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ABSTRACT: Lead-free double perovskites (DPs) will emerge as
viable and environmentally safe substitutes for Pb-halide perov-
skites, demonstrating stability and nontoxicity if their optoelec-
tronic property is greatly improved. Doping has been exper-
imentally validated as a powerful tool for enhancing optoelectronic
properties and concurrently reducing the defect state density in DP
materials. Fundamental understanding of the optical properties of
DPs, particularly the self-trapped exciton (STEs) dynamics, plays a
critical role in a range of optoelectronic applications. Our study
investigates how Fe doping influences the structural and optical
properties of Cs2AgBiCl6 DPs by understanding their STEs
dynamics, which is currently lacking in the literature. A combined
experimental−computational approach is employed to investigate
the optoelectronic properties of pure and doped Cs2AgBiCl6 (Fe−Cs2AgBiCl6) perovskites. Successful incorporation of Fe3+ ions is
confirmed by X-ray diffraction and Raman spectroscopy. Moreover, the Fe−Cs2AgBiCl6 DPs exhibit strong absorption from below
400 nm up to 700 nm, indicating sub-band gap state transitions originating from surface defects. Photoluminescence (PL) analysis
demonstrates a significant enhancement in the PL intensity, attributed to an increased radiative recombination rate and higher STE
density. The radiative kinetics and average lifetime are investigated by the time-resolved PL (TRPL) method; in addition,
temperature-dependent PL measurements provide valuable insights into activation energy and exciton−phonon coupling strength.
Our findings will not only deepen our understanding of charge carrier dynamics associated with STEs but also pave the way for the
design of some promising perovskite materials for use in optoelectronics and photocatalysis.
KEYWORDS: lead-free double perovskites, Fe doping, self-trapped excitons dynamics, Cs2AgBiCl6, PL and TRPL

■ INTRODUCTION
Metal halide perovskites (MHPs) have attracted considerable
interest among the scientific community due to their remarkable
characteristics. These properties encompass efficient light
absorption, extended carrier diffusion lengths and lifetimes,
superior charge carrier mobility, robust tolerance to defects, and
appropriately positioned band gaps.1−7 These advantageous
electronic and optical characteristics have fueled interest in
utilizing MHPs for optoelectronic applications.8−13 However,
the intrinsic instability and toxicity associated with the lead-
based perovskite materials pose significant challenges for MHP-
based optoelectronic applications, limiting their practical
implementation.4−7 Owing to this, extensive efforts have been
dedicated to investigate lead-free and stable alternative halide
perovskites that can exhibit photovoltaic and photoelectric
properties similar to Pb-based perovskites. Recent findings
imply substituting two divalent Pb2+ ions in conventional lead

halide perovskites (LHPs) with monovalent and trivalent metal
ions. This substitution leads to the formation of DP materials.
This approach presents a viable solution to address the stability
and toxicity concerns while maintaining the three-dimensional
(3D) perovskite structure.
To introduce a stable and environmentally friendly metal

cation into the perovskite framework, a viable strategy involves
incorporating a monovalent metal cation within the lattice. This
leads to the creation of a DP structure referred to as elpasolite,
characterized by the chemical formula A2BB’X6. This intriguing
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and diverse family of perovskites comprises over 350 members,
many of which exhibit a 3D crystal structure. Recently, Bismuth
(Bi) based halide double perovskites (HDPs) with the formula
Cs2AgBiX6 (X = Cl and Br) have garnered attention as viable
substitutes for lead. These perovskites exhibit a three-dimen-
sional (3D) cubic lattice, featuring metal halide octahedra that
share corners, thereby providing substantial compositional
versatility.7,14−17 As Bismuth (Bi) is positioned next to lead
(Pb) in the periodic table, it exhibits isoelectronic properties
with similarities to lead, including the ability of LHPs to
accommodate point defects. Materials containing heavy metal
cations that possess a stable pair of valence electrons generally
exhibit higher tolerance toward defects.18 Bismuth, being a
stable cation with a large polarizability and 6s2 valence electrons,
also exhibits a high effective charge, resulting in a high dielectric
constant. This attribute is crucial for an increased screening of
charged defects.
HDPs have emerged as favorable materials for various uses

such as photodetectors, X-ray detectors, photocatalysts, and
light-emitting diodes (LEDs).19−22 Despite considerable efforts
to enhance their device performance, the power conversion
efficiency of HDP photovoltaic devices remains substantially
lower (<2.5%) compared to Pb-based perovskites (>25%).23−25

The discrepancy suggests the presence of intrinsic electronic
limitations and distinctions between the Bi-based and Pb-
containing perovskites. A crucial determinant of their perform-
ance lies in the pronounced electron−phonon coupling
observed in HDPs.26,27 This coupling enhances carrier

scattering, constrains charge carrier mobility, and diminishes
photoluminescence quantum yield (PLQY) contributing to
undesired electron−hole recombination.15,28,29 The underlying
emission mechanisms in HDPs�whether arising from indirect
transitions, defects, or STEs�remain a topic of ongoing
scientific discourse.26,30,31 Consequently, there exists a critical
imperative to deepen our comprehension of the electronic
structures, characteristics (including band gap), electron−
phonon interactions, emission mechanisms, and transport
phenomena in HDPs.32

Moreover, HDPs exhibit a distinctive ability to emit efficient
warm white luminescence via the phenomenon of STEs. STEs
correspond to excited states in a material where both the
electron and the hole, generated by light absorption, become
confined within a localized region or defect in the crystal lattice.
The emergence of STEs significantly influences the optical and
electronic characteristics of these materials. The confinement of
excitons within a localized region modifies their energy levels,
emission characteristics, and charge transport behavior in
comparison to delocalized excitons. The study andmanipulation
of STEs hold great significance in the field of optoelectronics as
they can influence important phenomena such as PL, charge
carrier recombination, and overall device performance.
Comprehending and exploiting the emission of STEs in
extensively disordered perovskite materials offers intriguing
avenues for creating cost-effective and high-performance white
light sources.21,27,33 Introducing an additional element into the
DP framework allows for the modulation of optical and

Figure 1. (a) XRD patterns of undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs, (b) Raman spectra of undoped Cs2AgBiCl6,
3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs, (c) optical absorption spectra of undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−
Cs2AgBiCl6 DPs, (d) Tauc plots used for estimating the band gap of undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs, (e)
Jacobian transformed wavelength to energy plots of room-temperature-selective excitation PL spectra of the undoped sample, (f) TRPL traces, (g,h)
low- and high-resolution FE-SEM images of undoped Cs2AgBiCl6, and (i) EDS spectrum recorded for undoped Cs2AgBiCl6.
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structural characteristics contingent on the specific chemical
composition. Additionally, successful band gap engineering has
been achieved by incorporating Mn2+, Sb3+, and In3+ ions into
the Cs2AgBiBr6 lattice.31,34−36 It has been established that
doping is a successful strategy for improving the optoelectronic
features and decreasing the number of defect states in DPs.
We have reported the successful synthesis of host−dopant

pairs using Cs2AgBiCl6 as the host material and Fe3+ as the
dopant. The structural, surface, and compositional properties of
synthesized nanocrystals (NCs) are meticulously examined
using a combination of experimental tools such as X-ray
diffraction (XRD), Raman spectroscopy, and X-ray photo-
electron spectroscopy (XPS). Investigation of absorption/
excitation, recombination processes, and strength of exciton−
phonon coupling of the NCs is performed by using PL, TRPL,
temperature-dependent PL spectroscopy (TDPL), respectively.
Additionally, band alignment studies are carried out by using
cyclic voltammetry (CV) measurements to obtain information
about band offset.

