that BazMCl; possesses a wider optical bandgap,
resulting in significant photon absorption at high energies.

Fig. 3(b) depicts the loss function L(w), which varies with
energy or frequency. This component, typically imaginary,
within the dielectric function mimics the way light is absorbed
by a semiconductor. The peak is observed at a photon energy level
of 23 eV for BazNCl; and 21 eV for the other three materials, after
which it returns to zero. This peak indicates the plasmon energy
characteristic of the respective materials. The plasma oscillates at
this exact energy due to the collective motions of charged particles.
Note that significant decreases in the reflectivity and absorption
coefficient coincide with the plasma energy.
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Fig. 3(c) and (d) display the optical conductivity’s real
and imaginary parts for Ba;MCl; (M = N, P, As, and Sb).
The imaginary part of the photoconductivity initiates at
0.42 eV, while the real portion begins with approximately
0 eV for all materials, affirming the material’s favorable
photoconductivity characteristics. Furthermore, the real part
drops to zero beyond 25 eV of photon energy, suggesting an
improvement in the conductivity at upper energies.”® This
phenomenon could be attributed to the movement of elec-
trons to elevated energy states, enabling their participation in
electrical flow.

Fig. 3(e) and (f) depict the dielectric function’s real ¢;(w) and
imaginary portion &,(w) for Ba;MCl; (M = Sb, As, P and N).
These components are derived from the elements of the
momentum matrix, considering all feasible conversions between
the filled and empty electronic conditions.>*®° The real segment
of the dielectric function, ¢;(w), corresponds to electrical polar-
ization, while the imaginary component, ¢(w), relates to dielec-
tric loss.°™®* Notably, the real portion reaches zero at 9 eV
photon energy for BazNCl; and 17 eV for the other three
materials and gradually approaches unity. In contrast, the

(a)

Yoe (V)

18
10 0.4865

107 0.4627

~

210" 4 0.4389

SURE 0.4151

10" 0.3912
Ol

13
10° o 0.3674

E 12 0.3436
10 1

Absorber Defect density (cm™

10" + 0.3198

10" 0.2960

0.5 1.0 15
Thickness (um)

(c)
FF (%)

79.20

76.68

o)
o

74158

(cm

7163

69.10

66.58

64,05

61.52

Absorber Defect density

59.00

0.5 1.0 15 2.0
Thickness (um)

View Article Online

Paper

imaginary part ¢,(w) begins at zero and drops back to zero when
the photon energy hits 25 eV. The dielectric constant of Ba;MCl;
indicates metallic properties depending on its band structure
and electronic DOS, also showing semiconducting characteris-
tics and high reflectivity.®*

In Fig. 3(g) and (h), a complex factor, the refractive index, is
depicted. It is also a function dependent on energy or frequency
and can be formulated as:>

N(w) = n(w) + ik(w) (6)

where the extinction factor is indicated by k(w), representing
the imaginary portion of N(w). The refractive index’s imagin-
ary portion (extinction factor) gauges the absorption of elec-
tromagnetic radiation by the materials, while the real part
resolves the phase velocity in the materials.®® It can be
observed that the refractive index’s real part demonstrates a
greater value in the visible spectrum at low phonon-energy
levels. Thus, the material under investigation demonstrates
optical features appropriate for application in optoelectronic
devices.®*
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3.5. Design of devices and simulation techniques

The proposed photovoltaic cell structure, represented as Al/FTO/
CdS/(BazNCl,;/BazPCls/BazAsCl;/BasSbCl;)/Au, includes devices
labeled device-I (BazNCl;), II (BagPCls), III (BazAsCls), and IV
(BasSbCl;). These devices have been simulated utilizing the
SCAPS-1D software. The essential formulas were resolved to
thoroughly analyze and predict the electrostatic potential for-
mulas in steady-state situations, as well as the electron-hole
continuity formulas for both structures.®® The solar cell contains
a p-type absorber layer (BazNCls;/BasPCl;/BazAsCl;/BasSbCly), a
highly n-doped ETL made of CdS and an FTO window stratum.
The metal electrodes at the front and rear are aluminum (Al) and
gold (Au), with WF of 4.2 eV (100) and 5.37 eV (110), respectively.
The distinct alignment of the quasi-Fermi levels Fn and Fp
under illumination provides evidence for the formation of
electron and hole pairs inside the device. The electric fields
and intrinsic potential at the absorber/ETL interface facilitate
the separation of light-induced electron-hole pairs. The imita-
tion data for the active materials FTO, CdS, BazNCl;, BazPCl;,
BazAsCl, and Ba;SbCl;, presented in Table 1, were derived from
the established literature and the DFT calculations of this study,
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with the electron and hole paces set at 10’ cm s *.°®” The
specifications for each of the four proposed PV devices at the
absorber/ETL boundary are detailed in Table 2.

