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structural and electronic
modulation of Cs2AgBiX6 (X= Cl, Br) via A-site NH4

+

substitution for photovoltaic applications
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Bisma Asghar,a A. H. Reshak, b Hosam O. Elansary,c Ihab Mohamed Moussa,d

Sohail Mumtaz *e and Y. Saeed *a

To address environmental pollution and sustainable energy challenges, lead-free Ag–Bi double perovskites

Cs2AgBiX6 (X = Cl, Br) and their ammonium-substituted variants CsNH4AgBiX6 and (NH4)2AgBiX6 are

investigated using first-principles FP-LAPW calculations within density functional theory. Ammonium

incorporation slightly reduces lattice size while enhancing structural flexibility. Band-structure analysis

(GGA, SOC, hybrid-PBE) shows decreasing band gaps with NH4 doping from 2.52 eV to 2.09 eV, with the

CBM dominated by Bi states and the VBM by halide p states. Effective mass calculations indicate high

carrier mobility due to the low effective mass of (NH4)2AgBiX6 (X = Cl, Br) compared to Cs-based double

perovskites, which results in m*
e values that are between 0.524 and 0.939 eV, and m*

h values that are

between 1.2 and 1.645 eV. The stability of these compounds is confirmed through mechanical (Cij),

formation of enthalpy DHf and Goldschmidt tolerance factor (sG) analyses. The elastic constants confirm

the mechanically stable and ductile nature of these materials. Furthermore, ab initio molecular dynamics

simulations and phonon band-structure calculations have been performed and confirm the stability of

the materials. Optical properties reveal stronger light absorption (∼45 × 104 cm−1 in the visible region)

and an enhanced dielectric response after NH4
+ substitution. Band-edge alignment analysis supports the

potential for photocatalytic water splitting, while SLME analysis identifies (NH4)2AgBiBr6 (hmax = 6.47%) as

the most promising photovoltaic absorber. Overall, A-site ammonium engineering effectively tunes the

structural, electronic, optical, and photocatalytic properties of Ag–Bi double perovskites for energy

applications.
1 Introduction

Humans are currently dealing with a number of environmental
issues, including hazardous waste, toxic air pollution and
polluted groundwater. Moreover, organic pollutants have
received signicant attention. Many industries, including
textiles, food, printing, cosmetics, and dyeing, mostly use dyes
for their products. These dyes can emit signicant amounts of
organic-based pollutants into the water and soil, threatening
both the environment and human health.1 The pressing need
ty of Science and Technology, Abbottabad,

ust.edu.sa; yasirsaeedphy@aust.edu.pk;

iversity of Basrah, Basrah 61004, Iraq

l Prize for Water Chair, Prince Sultan

esert Research, King Saud University,

ollege of Science, King Saud University,

Engineering, Gachon University, 1342

3120, Republic of Korea

23782
for alternate energy sources is highlighted by the present energy
and environmental crises. The abundance, affordability, and
environmental friendliness of hydrogen make it a tempting
alternative; nonetheless, its widespread usage requires
improvements in hydrogen storage and transportation
technologies.2–6 Photocatalytic technologies outperform tradi-
tional methods by removing organic pollutants in the parts per
billion (ppb) range from both air and water in a nonselective,
cost-effective process that operates at ambient pressure and
room temperature, and does not create polycyclic molecules.7

Photocatalysis is a photoinduced process that is accelerated by
the presence of a catalyst. Three essential phases comprise the
photocatalytic process: (1) charge carriers produced by photol-
ysis; (2) charge-carrier separation and diffusion to the outer-
most layer of the photocatalyst; and (3) redox processes
occurring on the surface of the catalyst.8 Photocatalysts are
typically solid semiconductors that are chemically and biologi-
cally stable, light-absorbing, non-toxic, and low in cost.9 The
development of photocatalytic devices that function efficiently
under visible light is urgently needed. A number of researchers
have worked to develop semiconductor-based photocatalysts
© 2026 The Author(s). Published by the Royal Society of Chemistry
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with reduced band gaps, enabling absorption in the visible
region; these are commonly known as second-generation pho-
tocatalysts.10 Semiconductors powered by visible light, such as
Cu2O, WO3 and Fe2O3, have been used as photocatalysts
because of their easy preparation, simple structure, high
photosensitivity, and low toxicity.11 On the other hand, hybrid
halide perovskites have attracted signicant attention in
photovoltaic research and development due to the rapid
increase in their solar-cell power conversion efficiency, which
has risen from approximately 3.8% to 23.7% over the past
decade.12 Thus, it is assumed that technology associated with
perovskites may be cheaper and more efficient compared to
other silicon (Si)-based materials.13 Additionally, perovskites
have the capability to be utilized in a vast range of optoelec-
tronic applications, beyond their most prominent use in
photovoltaics, because these materials have some remarkable
physical characteristics.14–17 Innovative perovskite hydride
materials have become attractive options for applications
involving the storage of hydrogen. The hydrides BeXH3 (X = Pd,
Ag, and Cd) and Mg2XrH6 (X = V, Cr) provide tremendous
potential for advancements in energy technology.18,19 Materials
based on perovskites and antiperovskites have become
appealing options for solid-state hydrogen storage systems.20–23