■ RESULTS AND DISCUSSION

X-ray Diffraction
These measurements are carried out to study the phase and
crystal structures of the synthesized materials. Figure 1a depicts
the XRD pattern of both the undoped and Fe−Cs2AgBiCl6 DPs.
The Cs2AgBiCl6 DP consists of Cs+ ions positioned in the core
of cuboctahedron having alternate [BiCl6]3− and [AgCl6]5−

octahedral units, resulting in the creation of a three-dimensional
grid.37 XRD pattern of the undoped Cs2AgBiCl6 has diffraction
peaks at 2θ ∼ 23.11, 33.1, 41.0, 47.62, 53.76, and 59.35°
corresponding to the (220), (400), (422), (440), (620), and
(444) diffraction planes, respectively. The observed planes
correspond to the standard cubic DP arrangement characterized
by the Fm3̅m space group and a lattice parameter of
approximately 10.79 Å, consistent with prior findings.14 The
average crystallite size, determined by the Scherrer formula, is
approximately 32.04 nm for the undopedCs2AgBiCl6 DP. As the
dopant concentration increases, the diffraction peaks demon-
strate a slight shift toward larger diffraction angles, affirming the
effective doping of Fe3+ ions into the Cs2AgBiCl6 DP, material
which induces a reasonable lattice contraction. No new peaks are
observed in the XRD pattern of the doped sample, indicating the
absence of impurity phases upon Fe doping. However, higher
concentrations of Fe may lead to the formation of impurities.
The XRD patterns of all samples reveal multiple peaks,
indicating a polycrystalline nature. Also, smaller values of full
width at half-maximum (FWHM) of peaks suggest a high level of
crystallinity in the synthesized DPs. The average crystallite size
of Cs2AgBiCl6 is decreased slightly upon incorporation of the
dopant and is ascribed to the lattice contraction owing to the
replacement of larger Bi3+ ions (1.03 Å) by smaller Fe3+ ions
(0.785 Å). The lattice constant contracts from 10.79 Å for the
undoped sample to 10.77 and 10.75 Å for 3 and 6% Fe−
Cs2AgBiCl6, respectively. The interplanar spacing (d) estimated
from the peak positions of various crystal planes is presented in

Table 1 for both the undoped and Fe−Cs2AgBiCl6 DPs.
Notably, Table 1 reveals differences in all structural parameters
calculated from XRD for undoped and Fe−Cs2AgBiCl6 samples.
The increasing strain values indicate an elevated level of lattice
imperfections with higher dopant concentrations. The dis-
location density also increases upon doping, suggesting an
increase in the number of imperfections. Conversely, the
undoped sample exhibits a low dislocation density, indicating
fewer defects. Figure S1 shows the Williamson−Halls plots for
each sample. The estimated values of average crystallite size (D),
dislocation density (δ), and microstrain (ε) of three samples are
listed in Table S4. As observed, the calculated crystallite sizes
using the Williamson−Hall technique exceed those obtained
through the Scherrer method across all samples. Furthermore,
the dislocation density and microstrain values for both undoped
and Fe−Cs2AgBiCl6, as determined by the Williamson−Hall
approach, are lower compared to those calculated using the
Scherrer equation. Fe3+ ions have the potential to incorporate
into the Cs2AgBiCl6 crystal lattice through three plausible
mechanisms: substitution for [BiCl6]3−] octahedra, [AgCl6]5−

octahedra, or Cs+ ions at the A-site. Because of the significant
difference in electronegativity between Fe (1.83) and Cs (0.79),
along with the mismatch in charge between Fe3+ and Cs+,
substituting Cs with Fe ions in the Cs2AgBiCl6 lattice is
improbable. Conversely, Fe’s electronegativity closely aligns
with that of Ag (1.93) and Bi (2.0), and the charge equilibrium is
efficiently maintained by Bi3+ and Fe3+, in contrast to the Bi3+

and Ag+ combination. Consequently, it is anticipated that
[FeCl6]3+ octahedra will supplant the [BiCl6]3+ octahedra in the
Fe−Cs2AgBiCl6 lattice. The various structural parameters are
calculated from XRD for all the diffraction peaks for all three
samples and are shown in Tables S1, S2, and S3, respectively.
Raman Spectroscopy

Figure 1b illustrates the Raman spectra of both undoped and
Fe−Cs2AgBiCl6, excited by a 532 nm laser beam. The spectra
show three Raman modes for all three samples. The band
detected at 115 cm−1 represents vibrational motion of Ag−Cl
bonds with T2g symmetry. Furthermore, two bands are
detectable at 218 cm−1 and 284 cm−1, denoting the stretching
movements of the AgCl6 octahedron with vibrational
symmetries of Eg and A1g, respectively. The longitudinal optical
(LO) phonon modes are located at 284 cm−1.38 When 3% Fe
doping is introduced, a slight shift in the peak positions is
observed, resulting in modes at 114, 215, and 284 cm−1. Upon
increasing the doping concentration to 6%, the Raman peaks
undergo further red-shift, resulting in peaks at 108, 210, and 276
cm−1. This shift is primarily attributed to strain/stress lattice
distortions or bond length distortion. The decrease in peak
intensity can be attributed to lattice compression that resulted
from replacing larger Bi3+ ions with smaller Fe3+ ions. The
broadening of the peaks indicates an increase in material defects
induced by doping.