3.6. Optimization of absorber layer thickness and charge
carrier concentration

Fig. 4(a) displays the impact of altering the absorber layer
thickness at 100-2000 nm to achieve optimal outcomes in the
suggested devices without altering other factors, as shown in
the previous table. It was observed that both carrier generation
and recombination speeds rise significantly with a thicker
absorber layer. A thickening of the absorber layer led to an
upsurge in the Voc of the PSCs in every configuration. The
maximum V¢ of 0.5 V was attained for device I. Similarly,
improvements in Vo were observed for device II (from 0.47
to 0.49 V), device III (from 0.42 to 0.49 V), and device IV (from
0.17 to 0.49 V). The Jsc also increased with the denser absorber
layer, mainly because of improved absorption across the spec-
trum, with a focus on longer wavelengths. Jsc values rose from
32.61 to 54.45 mA cm~? in device I, 30.99 to 51.26 mA cm™? in
device II, 29.32 to 47.78 mA cm ™2 in device III, and 28.79 to
47.19 mA cm™? in device IV. The rise in Jsc can be ascribed to
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Fig. 8 Influence of variations in absorber thickness and defect density (device-IV, BasSbCls) on key PV performance parameters: (a) Voc, (b) Jsc., (c) FF,
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the greater formation of electron and hole pairs from increased
photon absorption in a thicker absorber. These changes in Voc
and Jsc are in line with findings described in previous
studies.®®7°

FF values improved from 79.64% to 80.05% for device II,
from 76.03% to 79.19% for device III, and from 55.97% to
75.92% for device IV with increasing absorber thickness, but FF
values improved from 81.37% to 84.39% for device I with
decreasing absorber thickness. PSCs generally operate most
efficiently once the absorber thickness corresponds to the charge
carriers’ diffusion length. Although thicker absorber layers result
in higher photon absorption, they also lead to increased recom-
bination rates. Thus, optimizing between these factors is essen-
tial for achieving high-efficiency PSCs.”"”?

Fig. 4(b) shows how electrical properties, such as Js¢, PCE,
Voc and FF, vary with acceptor doping density (N,) ranging
from 10" to 10™® ecm™> for the absorbers Ba;NCl;, Ba;PCl;,
BasAsCl; and Ba;SbCl; in the proposed configuration. During
optimization, the Vo of the PSCs exhibited minimal variation
up to an N, of 10" em™3.”* The maximum Vo observed
was 0.5 V for device I (mainly constant all the time), 0.54 V
for device I1, 0.58 V for device III and 0.54 V for device IV (which
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showed a relatively higher rate of change). The fill factor
exhibited similar trends, with a noticeable 4-5% improvement,
reaching nearly saturated values of 82.06%, 80.01%, 78.15%,
and 74.49% for BazNCl;, Ba;PCl;, BazAsCl; and BasSbCls,
respectively, at an N, of 10'® cm™3, as shown in Table 3. This
7576 However, when the
acceptor density in the absorber layer was varied from 10'° to
10" em 2, the Jgc remained almost constant. Beyond 10" cm 2,
the Jsc marginally decreased for BazPCl;, BazAsCl; and BazSbCl,.
For Ba;NCls, the Jsc remained unchanged up to 10'%.

behavior aligns with previous reports.

3.7. Impact of device thickness (I, II, III, and IV) and defect
density

Fig. 5 displays the impact of the defect density (N;) on the
efficiency of PV cells by illustrating the alterations in both the
thickness and the N, of the BazNCl; absorber layer, varying
from 0.1 to 2.0 um and from 10" to 10'® em™>, respectively.
The solar cell outcome noticeably deteriorates when the N, of
Ba;NCl; surpasses 10** em 3.8 Jsc, Voc, PCE and FF for Al/FTO/
CdS/Ba;NCl,/Au structures drop from 57 to 32.6 mA cm™ 2, from
0.63 to 0.14 V, from 31.6% to 3.1%, and from 85.6% to 40%,
respectively. As shown in Fig. 5(a), a peak Voc of 0.5 V is

(b)

&

Jge (mAcm®

o “ - 64.50

BazNCl3 |

T

(mdayw) 2S¢

PCE (%)

24.90
2240
19.90
17.40

14.90

12.40

9.900

7.400

4.900

2.400

Fig. 9 Influence of variations in absorber thickness and defect interface density (device-I, BazNClz) on key PV performance factors: (a) Voc, (b) Jsc, (c) FF,
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obtained if the N, is kept underneath 10> cm™> and the
thickness remains less than 1 pm. In contrast, if the N, goes
beyond 10 cm 3, the V¢ decreases markedly to 0.16 V.