However, the hybrid halide perovskites still face various unre-
solved challenges in large-scale commercial applications, as
these materials are structurally unstable and easily degrade
upon exposure to heat, air and moisture, and they oen contain
toxic lead (Pb), which is hazardous to the environment. The
problem of poor perovskite stability may be addressed using
numerous techniques, such as carbon encapsulation, altering
the composition of the perovskite, and the incorporation of
hydrophobic molecules.24 Nowadays, organic–inorganic hybrid
double perovskites have received enormous focus in photovol-
taic optoelectronic research because these materials are
believed to have the potential to sufficiently resolve both toxicity
and instability concerns.25 By modifying the B0 and B00 combi-
nations in double perovskites A2B0B00X6, these can potentially
provide a better and more effective replacement for Pb-
containing perovskites in photovoltaics as well as optoelec-
tronics. For hybrid functions such as spintronics, ferroelec-
tricity, thermoelectricity, and optoelectronics, perovskites have
been extensively researched.26 The band gap provides a basis for
a compound’s optical properties, showing signicant absorp-
tion and conduction in high-energy spectra, while allowing
transparency for low-energy photons.27 The majority of the re-
ported organic–inorganic hybrid double perovskites exhibit low
PCE and are unsuitable for use in solar cells because they either
have a large electronic band gap or low photoconductivity and
absorption.28–30 According to recent studies, it may be possible
to adjust and improve the characteristics of double perovskites
by substituting organic MA or FA for the A-site element (Cs).31–33

Similarly, a DFT analysis of ASbCuX6 (A = Cs2/organics, X = Cl/
Br/I) reveals indirect band gaps of 1–2 eV, high absorption/
photoconductivity, and superior properties in Cs2SbCuI6,
emphasizing the signicance of cation engineering for stability
and performance tuning of Pb-free photovoltaics.34 Halide-
based double perovskites also show promising results for
© 2026 The Author(s). Published by the Royal Society of Chemistry
photocatalytic and photovoltaic applications using ab initio
calculations.35–37 Electronic structure simulations reveal an
indirect band gap with variable semiconducting characteristics
for these compounds.38 Following this trend of successful A-site
cation engineering, similar engineering was performed in this
study for lead-free double perovskites Cs2AgBiX6 (X = Cl, Br) by
partially and fully substituting the inorganic Cs+ cation with the
molecular ammonium (NH4

+) ion. For each halide composition,
four modied structures CsNH4AgBiCl6, (NH4)2AgBiCl6,
CsNH4AgBiBr6 and (NH4)2AgBiBr6 were constructed to system-
atically examine the inuence of isovalent molecular-cation
incorporation on the structural, electronic, and optoelectronic
properties.

2 Computational details

To perform DFT-based computations, the WIEN2k code with
the FP-LAPW method was employed.39 In order to analyze the
structural, electrical, optical, photocatalytic and elastic proper-
ties, we utilized the more precise WC-GGA generalized gradient
approximation as the exchange–correlation potential.40 To
increase the accuracy of the determined band gaps, the modi-
ed Becke–Johnson (mBJ) potential was applied on top of the
WC-GGA functional.41,42 Here, however, TB-mBJ has been used
in place of HSE06 (VASP code), as it produces comparable
results.43 To control plane-wave expansion based on muffin-tin
radius (RMT) and maximum k-vector (kmax), RMTkmax = 7.0 was
applied and −6.0 Ryd selected as a cutoff energy. The core-
valence separation energy utilized in our plane-wave computa-
tions is denoted by the cutoff energy of −6.0 Ryd. This value
guarantees proper handling of the core and valence states and is
selected based on conventional procedures for the materials
under study.44 The accuracy of DFT calculations is strongly
affected by two key parameters: the number of k-points used for
Brillouin zone (BZ) integration and the kinetic energy cutoff,
which determines the number of plane waves in the basis set.45

Within the muffin-tin radius, the sphere has a charge density of
Gmax= 20 and an angular momentum of lmax= 10. To dene the
structure, a denser k-mesh of 12 × 12 × 12 was used, while
a denser k-mesh of 16 × 16 × 16 was used to determine the
optical and electronic properties.

3 Results and discussion
3.1 Structural properties

Generally, double-perovskite compounds possess a cubic crystal
structure that belongs to the Fm�3m space group (number 225).
Typically, double perovskites are described by the general
formula A2B0B00X6. The crystal structures of Cs-containing
inorganic double perovskites, i.e., Cs2AgBiCl6 and Cs2AgBiBr6
are shown in Fig. 1. Once the inorganic perovskite crystal
structure was produced, it was transformed into a 1 × 1 × 1
primitive supercell, and aerwards four Cs+ cations were fully
replaced by molecular ammonium (NH4

+) ions. The six model
structures of double perovskites under consideration, namely,
Cs2AgBiCl6, CsNH4AgBiCl6, (NH4)2AgBiCl6, Cs2AgBiBr6,
CsNH4AgBiBr6 and (NH4)2AgBiBr6, were put through geometry
RSC Adv., 2026, 16, 23770–23782 | 23771
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Fig. 1 Crystal structures of (a) Cs2AgBiX6, (b) CsNH4AgBiX6 and (c) (NH4)2AgBiX6 (where X = Cl, Br).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 7
:1

3:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
optimization to identify their optimum ground-state structures.
Their structural properties, such as optimized lattice constant,
density, and bond lengths are listed in Table 1. Initially, an
optimization technique was used to reduce the energy to the
ground-state level. As a starting point, we took the experimental
lattice parameters of Cs2AgBiCl6 and Cs2AgBiBr6, which are
10.77 Å and 11.27 Å.29 The optimized lattice constants for all
studied compounds ranged from 10.67 Å to 11.12 Å. The
investigated lattice parameters are seen to decrease as a result
of the A-site alteration. In crystalline materials, this is
a common occurrence where one atom is replaced by a smaller
atom, which decreases the unit cell volume. Similarly, A-site
substitution induces measurable changes in N–H, Ag–(Cl/Br)
and Bi–(Cl/Br) bond lengths, and the overall density of all
materials, as displayed in Table 1, indicating lattice distortion
and enhanced structural exibility, which underpin the
observed modulation of the electronic properties.

The Goldschmidt tolerance factor sG (ref. 46) serves as
a primary indicator of the structural stability of perovskite
materials. Specically, it is particularly useful for assessing the
crystalline stability of compounds in which two cations
(monovalent and trivalent) coexist at the B‑site of the structure.
This tolerance factor (sG) and octahedral values m can be
determined using the relations
Table 1 Calculated lattice constant a (Å), Goldschmidt tolerance factor sG
(g cm−3), and bond lengths d (Å) of AAgBiX6 (where A = Cs2, CsNH4, (N

Material a (Å) sG m

Cs2AgBiCl6 10.67, 10.77 (exp)29 0.923 0.53
CsNH4AgBiCl6 10.64 1.008 0.53
(NH4)2AgBiCl6 10.59 1.092 0.53
Cs2AgBiBr6 11.19, 11.27 (exp)29 0.913 0.49
CsNH4AgBiBr6 11.15 0.993 0.49
(NH4)2AgBiBr6 11.12 1.072 0.49

23772 | RSC Adv., 2026, 16, 23770–23782
sG ¼ 2ðRA þ RXÞffiffiffi
2

p �
RAg þ RBi þ 2RX

� ; m ¼ RAg þ RBi

2RX

; (1)

where RA, RAg, RBi and RX (X= Cl and Br) represent the ionic radii
of Cs (or NH4), Ag, Bi and X = Cl/Br, respectively. The ionic radii
used for Cs, NH4, Ag, Bi, Cl, and Br were 1.02, 1.46, 1.15, 1.03,
1.81, and 1.96 Å, respectively.47 Previous statistical analyses of all
existing halide perovskites have shown that sG ranges from 0.81
to 1.11, while the optimal range for m is 0.42–0.75. If the mate-
rial’s sG value does not lie within the given range, it will be
considered unstable. The calculated values of sG given in Table 1
for the studied compounds satisfy these stability criteria.

In addition, thermal stability can be quantied by calcu-
lating the formation energy (DHf) of the crystal,23 which is given
as

DHf ¼
�
EA2AgBiX6

� 2EA � EAg � EBi � 6EX

�

n
; (2)

where n represents the total number of atoms, EA2AgBiX6
repre-

sents the total energy, and EA, EAg, EBi, and EX represent the
energies of Cs/NH4, Ag, Bi, and X = Cl/Br atoms, respectively.
These values can be used for calculating DHf as given in Table 1.
If the values of DHf are negative, this proves the thermodynamic
stability of the material. These energy parameters dene the
molecular structure and bonds within the crystal, providing
, octahedral factor m, enthalpy of formationDHf (eV per atom), density r
H4)2; and X = Cl, Br)

DHf r (g cm−3)

d (Å)

N–H Ag–Cl/Br Bi–Cl/Br

−1.55 4.34 — 2.643 2.694
−1.42 4.75 1.036 2.635 2.685
−1.28 4.20 1.037 2.617 2.681
−1.80 4.22 — 2.756 2.839
−1.70 4.52 1.036 2.748 2.831
−1.66 4.02 1.037 2.733 2.826

© 2026 The Author(s). Published by the Royal Society of Chemistry
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valuable insights into its stability. Differences in stability and
energy may arise due to lattice strain, ionic sizes, and bonding
strengths affected by the halide ions (Br, Cl) in each material.
Fig. 2 Band gap values of AAgBiX6 (where A=Cs2, CsNH4, (NH4)2; and
X = Cl, Br) hybrid double perovskites obtained using the hybrid PBE
functional.
3.2 Electronic properties