Table 1. Calculation of Various Parameters for the (220) Plane

sample
diffraction angle,
2θ (degree)

average crystallite size,
D (nm)

dislocation density, δ (× 1014)
Lines/m2

strain
ε (× 10−3)

interplanar spacing,
d (Å)

lattice parameter
a (Å)

undoped Cs2AgBiCl6 23.11 32.04 9.7656 5.0987 3.84 10.86
3% Fe−Cs2AgBiCl6 23.30 28.65 12.1829 5.6026 3.81 10.78
6% Fe−Cs2AgBiCl6 23.41 26.30 14.4573 6.3000 3.79 10.73
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UV−Visible Spectroscopy
To explore the fundamental optical characteristics of as-
synthesized perovskites, UV−vis spectroscopy and PL measure-
ments are performed. The optical absorption spectra of both
undoped Cs2AgBiCl6 and Fe−Cs2AgBiCl6 DPs are depicted in
Figure 1c. The absorption spectrum for the undoped
Cs2AgBiCl6 shows a well-defined feature at 365 nm (3.39 nm)
and an absorption tail at longer wavelengths. This asymmetric
peak lying 0.6 eV above the band gap is identified as a localized
Bismuth 6s2−6s16p1 transition, and a long absorption tail which
is extended up to 700 nm corresponds to the trap-state-related
sub-band gap transition. The linear regions in the absorption
spectrum are assigned to a phonon-assisted absorption process.
The optical absorption spectra of 3 and 6% Fe−Cs2AgBiCl6 DPs
show a slight shift in the peak position and shape. The
absorbance and photon energy are related through equation,

h C h E( ) ( )1/n
g= * (1)

where C is the proportionality constant and n is an integer. It is
1/2 for the allowed direct transition and 2 for the allowed
indirect transition. The band gap is determined by extending the
linear segment of the (αhν)1/2 versus hν plot in the indirect band
gap Tauc plot, in which α represents an absorption coefficient
and hν denotes the incident photon energy. As shown in Figure
1d, the undopedCs2AgBiCl6 has an indirect band gap of 2.79 eV,
whereas for the 3 and 6% Fe−Cs2AgBiCl6 DP, the band gap is
estimated at 2.54 and 2.46 eV, respectively. The red-shift in the
band gap can be ascribed to the interaction between the
conduction electrons within the host lattice and the localized d
electrons of Fe, which substitutes some of the Bi ions. The extent
of this interaction depends on how probable it is for the
conduction electrons to collide with localized electrons.
Therefore, doping enhances the possibility of collisions, which
determines the extent of the red-shift in the band gap. Also, the
lattice disorder resulting from the replacement of Bi ions with Fe
ions created defect energy states within the band gap. So, the
reduction in band gap of the material on doping can be
attributed to the doping-induced defective energy levels. To
quantify energetic disorder at the band edges of the as-
synthesized materials, we have calculated the Urbach energy
using the equation,

h
E

exp
u

0

i
k
jjjjj

y
{
zzzzz=

(2)

whereα represents an absorption coefficient, Eu denotes Urbach
energy, and hν stands for incident photon energy. The Urbach
value is determined by plotting ln(α) against the photon energy
(hν). The inverse of the slope of linear fit provides the Urbach

energy value. The Urbach energy for undoped, 3% Fe−
Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 is 99, 145, and 230 meV,
respectively. The calculated Urbach energy values confirmed the
increased structural distortion in the material with an increasing
dopant concentration. The Urbach energy plots and calculated
values are listed in Figure S2 and Table S5, respectively.
Photoluminescence

Figure 2 exhibits the Jacobian transformed PL spectra of the
undoped and Fe−Cs2AgBiCl6 DPs at room temperature. A 365
nm excitation wavelength is used for sample excitation. Due to
the broad nature of PL peaks in all three samples, we have
deconvoluted them. Deconvoluted PL shows presence of three
peaks in undoped and 3% Fe−Cs2AgBiCl6, while the PL of 6%
Fe−Cs2AgBiCl6 shows four peaks, as shown in Figure 2. The
emission at ∼2.15 eV arises from band edge excitons. Li et al.
reported that the antisite defect BiAg is a deep donor defect
which is an effective electron trap center, and the peak at ∼2 eV
may be attributed to the BiAg antisite defect. The peak at ∼1.9 e
V in the 6% Fe-sample is due to the chlorine vacancies present in
Cs2AgBiCl6. The emission at ∼2.35 e V is mainly from CsCl
antisite defect as reported in the literature.39 The enhanced
intensity of the PL peak in the 3% Fe−Cs2AgBiCl6 sample can be
ascribed to an increase in radiative centers resulting from the
introduction of dopants, which create defect energy levels within
the band gap. Conversely, reduced intensity in the 6% Fe−
Cs2AgBiCl6 sample suggests a higher occurrence of nonradiative
transitions and a lower recombination process due to the
formation of more trap centers. The intensity of emission is
influenced by the density of excitons, and in this case, an increase
in free excitons is observed at 3% dopant concentration,
correlating with the observed increase in PL intensity. However,
emission quenching occurs at higher dopant concentrations (6%
Fe−Cs2AgBiCl6) as the activity sphere of neighboring dopants
interferes, leading to a decrease in intensity. The substitution of
Bi with Fe introduces donor states close to the upper region of
the valence band (VB).40 The broadband emission obtained for
the undoped and Fe−Cs2AgBiCl6 consists of emission peaks
arising from the free excitons, defect states, and localized states.
To check whether there is any change in PL peaks with change in
excitation energy, we have carried out the selective excitation PL
measurements for the undoped Cs2AgBiCl6 sample. Figure 1e
shows the Jacobian transformed selective excitation PL spectra
for the undopedCs2AgBiCl6. The spectra suggest that there is no
change in the PL peak shape with respect to the change in the
excitation energy. We have performed PLQY measurements to
obtain more information about photophysical characteristics of
our samples. The PLQY values determined are 1.290 ± 0.004,
2.260± 0.002, and 1.360± 0.003, respectively, for the undoped,

Figure 2. (a−c) Jacobian transformed room-temperature PL spectra of undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs,
respectively.
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3% Fe−Cs2AgBiCl6 and 6% Fe−Cs2AgBiCl6. These values agree
with the enhancement in PL intensity with an increase in the
dopant concentration from 0 to 3% and again decrease with an
increase in concentration to 6%.
Time-Resolved Photoluminescence

The optical properties of the Cs2AgBiCl6 DP materials are
further investigated through TRPL measurements. Figure 1f
displays the TRPL of the undoped and Fe−Cs2AgBiCl6 DP
materials, with a laser excitation wavelength of 300 nm. TRPL
results revealed a significant reduction in PL lifetime after Fe
doping. The effective PL lifetime of undoped Cs2AgBiCl6 DPs is
approximately 6.69 ns, which decreased to 2.64 ns with 3% Fe
doping but increased to 8.07 ns with 6% Fe doping. This unusual
variation in PL lifetime contradicts the common observation
where PL lifetime increases with enhancement in PL intensity,
resulting from the suppression of nonradiative relaxation.
Consequently, we infer that the observed decrease in the
lifetime for 3% Fe−Cs2AgBiCl6 primarily arises from an
augmented radiative decay (or recombination) rate of STEs
induced by Fe doping (Table 2). To fit the emission decay curve,
the following biexponential function is used.
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where τ1 and τ2 denote decay constants for the fast and slow
components, respectively. The biexponential decay signifies two
distinct phenomena. The initial fast decay of the PL component
arises from the recombination of newly formed excitons,
whereas the prolonged decay is assigned to exciton recombina-
tion facilitated by the involvement of surface states. The shorter
lifetimes in indirect band gap semiconductors are generally due
to impurities and defects. The Raman measurements support
the TR-PL measurements. The exciton binding energy can be
harnessed and efficiently converted into a photocurrent. In
crystals, excitons interact with phonons, i.e., lattice vibrations.
Before cooling, the electrons strongly interact and can couple to
the LO phonons. When electron−lattice interactions are so
strong, the electron is expected to create its own hole and
become confined within it. If this coupling is weak, then excitons
would be scattered by the phonons. Excitons can interact with
acoustic phonons, resulting in the formation of STEs.
Alternatively, they can initially create self-trapped electrons or
holes, which subsequently become Coulombically bound to
carriers of opposite charge and form STE. Excitons have the
ability to self-trap, thereby localizing energy, which results in
variations in the optical characteristics of material. The
optoelectronic properties of materials determine whether the
self-trapped holes, self-trapped electrons, or STE is formed. In
systems with more than two dimensions, an energy barrier exists