Fig. 5(b) and (c) indicate that to attain the highest values of Js;
and FF of 53.97 mA cm™> and 82.06%, respectively, the thickness
should exceed 1 pm and the N, should remain below 10" cm™>.
Fig. 5(d) depicts that the highest conversion efficiency, exceeding
23.06%, is obtained once the thickness is within 0.1 to 2.0 pum and
the N; is up to 10" em™>. Higher carrier recombination rates,
caused by increased defects in the absorber layer, consequently
reduce the cell’s efficiency.”””® The optimal criteria for reaching a
maximum PCE of 23.06% for device-I have been identified. This
involves ensuring an absorber layer thickness of 1.0 um for Ba;NCl;
with a N, of 10" em 3. With these parameters, the PV cell obtained
a Vo of 0.5 V, a Jsc of 53.97 mA ecm ™2, and an FF of 82.06%.

For Al/FTO/CdS/BazPCls/Au (device II) structures, increasing
the defect density leads to a decline in Jsc, PCE, Voc, and FF,
while thickening the absorber layer improves these values.
In particular, these parameters increase significantly with a
thickness up to 1 pm, beyond which further increases produce
only marginal improvements. In contrast, the values drop
sharply as the N, increases up to 10"> em™>, and any increase

()
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beyond this threshold results in a slight decline. Therefore, the
optimal absorber layer thickness is 1 um with a N, of 10" cm ™.
In these optimal circumstances, Jsc, Voc, PCE, and FF reach
values of 50.78 mA cm ™2, 0.49 V, 19.93%, and 80.01%, respec-
tively. Fig. 6(a) shows that the highest V¢ of 0.49 V is gained
with a thickness less than 1 pm and a N, below 10'* cm ™.
However, exceeding this defect density threshold significantly
reduces the Vpoc to 0.27 V. Fig. 6(b) and (c) suggest that to
achieve the highest Jsc and FF values of 50.78 mA cm ™2 and
80.01%, the thickness should exceed 1 um and the N, should
remain below 10"> cm ™. Fig. 6(d) specifies that maintaining a
thickness between 0.1 and 2.0 um and a N, equal to 10'* cm >
yields the peak conversion efficiency, surpassing 19.93%.

The FF, Jsc, PCE, and V¢ of the Al/FTO/CdS/BaszAsCl;/Au
(device III) structures decline significantly from 79.2% to 59%,
47.8 to 29.15 mA cm™ 2%, 18.4% to 5.3%, and 0.49 to 0.3 V,
respectively. Fig. 7(a) shows that the peak V¢ of 0.47 V is
reached when the N, is underneath 10" cm ™ and the absorber
layer thickness is under 1 um. When N; exceeds 10" cm 3,
Voc drops sharply to 0.31 V. Fig. 7(b) and (c) suggest that to
obtain the highest values of Jsc and FF of 46.76 mA cm > and
78.15%, the thickness needs to exceed 1 um and the N, should
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remain under 10" cm ™. As demonstrated in Fig. 7(d), main-
taining a thickness among 0.1 and 2.0 pum and keeping the
N, equal to 10"* cm ™ results in the optimal conversion effi-
ciency, which exceeds 17.12%.

In contrast, the performance metrics of the Al/FTO/CdS/
BazSbCls;/Au (device IV) structures degrade as the PCE drops
from 17.45% to 2.55%, the FF from 76% to 52.4%, the Jsc from
47.2 to 28.45 mA cm %, and the Vo from 0.49 to 0.17 V. Fig. 8(a)
shows that the peak Vo of 0.46 V is reached once the N is below
10" em™? and the absorber layer thickness is below 1 pm.
However, exceeding this N; threshold significantly reduces the
Voc to 0.19 V. Fig. 8(b) and (c) suggest that to achieve the highest
Jsc and FF values of 45.55 mA cm ™2 and 74.49%, the thickness
should exceed 1 pm and the N should remain under 10" em .
Fig. 8(d) indicates that maintaining a thickness ranging from 0.1
to 2.0 um and keeping the N, equal to 10" cm™2 results in the
optimal conversion efficiency, which exceeds 15.71%.