The band structure effectively describes the physical properties
of solids, such as resistivity and optical behavior. This infor-
mation can also be utilized to design solar cells and transistors.
For this reason, we calculated each compound’s band structure.
The band gaps of all the compounds computed with GGA, SOC,
and hybrid+SOC are listed in Table 2. First, we computed the
band gaps of all studied compounds using GGA and obtained
values ranging from 1.17 to 1.65 eV. A small reduction in the
band gap is observed upon A-site substitution, the same trend
that was observed in a DFT study of A-site substitution in Sb–Cu
analogs ASbCuX6.34 Then, in order to obtain band gap values
that were closer to the experimental band gaps, we employed
SOC and then the hybrid PBE, as reported in Table 2. SOC
reduced the band gaps, and subsequent use of the hybrid
functional led to band gap values of 2.52, 2.44, 2.42, 2.12, 2.12
and 2.09 eV for Cs2AgBiCl6, CsNH4AgBiCl6, (NH4)2AgBiCl6,
Cs2AgBiBr6, CsNH4AgBiBr6 and (NH4)2AgBiBr6, respectively.
The anticipated values of the band gap for the examined double
perovskites are displayed in a bar diagram in Fig. 2 and the
band structures along with the density of states (DOS) are
shown in Fig. 3. The ndings imply that the band gaps
decreased upon A-site cation engineering, proving the mate-
rials’ potential for photovoltaic applications. To determine the
atoms’ contribution (Cs, N, H, Ag, Bi, Br and Cl) to the VBM and
CBM, we have computed the total density of states (TDOS) of all
considered materials, as given in Fig. 3. It is evident that the
VBM is fully contributed by Cl and Br atoms in Cl-based and Br-
based compounds, respectively. On the other hand, the CBM is
contributed mainly by the Bi atom in all compounds except
(NH4)2AgBiBr6, where the CBM is mainly contributed by the Br
atom. To determine which orbitals of Cl, Br, Bi and Br play a role
in the VBM and CBM, we also computed the partial density of
states (PDOS), as highlighted in Fig. 3. Cl-(p,d), Cl-p, Cl-d, Br-
(p,d), Br-d and Br-d orbitals contribute to the VBM and Bi-(p,d),
Bi-d, Bi-(p,d), Bi-(p,d), Bi(p,d) and Br-d orbitals contribute to the
CBM in Cs2AgBiCl6, CsNH4AgBiCl6, (NH4)2AgBiCl6, Cs2AgBiBr6,
CsNH4AgBiBr6 and (NH4)2AgBiBr6 compounds, respectively.

Large carrier mobility is crucial for capable electronic and
optoelectronic devices.48 The mobility of charge carriers is higher
for a smaller effective mass. Charge carriers basically fall into two
Table 2 Band gap values of all studied compounds

System

Eg (eV)

GGA SOC Hybrid-PBE

Cs2AgBiCl6 1.65 1.32 2.52–2.77(exp)29

CsNH4AgBiCl6 1.61 1.34 2.44
(NH4)2AgBiCl6 1.58 1.33 2.42
Cs2AgBiBr6 1.20 0.96 2.12–2.19(exp)29

CsNH4AgBiBr6 1.20 0.98 2.11
(NH4)2AgBiBr6 1.17 0.95 2.09

© 2026 The Author(s). Published by the Royal Society of Chemistry
categories, i.e., electrons and holes. The electron’s effective mass
ðm*

eÞ and the hole’s effective mass ðm*
hÞ for all six studied

compounds computed using the hybrid PBE functional are given
in Table 3. It is clear that the m*

e values are between 0.524 and
0.939 eV, which are lower than that of Si (1.09), hence it is
anticipated that the carrier mobility of all six materials exceeds
that of Si.49 A smaller effective mass results in higher carrier
mobility. Due its value of m*

e being the smallest (0.52 eV), the
compound (NH4)2AgBiBr6 has the greatest carrier mobility among
all the compounds, therefore this material is highly sought aer
for advanced optoelectronic and electronic applications.
3.3 Elastic properties

Studying the elastic characteristics of solids is crucial because it
provides a better understanding of how materials react to tiny
mechanical stresses.50 Elastic constants quantify the material’s
response to external forces, and provide information on their
structural stability. For cubic crystals, there are three basic elastic
parameters, namely, C11, C12, and C44. By applying a series of
small, symmetry-adapted deformations to the equilibrium
structures, the nite-strain approach was used to determine the
elastic constants.51 The calculated elastic constants for all the
species are displayed in Table 4 and represented graphically in
Fig. 4(a–h). These materials satisfy the Born requirements for
cubic crystal stability, specically C11 > 0, C44 > 0, C11 + 2C12 > 0,
C11 − C12 > 0 and C12 < B < C11.52 This demonstrates that these
materials consistently exhibit elastic stability when deformed.
The fundamental mechanical properties of the materials under
study were also computed using established relationships and
elastic constants. The elastic constants listed in Table 4 were
employed to analyze the mechanical behavior of the investigated
cubic hybrid double perovskites AAgBiX6 (A= Cs2, NH4Cs, (NH4)2
and X=Cl, Br). From the computed elastic constantsC11,C12 and
C44, several fundamental mechanical parameters were derived,
including the bulk modulus (B), shear moduli (GV, GR and GH),
Young’s modulus (Y), Pugh’s ratio (B/GH), Poisson’s ratio (n),
elastic anisotropy factor (A), Kleinman parameter (x), andmelting
temperature (Tm).53,54 Thematerials are shown to bemechanically
stable by analyzing their mechanical properties, which include
the elastic constants, the bulk modulus B, the shear modulus G,
Young’s modulus Y, and Poisson’s ratio n.55 These parameters are
essential for evaluating the suitability of materials for structural
RSC Adv., 2026, 16, 23770–23782 | 23773
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Fig. 3 Band structure and TDOS of (a) Cs2AgBiCl6, (b) Cs2AgBiBr6 (c) CsNH4AgBiCl6, (d) CsNH4AgBiBr6, (e) (NH4)2AgBiCl6 and (f) (NH4)2AgBiBr6
computed using the hybrid PBE scheme.
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and optoelectronic applications. The bulk modulus (B), which
measures resistance to volume compression, ranges from 32.08
to 38.31 GPa. Among the studied systems, CsNH4AgBiCl6 exhibits
the highest bulk modulus, indicating stronger resistance to
23774 | RSC Adv., 2026, 16, 23770–23782
hydrostatic deformation, whereas (NH4)2AgBiBr6 shows the
lowest value, reecting increased compressibility. This trend is
consistent with the soer lattice induced by NH4