Table 2. Calculation of Average Lifetime from TR-PL Traces

sample τ1 (ns) % contribution τ2 (ns) % contribution average lifetime t (ns)

undoped Cs2AgBiCl6 1.73 72.48 9.16 27.52 6.69
3% Fe−Cs2AgBiCl6 0.85 94.25 6.48 5.75 2.64
6% Fe−Cs2AgBiCl6 2.85 57.28 10.06 42.72 8.07

Figure 3. (a,d,g) Jacobian transformed TDPL spectra of undoped Cs2AgBiCl6 and 3 and 6% Fe−Cs2AgBiCl6 DPs, respectively (80−300K). (b,e,h)
Corrected PL intensity vs 1/T curves for undoped Cs2AgBiCl6 and 3 and 6% Fe−Cs2AgBiCl6 DPs, respectively. (c,f,i) (fwhm)2 vs 1/T curves for
undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6.
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that separates self-trapped states from free-electron states. The
self-trapping of excitons is particularly significant as it leads to
energy localization, which in turn enables defect processes. In
alkali and alkaline-earth halides, the wide conduction band (CB)
and high localization energy prevent electron self-trapping.
Nevertheless, holes can self-trap, influenced partially by
polarization and chemical factors. For example, a hole can
bond with two Cl− ions to create a molecular ion, Cl2−. A
significant Stokes shift frequently signifies the existence of STEs.
Luminescence is influenced by electron−phonon coupling,
which broadens emissions through scattering. The absorption
and emission of phonons can alter the transition energies that
lead to conversion of sharp peaks to wider ones, with electron−
phonon coupling strength playing a crucial role. Bismuth-based
perovskites exhibit intrinsic self-trapping behavior. TDPL results
for these perovskites suggest strong coupling, with STEs being
responsible for the broad PL bands. Strong electron−phonon
interactions lead to highly localized excited carriers, causing
excitons to be immediately trapped by the lattice deformation.
The dimensions of any system affect the extent of self-trapping,
with lower-dimensional materials exhibiting stronger self-
trapping effects.
Exciton binding energy, Eb, varies asm*/ε, wherem* denotes

an effective mass of charge carriers and ε means dielectric
constant of material. Higher values ofm* alongside low ε values
result in higher Eb value and a more difficult charge separation
process for Bismuth perovskites. High Eb values lead to large
Stoke’s shift between absorption and emission spectra, which
describes the magnitude of electron−phonon coupling. Self-
trapping can be detected by measuring the PL and TRPL
characteristics of the semiconductor across different temper-
atures. Generally, systems in which self-trapping occurs, the PL
exhibits broadening and a Stokes shift relative to the band edge.
With this, we calculate Huang−Rhys factor (S) as follows,

E Sh2Stokes LO= (4)

where EStokes is the measured Stokes shift energy and h̵ωLO is the
LO phononmode energy. The larger value of S indicates that the
strength of electron−phonon coupling is more via Frohlich
interactions. This means that the STEs can easily form when the
S value is higher.
Temperature-Dependent PL Spectroscopy

To understand the effect of band gap (direct or indirect) on the
properties of STEs, states of excitons, shallow defects, and the
temperature dependence of band gap energy, etc., the TDPL
measurements are carried out (Figure 3). The direct band gap
materials exhibit bright STE PL while indirect band gap
materials exhibit no (dark) STE PL at room temperature.38 At
low temperature (below 270 K), Cs2AgBiCl6 exhibit broadband
PL. The broadband PL of this material can be assigned to STE
PL. However, the direct/indirect band gap effect on STE PL is
not well understood.16,31,41−44 The broadband PL is explained
by the exciton−phonon coupling-induced self-trapped
states.26,45−47 So we check the exciton−phonon coupling
strength of the indirect band gap materials by measuring the
TDPL spectra. The change in the fwhm with temperature
involves numerous scattering mechanisms, such as interactions
among electrons, optical phonons, and acoustic phonons within
the material. These interactions cause electrons to shift to a
thermal equilibrium position, which thereby affects the
electronic band structure and properties of the PL spectra. For
the undoped Cs2AgBiCl6 DPs, as temperature rises from 80 to

300 K, we observed reduced intensity and increased fwhm. The
deconvolution of low-temperature PL spectra at three different
temperatures (90, 110, and 270 K) for undoped Cs2AgBiCl6, 3%
Fe−Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 is performed (Figure
S4). The nonradiative recombinations are hindered at reduced
temperatures, and hence, the enhanced PL intensity is
generated. The plot of corrected PL intensity vs 1/T is (Figure
S5) fitted with R2 ∼ 1 using an Arrhenius equation
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where I(T) and I0 denote the corrected intensities of PL peaks at
temperatures T and zero K, respectively. A is a constant, kb is the
Boltzmann constant, and Ea stands for activation energy of the
nonradiative processes. The activation energy calculated from
the above equation is 206 meV for the undoped sample, and it
decreased to 85 and 137 meV for the 3 and 6% Fe−Cs2AgBiCl6
DPs, respectively. The reduction in intensity is related to the
broadening of peaks, and this phenomenon is attributable to
phonon-assisted carrier recombination of STEs. In all of the
three samples, the peak intensity first increased and then
decreased. Such variation in intensities is attributed to the
capture and release of excitons through thermal activation from
STE states.48 To explore the effect of exciton−phonon coupling,
the temperature dependence of peak broadening is studied using
the equation48

S h
k T
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2phonon
phonon

b
=

(6)

The phonon energy h̵ωphonon and Haung−Rhys parameters
calculated by fitting the above equation are 16 and 32.35 meV,
respectively, for the undoped sample. For the Fe-doped samples,
the phonon energy and Huang−Rhys parameters are 11 meV
and 33.29, respectively. The peak positioned at 2.15 eV (main
PL feature) is blue-shifted for the temperature range 80−200 K
and again shifted to higher wavelengths with further rise in
temperature, which is consistent with previous investigations48

and that can be ascribed to lattice deformation and shifting of VB
with temperature. The same trend is observed in the doped
samples. The red-shift above 200 K may be attributed to the
defect states. As can be seen, the PL is broad and hence
deconvolution yields five features located at about 1.92, 2.01,
2.15, 2.37, and 2.54 eV, respectively, for all three samples. The
peaks at 1.85, 1.92, and 2.2 eV are due to the STE emission in the
undoped sample. For 3% Fe−Cs2AgBiCl6, the emission at 2.05
eV comes from the STEs. The peaks at 1.9 and 2.3 eV are from
VCl and CsCl, respectively.