3.8. Impact of device thickness (I, II, ITI, and IV) and interface
change in solar energy efficiency

Fig. 9 presents the influence of Nj,. on the outcome of photo-
voltaic cells, illustrating alterations in the Nj, as well as the
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thickness of the BazNCl; absorber layer. These parameters
range from 10" to 10" ecm™® for defect density and 0.1 to
2.0 pm for thickness. The metrics for solar cell performance
reduces significantly if the Ny, in the BazNCl; interface exceeds
10" cm 3. The Jsc, Voc, PCE, and FF of Al/FTO/CdS/Ba;NCl;/Au
structures reduce from 64.5 to 42 mA cm 2, 0.57 V to 0.15 V,
24.9% to 2.4%, and 77% to 37.8%, respectively.

Fig. 9(a) shows that the peak Vpc of 0.5 V is gained while
the absorber layer is 1 pm thick and the Ni, is below 10"
cm™ 3. However, exceeding this threshold of the Ni, signifi-
cantly reduces the V¢ to 0.16 V. Fig. 9(b) and (c) indicate that
to achieve the peak Jsc of 53.97 mA cm™ > and FF of 82.06%,
the absorber thickness should be larger than 1 um, and the
Nin¢ should remain below 10" cm™>. Fig. 9(d) depict that
the highest conversion efficiency, surpassing 23.06%, occurs
within a thickness ranging from 0.1 to 2.0 um and when Ny, is
equal to 10" cm™>. The addition of high-defect states to the
absorber layer boosts carrier recombination, causing a decline
in total cell performance.””””° The best conditions for attain-
ing the peak PCE of 23.06% for device I were identified, which
includes a constant BazNCl; absorber thickness of 1.0 pm and
an N, of 10" em ™. A V¢ of 0.5 V, a Jsc of 53.97 mA cm ™2,
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(c) FF, and (d) PCE.

This journal is © the Owner Societies 2025

Phys. Chem. Chem. Phys., 2025, 27, 9429-9447 | 9441


https://doi.org/10.1039/d4cp04812a

Published on 08 April 2025. Downloaded on 6/14/2026 4:52:16 PM.

Paper

and an FF of 82.06% were achieved by the solar cell in
this case.

For Al/FTO/CdS/Ba;PCl3/Au (device II) structures, perfor-
mance factors such as Jsc, PCE, Voc, and FF are negatively
impacted by a rise in interface defect density, while an
upsurge in the absorber layer’s thickness generally improves
these values. Up to a thickness of 1 pm, these parameters
increase significantly. However, beyond 1 pum, the improve-
ments are marginal. Similarly, these values decrease signifi-
cantly as the Nj,, rises up to 10'> cm ™3, but the reduction is
more gradual once the N, surpasses 10" cm™>. Therefore,
the optimal thickness is 1 um, and the ideal Ny, is 10" cm ™.
Under these conditions, the PCE is 19.93%, the FF is 8§0.01%,
the Jsc is 50.78 mA cm ™2, and the Vo is 0.49 V. As illustrated
in Fig. 10(a), the peak Vo of 0.49 V is gained with a thickness
below 1 pm and a Ny, under 10" cm™>. However, exceeding
this interface defect density threshold significantly reduces
the Voc to 0.32 V. Fig. 10(b) and (c) indicate that to reach the
greatest values of Jsc (50.78 mA cm ™ 2) and FF (80.01%), the
thickness should be superior to 1 pm and the Nj,, should not
exceed 10'> cm™>. According to Fig. 10(d), maintaining
a thickness between 0.1 and 2.0 pm and an Nj, equal to
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10"* em ™ results in the optimal conversion efficiency, which
exceeds 19.93%.

The Jsc, Voc, PCE, and FF of Al/FTO/CdS/Baz;AsCl;/Au
(device-III) structures decrease from 47.8 to 28.6 mA cm 2,
0.49 to 0.38 V, 18.4 to 7.8%, and 79.2 to 72.44%, respectively.
Fig. 11(a) shows that the peak V¢ of 0.47 V is gained if the
thickness is below 1 um and the Nj, is under 10'* ecm™>.
However, exceeding this interface defect density threshold
significantly reduces the Vo to 0.39 V. Fig. 11(b) and (c) show
that the thickness needs to exceed 1 um and the Nj,; should not
exceed 10'> em ™ to attain the peak Jsc and FF values of
46.76 mA cm™ > and 78.15%, respectively. Fig. 11(d) shows that
a thickness ranging from 0.1 to 2.0 pym and a Nj, equal to
10"* cm ™~ result in the maximum efficiency, exceeding 17.12%.