+ substitution
and the larger ionic radius of Br compared to Cl. The shear
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Computed effective mass (m*/mo) of halide double perov-
skites AAgBiX6 (where A = Cs2, CsNH4, (NH4)2; and X = Cl, Br)

Material

m*/mo

m*
e m*

h

Cs2AgBiCl6 0.695 1.619
CsNH4AgBiCl6 0.589 1.644
(NH4)2AgBiCl6 0.581 1.645
Cs2AgBiBr6 0.939 1.344
CsNH4AgBiBr6 0.704 1.201
(NH4)2AgBiBr6 0.524 1.509

Fig. 4 Elastic properties from (a–d) AAgBiCl6 and (e–h) AAgBiBr6 (A =

Cs2, CsNH4, (NH4)2).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 7
:1

3:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
modulus, calculated using the Voigt, Reuss and Hill approxima-
tions, provides insight into the resistance against shape defor-
mation. The Hill shearmodulus (GH), which represents a realistic
average of Voigt’s shearmodulus (GV) and Reuss’s shearmodulus
(GR), varies between 8.29 and 20.87 GPa. The highest shear
rigidity is observed for CsNH4AgBiBr6, while (NH4)2AgBiCl6
exhibits the lowest rigidity. This variation reects differences in
bonding strength and internal structural relaxation caused by
cation substitution. Young’s modulus (Y), which quanties
stiffness, follows a similar trend and lies in the range 31.10–
52.66 GPa. Compounds with higher Y values are mechanically
stiffer and more resistant to elastic deformation.56 The relatively
moderate Young’s modulus values indicate that these materials
possess intermediate stiffness, suitable for exible optoelectronic
and photovoltaic device applications. The ductile or brittle nature
of the materials was assessed using Pugh’s ratio (B/GH).57

According to the Pugh criterion, materials with B/GH > 1.75 are
ductile, while those with lower values are brittle.58,59 As shown in
Table 4 and Fig. 4(c, g), most compounds exhibit B/GH > values
signicantly larger than 1.75, suggesting ductile behavior. The
Pugh ratio is higher in Cl-based double perovskites compared
with Br-based counterparts, and upon incorporation of the
ammonium cation NH4 ion in Cs2AgBiX6 (where X = Cl, Br), its
value decreases but the ductile nature is retained. Cauchy
Table 4 Computed elastic properties i.e., elastic constants (C11, C12 an
modulus (GH), Reuss’s shear modulus (GR), bulk modulus (B), Pugh’s ratio
Kleinman parameter (x), melting temperature (Tm) and anisotropy constan
X = Cl, Br)

Computed property Cs2AgBiCl6 CsNH4AgBiCl6 (NH4)

C11 (GPa) 69.137 70.112 65.31
C12 (GPa) 19.596 22.412 17.31
C44 (GPa) 4.8274 16.224 3.280
3C44 (GPa) 14.482 48.672 9.840
GV (GPa) 12.804 19.274 11.56
GR (GPa) 7.120 18.603 5.010
GH (GPa) 9.96 18.938 8.288
Y (GPa) 34.353 49.519 31.10
B (GPa) 36.109 38.312 33.31
B/GH 3.624 2.022 4.018
C0 (GPa) 24.77 23.850 23.99
C00 (GPa) 14.768 6.188 14.03
n 0.341 0.284 0.344
A 0.194 0.680 0.136
x 0.432 0.456 0.427
Tm (K) 961.6 967.4 939.0

© 2026 The Author(s). Published by the Royal Society of Chemistry
pressure (C0 = C12 − C44) provides information about the nature
of chemical bonding.60–63 Positive Cauchy pressure values gener-
ally indicate metallic or ionic bonding, while negative values
imply directional or covalent bonding. The calculated Cauchy
d C44), Young’s modulus (Y), Voigt’s shear modulus (GV), Hill’s shear
(B/GH), shear constant (C0), Lames coefficient (n), Cauchy pressure (C00),
t (A) of hybrid double perovskites AAgBiX6 (A = Cs2, CsNH4, (NH4)2 and