39 For 6% Fe−Cs2AgBiCl6 sample,
two peaks at 1.9 and 2 eV arise from STEs (Figure S6). The
peaks corresponding to 2.40 and 2.50 eV are probably originated
due to phase transitions to a tetragonal structure49 or because of
the potential to initiate transitions that are parity-forbidden
between the band edges, which can destroy the absorption
characteristics of materials,50 but this is the part of ongoing
research and thus needs further investigation. The peaks from
STEs disappear at higher temperature in all three samples
(Above 270 K). At low temperature, the luminescence came
from the host material transition from the self-trapped excitonic
state to the ground state. When the temperature increases, the
lattice vibrations increase. This facilitates a greater transfer of
energy from the host’s STE states to the dopant states, and this
results in a weak emission from the dopants. No additional peak
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is observed with temperature variations, meaning that there are
no temperature-induced phase changes.
Field Emission Scanning Electron Microscopy

Figure 1g,h depicts the FE-SEM images of the undoped sample
with varying resolutions. FE-SEM images for 3 and 6% Fe−
Cs2AgBiCl6 at three different resolutions are provided (Figure
S7). The images illustrate the crystal formation with dimensions
ranging from 1 to 2 μm. A detailed close-up image reveals the
presence of perfectly formed dipyramidal units characterized by
a cubic crystal system. Energy-dispersive spectroscopy (EDS) is
employed for compositional analysis of the Cs2AgBiCl6 DP. The
elemental composition is studied using the EDS technique. EDS
spectra are obtained within the energy range of 0−10 eV for the
undoped Cs2AgBiCl6 DP (Figure 1i), 3% Fe−Cs2AgBiCl6
(Figure S8a), and 6% Fe−Cs2AgBiCl6 (Figure S8b). The
spectrum clearly indicates that the synthesized material exhibits
nearly stoichiometric composition. Furthermore, the obtained
chemical composition values closely align with the atomic
composition of the precursor materials. Notably, the EDS
pattern exhibits peaks at 0.7 and 6.4 eV, validating that Fe is
present in the lattice.
Transmission Electron Microscopy

The transmission electronmicroscopy (TEM) images presented
in Figure 4a,d,g) exhibit the cubic structure of the undoped, 3%

Fe−Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs, respectively.
Additional TEM images at various resolutions for undoped, 3,
and 6% Fe−Cs2AgBiCl6 DPs are shown in the Supporting
Information (Figure S9). Notably, the high-resolution TEM
(HRTEM) images (Figure 4b,e,h) reveal distinct lattice fringes.
Analyzing the TEM data, the interplanar distance derived from
the undoped Cs2AgBiCl6 is approximately 0.32 nm, signifying
that the crystal planes correspond to the (220) orientation.
Moreover, the polycrystalline materials demonstrate a prefer-
ential growth along the (220) direction. The prominent
diffraction spots in the selected area electron diffraction
(SAED) pattern for all three samples confirm their polycrystal-
line nature. Moreover, Figure 4c,f,i) shows the zoomedHRTEM
images, and the insets show the SAED pattern for (220), (400),
and (220) planes of undoped, 3% Fe−Cs2AgBiCl6, and 6% Fe−
Cs2AgBiCl6 perovskites, respectively.
X-ray Photoelectron Spectroscopy

Identification of elements present in Cs2AgBiCl6 thin films is
determined with the help of XPS measurements. Survey scan
XPS for undoped Cs2AgBiCl6 and for 3% Fe−Cs2AgBiCl6 are
performed (Figure S10). Figure 5 shows the core level XPS for
undoped, 3, and 6% Fe−Cs2AgBiCl6 DPs, respectively. The XPS
spectra of Fe−Cs2AgBiCl6 show the appearance of peaks
indicative of Cs 3d, Ag 3d, Bi 4f, Cl 2p, and Fe 2p. Figure 5a−l
shows the elemental scan of 3d-Cs, 3d-Ag, 4f-Bi, and 2p-Cl in the

Figure 4. (a,d,g) Low-resolution TEM images of undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 perovskites, respectively. The
insets show the corresponding SAED patterns. (b,e,h) HRTEM images of undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6
perovskites. (c,f,i) HRTEM images and the insets show the SAED pattern for (220), (400), and (220) planes of undoped Cs2AgBiCl6, 3% Fe−
Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 perovskites, respectively.
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undoped, 3, 6% Fe−Cs2AgBiCl6, respectively. In Figure 5a, the
core level XPS spectrum of Cs 3d in undoped Cs reveals two

strong peaks. The peak located at 728.1 eV is from 3d5/2 Cs while
another peak at a binding energy of 742.1 eV is from 3d3/2 Cs.

Figure 5. (a−c) Core level XPS for Cs 3d in undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs, respectively. (d−f) Core level
XPS for Ag 3d in undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs, respectively. (g−i) Core level XPS for Bi 4f in undoped
Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs, respectively. (j−l) Core level XPS for Cl 2p in undoped Cs2AgBiCl6, 3% Fe−
Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs, respectively. (m) Survey scan XPS spectrum for Fe−Cs2AgBiCl6. (n,o) Elemental scan XPS for Fe 2p in 3%
Fe− Cs2AgBiCl6 and 6% Fe−Cs2AgBiCl6 DPs, respectively.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.4c00008
ACS Phys. Chem Au 2024, 4, 476−489

483

https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00008?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00008?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00008?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00008?fig=fig5&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.4c00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The elemental scan for 3d-Ag exhibits features at 371.7 and
377.6 eV, corresponding to Ag 3d5/2 and Ag 3d3/2, respectively.
For Bi, the peaks appear at 163 eV (Bi 4f7/2) and 168.5 eV (Bi
4f5/2), with a shift of 5.5 eVwhich indicates that Bi is in +3 state.
The core level XPS of Cl shows peaks at 202.0 and 203.7 eV,
which represent Cl 2p3/2 and Cl 2p1/2 states. Figure 5 (n-o)
shows an elemental scan of Fe in 3 and 6% Fe−Cs2AgBiCl6 DP
materials, respectively. The Fe peaks are observed at 710.78 and
724.88 eV, representing 2p3/2 and 2p1/2 states of Fe. The
incorporation of Fe in Cs2AgBiCl6 DP material is demonstrated
by the observed shift in energies toward higher values compared
to undoped Cs2AgBiCl6. This shift indicates a stronger
interaction between M (metal) and Cl in the [BiCl6]3− and
[AgCl]5− octahedra, resulting in distinct chemical surroundings
for Cs, Ag, and Bi, upon doping. These findings confirm that Fe
was effectively doped in Cs2AgBiCl6. Figure 5m shows the
survey scan of the undoped Cs2AgBiCl6 DP, while the narrow
scan spectrum of Cs in 3% Fe−Cs2AgBiCl6 reveals an additional
peak in the range of 730−736 eV, corresponding to the satellite
peak of Fe3+ ions (Fe 2p1/2).