The FF, Jsc, PCE, and Vi of the Al/FTO/CdS/BazSbCl;/Au
(device IV) structures decrease from 76 to 55.8%, 47.2 to
28.15 mA cm 2, 17.45 to 2.6%, and 0.49 to 0.17 V, respectively.
Fig. 12(a) shows that the highest V¢ of 0.46 V is reached if the
thickness is below 1 pm and Ni,, is under 10'* cm™>. Besides,
when the N, exceeds 10'® cm ™2, the Vo noticeably falls into
0.19 V. Fig. 12(b) and (c) indicate that the thickness needs

to exceed 1 um and the Nj,. should not exceed 10*? cm™ to
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achieve the highest Jsc and FF values of 45.55 mA cm™2 and

74.49%, respectively. Fig. 12(d) demonstrates that a thickness
spanning from 0.1 to 2.0 pm and an Nj, equal to 10'* ecm?
result in the utmost efficiency, exceeding 15.71%.

As absorber thickness increases, more incident photons are
absorbed due to the longer optical path, enhancing light
absorption. However, beyond a certain point, further thickness
results in only marginal gains, as absorption approaches
saturation, consistent with the Beer-Lambert law.’® While
thicker layers generate more carriers, they also increase the
transport distance, leading to higher recombination, particu-
larly if the carrier diffusion length is shorter than the absorber
thickness. This trade-off affects overall efficiency, where thin-
ner layers underperform in photon absorption, and excessively
thick layers suffer from recombination losses.®' The optimal
thickness, around 1000 nm, strikes a balance between maxi-
mizing photon absorption and minimizing recombination.
According to Shockley-Read-Hall recombination theory,*” this
intermediate thickness offers the highest efficiency by reducing
recombination losses while maintaining strong absorption.

3.9. Optimized J-V and QE characteristics

The J-V curves for the device, with optimal parameters (N, of
10" em™>, Nip, of 10" em™>, N, of 10'> cm~?) and absorber
thicknesses between 100 and 2000 nm, are shown in Fig. 13(a).
Analysis determined 1000 nm as the ideal absorber thickness,
yielding values of (Voc: 0.5 V, Jsc: 53.97 mA cm™ %, FF: 82.06%),
(Voc: 0.49 V, Jsc: 50.78 mA cm ™2, FF: 80.06%), (Voc: 0.47 V, Jsc:
46.76 mA cm™2, FF: 78.15%), and (Voc: 0.46 V, Jsc: 45.55 mA
cm ™2, FF: 74.49%) for devices I, I1, III and 1V, respectively, with
CdS producing the highest PCE. Fig. 13(b) shows the QE curve
for absorber thicknesses from 100 to 2000 nm, where QE, the
fraction of photogenerated charge carriers per incident
photon,®*~® nearly reached saturation at 1000 nm, then rapidly
dropped to zero at cutoff wavelengths of 1460, 1330, 1260, and
1240 nm for devices I, II, III and IV, respectively. The 1000-nm
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thickness was deemed ideal, as supported by the QE spectra
and J-V characteristics.

4. Conclusions

This study examines the impact of M-anion modifications on
lead-free halide inorganic compounds, specifically BazMCl;
(M = N, P, As, Sb), using DFT and SCAPS-1D software. The
analysis begins with the use of GGA and PBE functional theory.
Band structure and DOS analyses confirm the semiconductor
properties of BasMCl; compounds (M = N, P, As, Sb). Optical
features such as absorption, dielectric function, electrical con-
ductivity, loss function, reflectance, and refractive index, are
explored. ECD mapping reveals the ionic bond nature of these
compounds. For the perovskite solar cell, the SCAPS simulator
was used to design the structure Al/FTO/CdS/(Bas;NCls/Bas-
PCl3/BazAsClz/BazSbCl;)/Au. The simulation results show that
Ba;NCl; delivers the highest Jsc, Voc, PCE, and FF values, with
53.97 mA cm ™2, 0.5 V, 23.06%, and 82.06%, respectively, out-
performing other compounds under similar conditions. In
contrast, Ba;SbCl; exhibits the lowest output values, with Jsc
of 45.55 mA cm ™2, Voc of 0.46 V, PCE of 15.71%, and FF of
74.49%. These results indicate that Ba;MCl; (M = N, P, As, Sb)
compounds have promise for further research in optoelectronic
applications.

List of abbreviations

Jv Current density-voltage

Nt Defect density

PCE Power conversion efficiency
ECD Electron charge density

SCAPS Solar cell capacitance simulator
Jsc Short circuit current density
QE Quantum efficiency

VB Valence band
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Voc Open circuit voltage

ETL Electron transport layer
SCF Self-consistent field

DFT Density functional theory
Nint Interface defect density
BZ Brillouin zone

FTO Fluorine-doped tin oxide
PSC Perovskite solar cell

FF Fill factor

CB Conduction band

HTL Hole transport layer

WF Work function

PV Photovoltaic
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