2AgBiCl6 Cs2AgBiBr6 CsNH4AgBiBr6 (NH4)2AgBiBr6

1 67.871 67.868 63.289
2 18.073 19.001 16.473

6.731 18.805 4.774
20.194 56.415 14.322

7 13.998 21.036 −12.227
9.505 20.699 7.004
11.752 20.868 9.615

3 37.013 52.664 32.547
1 34.672 35.356 32.078

2.950 1.694 3.330
9 24.898 24.384 23.407
2 11.341 0.295 11.699

0.322 0.251 0.330
0.270 0.771 0.203
0.439 0.448 0.430
954.2 954.2 927.1

RSC Adv., 2026, 16, 23770–23782 | 23775
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Table 5 Static optical parameters of AAgBiX6 (A = Cs2, CsNH4, (NH4)2
and X = Cl, Br)

Parameters 31(0) R(0) n(0)

Cs2AgBiCl6 3.81 0.10 1.86
CsNH4AgBiCl6 4.03 0.12 1.99
(NH4)2AgBiCl6 4.19 0.13 2.02
Cs2AgBiBr6 4.72 0.13 2.86
CsNH4AgBiBr6 4.92 0.14 2.91
(NH4)2AgBiBr6 5.15 0.15 2.97
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pressures reveal both positive and near-zero values, indicating
a mixed ionic–covalent bonding character, with increased cova-
lency in compounds exhibiting lower Cauchy pressure values.
The Poisson’s ratio (n) values, which reect the degree of volume
change under uniaxial stress, range from 0.25 to 0.34 for the
studied compounds. These values suggest that the materials are
mechanically stable and moderately compressible, consistent
with predominantly ionic bonding with partial covalent contri-
butions. Elastic anisotropy, quantied using the anisotropy
factor (A), deviates signicantly from unity for all compounds,
conrming that these materials are elastically anisotropic. Such
anisotropy is an important consideration for practical applica-
tions, as it inuences crack formation and mechanical reliability
under external stress. The Kleinman parameter (x), which char-
acterizes the balance between bond stretching and bond bending
under strain, lies in the range 0.427–0.456. These values indicate
that lattice deformation in these hybrid double perovskites is
primarily governed by bond-bending mechanisms, with slight
enhancement of bond stretching upon NH4

+ substitution.
Finally, the estimated melting temperatures (Tm), derived from
the elastic constant C11, fall between 927 and 967 K, indicating
moderate thermal stability suitable for high-temperature opto-
electronic and photovoltaic applications. Overall, the positive
values of the shear constant (C0) and compliance with stability
criteria conrm that all studied compounds are mechanically
stable, ductile to moderately brittle, and suitable for practical
device integration.

3.4 Optical properties

Determining the optical characteristics of novel crystals is
crucial for predicting their potential performance in photovol-
taic and optoelectronic devices. The computed optical proper-
ties, such as the dielectric function, optical absorption,
reectivity, conductivity, refractive index and extinction coeffi-
cient, for the selected double perovskites are depicted in
Fig. 6(a, b), 7(a–d) and 8(a–d). The real and imaginary parts of
the dielectric function describe how a material responds to an
external electromagnetic eld, especially light. In DFT/optical
studies, the dielectric function can be expressed as 3(u) =
Fig. 5 Dielectric constants of double perovskites AAgBiX6 (A = Cs2,
CsNH4, (NH4)2 and X = Cl, Br) calculated using a hybrid functional.

23776 | RSC Adv., 2026, 16, 23770–23782
31(u) + i32(u), where 31 represents the real part of the dielectric
constant, while 32 represents the imaginary part.64 Table 5
summarizes the static optical parameters, namely, the static
dielectric constant 31(0), static reectivity, R(0), and static
refractive index n(0), for all studied halide double perovskites.
An increase in the values of 31(0), R(0) and n(0) from 3.81 to 5.15,
0.10 to 0.15 and 1.86 to 2.97, respectively, is observed upon
partial and full A-site substitution with NH4/ This indicates
increased dielectric screening and polarizability, indicating
stronger light–matter interaction and improved optoelectronic
performance. In order to observe the increasing or decreasing
trend of the dielectric constant due to the partial and full A-site
substitution with NH4, the calculated dielectric constants of the
compounds studied here are presented as a bar chart in Fig. 5.
For the selected materials, the trend is the reverse of the change
in the value of the electronic band gap. The dielectric constant
increases upon the substitution of Cs with NH4 and Cl with Br.
Fig. 6 (a) Real part 31 and (b) imaginary part 32 of the dielectric
constant of AAgBiX6 (A = Cs2, CsNH4, (NH4)2 and X = Cl, Br).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Optical constants (n, k), (b) optical conductivity s(u), (c)
absorption coefficient a(u) and (d) reflectivity R(u) of AAgBiCl6 (A =