51−53

Electrochemical Measurements

Electronic band structure investigation of synthesized materials
is carried out by conducting electrochemical CV measurements.
A standard three-electrode system is employed here. The
working electrode comprised glassy carbon (GC), while a silver
(Ag) wire and a platinum (Pt) loop were utilized as the reference
and counter electrodes, respectively. CV measurements are
conducted in a 15 mL dichloromethane (DCM) solvent with
100 mM tetrabutylammonium perchlorate (TBAP) as the

supporting electrolyte under an inert environment. Prior to the
CV measurements, the GC electrode is polished using alumina
powder, and the Ag/Pt electrodes are cleaned with dilute nitric
acid followed by rinsing with deionized water. Controlled
measurements are carried out on the bare electrode in theDCM-
TBAPmixture to ensure no redox activity. For preparation of the
working electrode, 50 μL (net concentration 1 mg/mL) of the
perovskite sample was drop casted followed by vacuum drying.
The obtained cyclic voltammograms for undoped

Cs2AgBiCl6, 3% Fe−Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 are
shown in Figure 6. Prominent anodic and cathodic peak
positions are observed at 1.9 and −0.69 V for undoped
Cs2AgBiCl6, 1.86 and −0.65 V for 3% Fe−Cs2AgBiCl6, and 1.83
and −0.62 V for 6% Fe−Cs2AgBiCl6. These peaks indicate
electrochemical redox reactions occurring at the semiconductor
electrode/electrolyte interface, involving between the anodic
and cathodic peak potentials, which are charge transfer at
specific potentials. The anodic and cathodic peaks represent the
extraction and addition of electrons from the band edges of the
samples. The electrochemical band gap (Ec) values, determined
as difference in the potentials corresponding to the anodic and
cathodic peaks resulting from redox reactions occurring at the
electrode−electrolyte interface, were observed to be 2.59 eV for
undoped Cs2AgBiCl6, 2.51 eV for 3% Fe−Cs2AgBiCl6, and 2.45
eV for 6% Fe−Cs2AgBiCl6. The Ec values align well with the
optical band gaps estimated through absorption spectroscopy,
which are 2.79, 2.54, and 2.46 eV, respectively. The band edge
positions relative to normal hydrogen electrode (NHE) and
local vacuum are determined for undoped Cs2AgBiCl6, 3% Fe−
Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 and are presented in Table

Figure 6. (a−c) Cyclic voltammograms for the undoped Cs2AgBiCl6, 3% Fe− Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 for the illustration of the redox
behavior as a function of potential applied, (d−f) scan rate-dependent (υ = 10−500 mV) CV responses for the understanding of reaction kinetics in
undoped, 3% Fe−Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6, respectively. (g−i) Linear fittings of the scan rate-dependent CV data as square root of scan
rate vs current using the Randles−Sevcik equation for undoped Cs2AgBiCl6, 3% Fe−Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6, respectively.
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3. The estimated values align well with those reported by
Appadurai et al.54 To explore the effect of the scan rate on peak
current, we recorded cyclic voltammograms (CVs) with
progressively increased scan rates for all samples. The recorded
CVs are depicted in Figure 6 (d,−f). When the anodic and
cathodic peak currents exhibit a direct proportionality with the
square root of the scan rate, it indicates a reversible reaction.
Conversely, if this relationship does not hold, then it suggests a
quasi-reversible reaction. The observed linear relation between
the peak current and square root of scan rate for peaks A1 and C1,
as evidenced by the linear fit, suggests a diffusion-controlled
reaction. This finding is supported by previous studies.55−57

Furthermore, an observable shift in the peak position with an
increasing scan rate indicates the presence of kinetic effects.
Figure 7 shows the band alignment diagram of TiO2, undoped

Cs2AgBiCl6, 3% Fe−Cs2AgBiCl6, 6% Fe−Cs2AgBiCl6, and
SnO2, respectively. The figure shows CBM and VBM positions
determined for the respective materials vs local vacuum as well
as Ec estimated from the CV measurements.
Density Functional Theory Analyses

An additional understanding regarding the structural and
electronic properties of the undoped and Fe−Cs2AgBiCl6 DPs
is obtained from analysis of band structures and projected
density of states (PDOS) using first-principles density func-

Table 3. Valence Band (VB) and Conduction Band (CB) Edge Positions vs NHE and Vacuum, Electrochemical Band Gap (Ec)
etc. Evaluated Using CV in eV Units

sample reduction peak (CBM vs NHE) oxidation peak (VBM vs NHE) CBM vs vacuum VBM vs vacuum electrochemical band gap (eV)

undoped Cs2AgBiCl6 −0.69 1.9 −3.81 −6.4 2.59
3% Fe−Cs2AgBiCl6 −0.65 1.86 −3.85 −6.36 2.51
6% Fe−Cs2AgBiCl6 −0.62 1.83 −3.88 −6.33 2.45

Figure 7. Band alignment diagram of TiO2, undoped Cs2AgBiCl6, 3% Fe−Cs2AgBiCl6, 6% Fe−Cs2AgBiCl6, and SnO2, in which CBM and VBM
positions vs local vacuum as well as the values of Ec are shown for the respective materials.

Figure 8. (a) Cubic crystal structure of pristine Cs2AgBiCl6, (b) Fe−Cs2AgBiCl6 in polyhedral presentation, (c,d) band structures of Cs2AgBiCl6 and
Cs2AgBi0.75Fe0.25Cl6 along high-symmetry directions of the Brillouin zone, and (e,g) PDOS of pristine Cs2AgBiCl6 and Cs2AgBi0.75Fe0.25Cl6. Zoomed-
in versions are shown in (f,h), respectively.
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tional theory (DFT) calculations. Replacement of one Bi3+ ion
in the undoped cubic Cs2AgBiCl6 crystal (Fm3m space group)
with one Fe3+ resulted in the formation of Cs2AgBi0.75Fe0.25Cl6.
Full geometry optimization yields an average cubic lattice
parameter of 10.885 Å for undoped Cs2AgBiCl6 and 10.782 Å
for Cs2AgBi0.75Fe0.25Cl6, indicating that cubic crystalline
structure is retained. The reduction in the lattice parameter
can be rationalized because a larger Bi3+ ion has been partially
replaced by a smaller Fe3+ ion. From the electronic band
diagrams shown in Figure 8, the band gap of the undoped
Cs2AgBiCl6 is predicted at 2.75 eV, which decreased to 2.51 eV
with Fe-incorporation (Cs2AgBi0.75Fe0.25Cl6), in good agree-
ment with the findings from absorption spectroscopy. The
dispersive nature of the bands at the VB and CB edges suggests
low carrier effective masses that contribute to efficient carrier
transport. The electron (hole) effective masses along the X−Γ
and Γ−W directions of the Brillouin-zone (Figure 8c,d) are
calculated at 0.154 (0.023) and 0.093 (0.083) fractions of mo
(electron rest mass), respectively, for the undoped Cs2AgBiCl6
and at 0.225 (0.091) and 0.042 (0.061) fractions ofmo (electron
rest mass), respectively, for Cs2AgBi0.75Fe0.25Cl6. The partial
replacement of Bi by Fe introduced shallow defect energy levels
within the band gap (Figure 8a,b). It is obvious that the VB edge
of Cs2AgBiCl6 and Cs2AgBi0.75Fe0.25Cl6 is composed mainly of
Cl-p and Ag-d orbitals, and the CB edge is primarily governed by
Bi-p orbitals. The defect levels introduced below 1.0 eV, are
dominated by the Fe-d orbitals, indicating that transition of
electrons from the Cl-p state to the Bi-p states would pass
through the Fe-d states.
Focusing on Bi s, p-states (Figure 8g,h), the absorption