Cs2, CsNH4, (NH4)2).
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These results also indicate that the high dielectric constant of
perovskites with narrow electronic band gaps is crucial for the
development of materials with the optimum characteristics for
photovoltaic applications. The imaginary part of the dielectric
function, 32(u), as shown in Fig. 6(a and b), indicates the optical
absorption behavior of Ag–Bi double perovskites. In all
compounds, 32(u) is negligible in the infrared region, con-
rming their semiconducting nature, while the absorption
onset in the visible region corresponds to the optical band gap.
Substitution of Cs with NH4 and Cl with Br causes a red-shi
and enhancement of the 32(u) peaks due to increased orbital
hybridization and band-gap narrowing. Consequently, NH4-
and Br-rich compounds exhibit stronger visible-light absorp-
tion, making them more suitable for optoelectronic and
photovoltaic applications. From Fig. 7 and 8, it is clear that the
optical spectra show a weak response in the infrared region,
Fig. 8 (a) Optical constants (n, k), (b) optical conductivity s(u), (c)
absorption coefficient a(u) and (d) reflectivity R(u) of AAgBiBr6 (A =

Cs2, CsNH4, (NH4)2).

© 2026 The Author(s). Published by the Royal Society of Chemistry
conrming the semiconducting nature of all studied double
perovskites. In the visible region, a rapid increase in the
extinction coefficient, absorption coefficient and optical
conductivity marks the onset of interband transitions. NH4

substitution enhances peak intensities and slightly red-shis
the spectra, indicating stronger light–matter interaction and
improved dielectric screening. In the UV region, the optical
response becomes strongest, with high absorption coefficients
of 50.4 × 104 cm−1, 56.6 × 104 cm−1, 59.8 × 104 cm−1, 56.1 ×

104 cm−1, 58.6 × 104 cm−1 and 61.4 × 104 cm−1 for Cs2AgBiCl6,
CsNH4AgBiCl6, (NH4)2AgBiCl6, Cs2AgBiBr6, CsNH4AgBiBr6 and
(NH4)2AgBiBr6, respectively, along with increased conductivity,
while the reectivity remains moderate. Meanwhile, in the
visible region, absorption decreases but remains appreciable,
with values of 35.2 × 104 cm−1, 29.4 × 104 cm−1, 23.6 ×

104 cm−1, 52.1 × 104 cm−1, 47.7 × 104 cm−1 and 45.2 ×

104 cm−1 for Cs2AgBiCl6, CsNH4AgBiCl6, (NH4)2AgBiCl6, Cs2-
AgBiBr6, CsNH4AgBiBr6 and (NH4)2AgBiBr6, respectively. Over-
all, partial to full NH4 substitution increases optical absorption,
making these materials more promising for optoelectronic and
photovoltaic applications. This comprehensive optical analysis
demonstrates that NH4- and Br-rich Ag–Bi double perovskites
possess a superior optical response and light-harvesting capa-
bility, making them suitable for future photovoltaic and opto-
electronic applications.
3.5 Photocatalytic properties

Using semiconductor materials as photocatalysts to drive redox
processes, photocatalytic water splitting is a sustainable tech-
nique that uses solar energy to produce hydrogen (H2).36,37 With
appropriate indirect band gap semiconductors, water can be
dissociated to produce hydrogen using solar energy.65,66 Thus,
clean, sustainable energy can be produced through the photolysis
of water.67,68 Reduction of water occurs via electrons, and oxida-
tion occurs via holes during the photocatalytic process.69 For this
process, the oxidation (reduction) potential of 1.23 eV must be
lower (higher) than the valence and conduction bands for any
material under consideration.70 Fig. 9 displays the oxidation
potential of −4.44 eV and the reduction potential of −5.67 eV.
The Fermi level is set at −4.4 eV to nd the band-edge positions
of the VB and CB with respect to standard oxidation.71,72 The pH
of the water can have an impact on the conventional redox
potentials. The redox potential at different pH values can be
calculated using a reported formula:73 in addition to EO2/H2O =

5.67 eV + pH × 0.059 eV, EH+/H2
= 4.44 eV + pH × 0.059 eV. For

pH = 0 (typical aqueous acid conditions for redox reactions),
water reduction and oxidation have standard potentials of
4.44 eV and 5.67 eV, respectively.74 The WC-GGA+mBJ functional
was used to estimate the valence band (VB) and conduction band
(CB) potentials for all studied compounds. From Fig. 9(a and b) it
is clear that all of the materials display favorable reactions for
both oxidation and reduction, except CsNH4AgBiCl6 and
(NH4)2AgBiCl6, which exhibit favorable reactions only for water
reduction to generate hydrogen. Thus, it is concluded that all the
species can be utilized for extensive solar hydrogen production.
RSC Adv., 2026, 16, 23770–23782 | 23777
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Fig. 10 SLME efficiency vs. thickness for (a) AAgBiCl6 and (b) AAgBiBr6
(A = Cs2, CsNH4, (NH4)2 and X = Cl, Br).

Fig. 9 Photocatalytic properties of (a) AAgBiCl6 and (b) AAgBiBr6 (A =
Cs2, CsNH4, (NH4)2).