features in Cs2AgBiCl6 and Cs2AgBi0.75Fe0.25Cl6 are due to the
transition 6s→ 6p of the Bi3+ ions. The theoretical values for the
upper limit of isotropic average electron and hole mobility at
room temperature for the undoped Cs2AgBiCl6 are reported to
be 7 and 9 cm2/Vs, respectively.49 Although there does not exist
any experimental report on the Fe-doping in Cs2AgBiCl6
underlying effect of doping on carrier mobility, the theoretically
reported values are expected to decrease upon Fe-doping due to
the increase in the carrier effective masses and the average
lifetime of the charge carriers.

■ CONCLUSIONS
We have successfully synthesized undoped cubic phase
Cs2AgBiCl6 DPs as well as their Fe-doped counterparts using
the antisolvent recrystallization method. DFT calculations
confirm the retention of the cubic crystalline structure upon
Fe doping, while EDS compositional analysis demonstrates that
dopants have been uniformly incorporated into the host lattice.
Absorption spectra indicate an elongated tail extending up to
700 nm in the Fe−Cs2AgBiCl6, which indicates that sub-band
gap state-related transition may stem from surface defects
introduced by dopants. PL measurements exhibit a remarkable
enhancement in PL intensity upon Fe doping, attributed to
increased radiative rates and the density of free excitons. TDPL
analysis yields the higher values of Huang−Rhys parameter (S)
indicating strong exciton−phonon coupling, a prerequisite for
self-trapping in the material. DFT calculations predict indirect
band gaps for both undoped and Fe-doped Cs2AgBiCl6, with the
partial replacement of Bi by Fe introducing shallow defect
energy levels within the band gap. The predicted small effective
charge carrier masses suggest efficient carrier transport in both
undoped and Fe-doped Cs2AgBiCl6 materials. These findings
highlight the potential of Fe-doped Cs2AgBiCl6 as a phosphor in

white LEDs, offering new opportunities for exploring novel lead-
free DPs through transition-metal ion doping for diverse
applications including solid-state lighting.

■ EXPERIMENTAL METHODS

Chemicals
Cesium chloride (CsCl, Sigma-Aldrich, 99.00%), silver chloride (AgCl,
Sigma-Aldrich, 99.99%), bismuth chloride (BiCl3, Sigma-Aldrich
99.00%), ferric chloride (FeCl3, Sigma-Aldrich, 99.90%), dimethyl
sulfoxide (DMSO, Sigma-Aldrich, 99.90%), and 2-propanol (Sigma-
Aldrich 99.00%) were used.
Synthesis of Cs2AgBiCl6 and Fe−Cs2AgBiCl6 DPs
The undoped and Fe−Cs2AgBiCl6 DP NCs are synthesized by using
the antisolvent method. In the case of pristine samples, a precursor
solution is prepared by dissolving 0.2 mmol CsCl (33.67mg), 0.1 mmol
AgCl (14.23 mg), and 0.1 mmol BiCl3 (31.53 mg) in 5 mL of DMSO.
Subsequently, 100 μL of the precursor solution is injected into 5 mL of
isopropanol with vigorous stirring followed by the centrifugation at
5000 rpm for 5 min to eliminate large crystals and to obtain pristine
Cs2AgBiCl6 crystals. The synthesis of the doped samples (Fe-doped
Cs2AgBiCl6) followed the same procedure as described above, followed
by an additional step to add the Fe-precursor to the main precursor
solution. The doped samples with Fe doping levels of 3 and 6% in the
Cs2AgBiCl6 DP are prepared by adding 0.006 and 0.012 mmol FeCl3 to
the precursor mixture, respectively.
Characterization of Cs2AgBiCl6 and Fe−Cs2AgBiCl6 DPs
Structural investigations are conducted by utilizing the XRD technique.
A Bruker HR-XRD D8 Adv. instrument with Ni-filtered Cu-Kα
radiation at 1.542 Å is employed to obtain diffraction patterns in the θ−
2θ scan mode, covering the range of 20−80. Optical absorption spectra
of the undoped and Fe−Cs2AgBiCl6 DPs are acquired in the
absorbance mode using a JASCO V-670 UV−visible spectropho-
tometer. TEM images are obtained using a Titan Themis 300 kV
instrument from FEI. The morphology and structure of Fe−
Cs2AgBiCl6 DPs are analyzed using FE-SEM with an FEI Nova
NanoSEM 450 instrument. Elemental analysis is performed using EDS
with a Bruker X Flash 6130 instrument. Thin films are prepared via
drop-casting and spin-coating techniques on glass substrates. XPS
measurements are carried out using a PHI 5000 VERSA PROBE III
ULVAC PHI instrument (Physical Electronics, USA) to investigate the
chemical environment/state of each element (Cs, Ag, Bi, Cl, and Fe).
Monochromatic Al Kα radiation at 1486.6 eV is employed as the X-ray
source. The base vacuum of the XPS chamber is maintained at a level
above 10−9 Torr. The carbon corrections are carried out to check peak
shifts for each element. Room-temperature PL measurements are
conducted using the Fluorolog HORIBA scientific setup. For low-
temperature PL measurements, the JANIS (model no. VNF-10) PL
setup is employed. Lifetime measurements are performed by utilizing a
HORIBA Fluorolog spectrofluorometer equipped with a 300 nm
NanoLED laser diode, capable of generating pulse widths of less than 1
ns. CV measurements are conducted using an electrochemical
workstation, specifically the Metrohm Potentiostat/Galvanostat
Autolab PGSTAT 302N. The PLQY of the films was measured by
the integrating sphere method at CSIR-NCL, India. An intensity-
modulated 300 w Xe-lamp light source was employed for excitation.
First, wemeasured the blank sample and then subtracted the absorption
effect of polymer films while calculating the PLQY. All the PLQY
measurements were carried out in air at room temperature.
Computational Details
The DFT computations are carried out using the projector augmented
wave technique as incorporated within the Vienna Ab initio Simulation
Package (VASP).58−62 The Perdew−Burke−Ernzerhof functional63
combined with the Grimme’s dispersion correction method64 are used
for geometry optimizations, whereas the screened hybrid functional
HSE06 with 25% Hartree−Fock exchange is used for electronic band
structure and PDOS calculations.65 The cutoff energy for the plane
wave functions is established at 600 eV, while the threshold for the total
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energy change is set at 10−6 eV. Both atomic positions and lattice
volume are relaxed using a conjugate-gradient algorithm.66 The
structures are visualized using VESTA software. The pristine and Fe-
doped Cs2AgBiCl6 DPs are modeled in cubic structure (Fm3m space
group). A 3 × 3 × 3 Monkhorst−Pack66 k-point mesh is used in
geometry optimization, and a higher k-point mesh of 5 × 5 × 5 is used
for electronic structure calculations. From the predicted band diagram,
the effective masses of electrons (me*) and holes (mh*), which dictate
charge transport in the pristine and Fe-doped Cs2AgBiCl6 DPs are
calculated along different Brillouin-zone directions using the relation