Fig. 11 Ab initio molecular dynamics calculations of the thermal
stability of AAgBiX6 (A = Cs2, CsNH4, (NH4)2 and X = Cl, Br).
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3.6 Photovoltaic performance assessment via SLME
formalism

The spectroscopic limited maximum efficiency (SLME) simula-
tion model assesses the power conversion efficiency of solar
cells. To evaluate a solar cell’s power conversion efficiency, the
enlarged Shockley–Queisser (SQ) model can be utilized.75,76

SLME efficiency exceeds the SQ limit when the absorption
spectrum and lm thickness are taken into account. SLME has
been competently utilized for Si, chalcogenides, perovskites,
etc., since it was developed.77–79 The maximum theoretical effi-
ciency is dened as

hSLME ¼ Pmax

Pin

:

The maximum output power density, Pmax, is obtained from
the voltage–current (V–I) characteristics of the solar cell, while
Pin is the incident solar power under the AM1.5G spectrum,
taken as 100.3 mW cm−2. In the SLME framework, Pmax is
calculated from the J–V characteristics of the device:

Pmax = JV = V[JSC − J0 exp(eV/kT − 1)],

where T, e, V, JSC, J0 and k are the device temperature, elemen-
tary charge, voltage across the absorber, short-circuit current
density, reverse-saturation current density and Boltzmann’s
constant, respectively. The material’s permitted band gap,
23778 | RSC Adv., 2026, 16, 23770–23782
global solar spectra (AM-1.5G), and absorption spectra calcu-
lated using DFT are the basic input parameters utilized to
assess SLME.80 The computed SLME results for all studied
double perovskites are shown in Fig. 10. The energy gap,
temperature and material thickness have a profound impact on
the SLME. We can see that the SLME increases moderately with
material thickness and eventually reaches a constant value, as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Phonon band structures of (a–c) AAgBiCVl6 and (d–f) AAgBiBr6
(A = Cs2, CsNH4, (NH4)2).
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displayed in Fig. 10(a and b). By following standard SLME
analysis, compared to other compounds, (NH4)2AgBiBr6 has the
greatest SLME efficiency of 2.96% for a 0.5-mm-thick layer. This
makes (NH4)2AgBiBr6 a promising compound for solar-cell
applications using a 500-nm-thick layer. The same compound
has a maximum efficiency of 6.67%.
3.7 Thermal and vibrational stability

We have calculated the thermal stability (see Fig. 11) and phonon
band structure (see Fig. 12) of all studied compounds. To check
thermal stability, ab initio molecular dynamics simulations
(AIMD)81 simulations were performed at a temperature of 300 K
for a total time of 5 ps with a time interval of 1 fs, as shown in
Fig. 11(a–f). It is clear that all materials maintain their cubic
symmetry without any structural distortion. To further conrm
the vibrational stability, we calculate the phonon band structures
for all compounds, as shown in Fig. 12(a–f). We use the supercell
approach (2× 2× 2 supercell), as implemented in the PHONOPY
package,82 to perform the relevant frozen-phonon calculations.
All structures are dynamically stable and exhibit no known
negative frequencies, which also validates the elastic results.
4 Conclusions

A detailed DFT study has been carried out to explore the impact
of partial and full A-site substitution of Cs+ with NH4

+ in Pb-free
halide double perovskites Cs2AgBiX6 (X = Cl, Br). Structural
analysis reveals that ammonium incorporation induces lattice
contraction, bond-length modulation, and enhanced structural
exibility without compromising mechanical stability. Elec-
tronic structure calculations demonstrate a systematic narrow-
ing of the band gap upon NH4

+ substitution, bringing the band
gaps into an optimal range for visible-light-driven applications.
Density of states and effective mass analyses indicate favorable
charge transport characteristics, with (NH4)2AgBiBr6 exhibiting
the lowest electron effective mass and highest predicted carrier
mobility. The stability of these compounds is conrmed
through mechanical (Cij), formation of enthalpy DHf and
Goldschmidt tolerance factor (sG) analyses. Elastic-property
calculations conrm that all studied compounds satisfy the
Born stability criteria and predominantly exhibit ductile
© 2026 The Author(s). Published by the Royal Society of Chemistry
behavior withmoderate stiffness and elastic anisotropy, making
them suitable for device integration. Optical investigations
reveal enhanced dielectric constants, stronger absorption
coefficients, and red-shied optical responses in NH4- and Br-
rich compositions, indicating improved light-harvesting capa-
bility. Band-edge alignment analysis conrms that most
compounds possess appropriate conduction and valence band
positions for photocatalytic water splitting, highlighting their
potential for solar hydrogen production. Finally, SLME calcu-
lations identify (NH4)2AgBiBr6 as the most promising photo-
voltaic absorber among the studied systems, achieving the
highest theoretical efficiency at practical lm thicknesses. The
thermal (AIMD) and dynamical (phonon) calculations conrm
the stability of the studied compounds. Overall, this study
demonstrates that the ammonium-based A-site cation engi-
neering scheme is an effective and viable strategy to enhance
the structural, electronic, optical, photocatalytic, and photo-
voltaic performance of Ag–Bi-based double perovskites. The
results provide valuable theoretical guidance for the design of
stable, non-toxic, and multifunctional perovskite materials for
next-generation optoelectronic, photovoltaic, and photo-
catalytic applications.
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