( )m E

ke(h)
2 d

d

12
k

2
* = ± , where Ek is the energy of the band as a function

of the wave vector k and ℏ is the reduced Planck’s constant.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00008.

WH analysis plot for all three samples; Urbach energy
plot; Jacobian transformed wavelength to energy plots of
room-temperature PL spectra of undoped Cs2AgBiCl6,
3% Fe−Cs2AgBiCl6, and 6% Fe−Cs2AgBiCl6 DPs;
Jacobian transformed low-temperature PL plot for all
three samples at different temperatures; corrected
intensity of PL peak vs 1/T plot (Arrhenius function)
for 6% Fe−Cs2AgBiCl6 DPs; transition energy levels for
intrinsic donor (blue lines) and acceptor (red lines)
defects in Cs2AgBiCl6; FE-SEM images for all three
samples at different resolutions; EDS spectra for two
doped samples; TEM images for all three samples with
various resolutions; survey scan XPS spectra for all three
samples; various calculated parameters from XRD
patterns of all three samples; comparison of structural
parameters derived from the Scherrer Formula andW−H
Plots across all samples; and band gap and Urbach energy
values calculated from optical absorption spectroscopy
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Nelson Y. Dzade − Department of Energy and Mineral
Engineering, Pennsylvania State University, University Park,
Pennsylvania 16802, United States; Present
Address: Department of Energy and Mineral Engineering,
Pennsylvania State University, University Park, PA 16802,
United States; orcid.org/0000-0001-7733-9473;
Email: nxd5313@psu.edu

Sandesh R. Jadkar − Department of Physics, Savitribai Phule
Pune University, Pune 411007, India; Present
Address: Department of Physics, Savitribai Phule Pune
University, Pune 411007, India.; Email: sandesh@
physics.unipune.ac.in

Sachin R. Rondiya − Department of Materials Engineering,
Indian Institute of Science, Bangalore 560012, India; Present
Address: Department of Materials Engineering, Indian
Institute of Science, Bangalore 560012, India.; orcid.org/
0000-0003-1350-1237; Email: rondiya@iisc.ac.in

Authors
Swati N. Rahane − Department of Physics, Savitribai Phule
Pune University, Pune 411007, India

Ganesh K. Rahane − Department of Materials Engineering,
Indian Institute of Science, Bangalore 560012, India

Animesh Mandal − Department of Materials Engineering,
Indian Institute of Science, Bangalore 560012, India

Yogesh Jadhav − Symbiosis Center for Nanoscience and
Nanotechnology (SCNN), Symbiosis International (Deemed
University) (SIU), Lavale, Pune 412115 Maharashtra, India

Akshat Godha − Department of Materials Engineering, Indian
Institute of Science, Bangalore 560012, India

Avinash Rokade − Department of Physics, Savitribai Phule
Pune University, Pune 411007, India

Shruti Shah − Department of Physics, Savitribai Phule Pune
University, Pune 411007, India

Yogesh Hase − Department of Physics, Savitribai Phule Pune
University, Pune 411007, India

Ashish Waghmare − Department of Physics, Savitribai Phule
Pune University, Pune 411007, India

Nilesh G. Saykar − Department of Materials Engineering,
Indian Institute of Science, Bangalore 560012, India;
orcid.org/0000-0001-7707-2190

Anurag Roy − Solar Energy Research Group, Environment and
Sustainability Institute, University of Exeter, Penryn Campus,
Cornwall TR10 9FE, U.K.; orcid.org/0000-0002-2097-
9442

Kranti N. Salgaonkar − Catalysis and Inorganic Chemistry
Division, CSIR-National Chemical Laboratory, Pune 411008,
India; Academic of Scientific and Innovative Research
(AcSIR), Pune 411008, India; orcid.org/0000-0003-
1968-1320

Deepak Dubal − School of Chemistry and Physics, Queensland
University of Technology (QUT), Brisbane, Queensland 4000,
Australia; Centre for Materials Science, Queensland University
of Technology (QUT), Brisbane, Queensland 4000, Australia;
orcid.org/0000-0002-2337-676X

Surendra K. Makineni − Department of Materials Engineering,
Indian Institute of Science, Bangalore 560012, India

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphyschemau.4c00008

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
S.N.R. and K.N.S. express gratitude to the Chhatrapati Shahu
Maharaj Research Training and Human Development Institute
(SARTHI) for their generous financial assistance. S.S., Y.H., and
A.W. extend their appreciation to the Ministry of New and
Renewable Energy (MNRE), Government of India, for their
financial support through the National Renewable Energy
Fellowship (NREF) program. G.K.R. and S.R.R. acknowledge
the support of the Department of Materials Engineering, Indian
Institute of Science (IISc), Bangalore, India. S.R.R. acknowl-
edges the Science and Engineering Research Board (SERB),
Govt. of India for funding (grant no. EEQ/2022/000697).
N.Y.D. acknowledges the valuable Seed Grant provided by the
Institute for Computational and Data Sciences at the
Pennsylvania State University. The computational aspects of
this research are carried out utilizing the computing resources of
the Roar supercomputer at the Institute for Computational and
Data Sciences, Pennsylvania State University. S.R.R. is thankful
to the Advance Facility for Microscopy and Microanalysis
(AFMM) at IISc for their support in utilizing microscopy
techniques. S.R.R. is also thankful to the Central Instrumenta-

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.4c00008
ACS Phys. Chem Au 2024, 4, 476−489

487

https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00008?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.4c00008/suppl_file/pg4c00008_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nelson+Y.+Dzade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7733-9473
mailto:nxd5313@psu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandesh+R.+Jadkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:sandesh@physics.unipune.ac.in
mailto:sandesh@physics.unipune.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sachin+R.+Rondiya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1350-1237
https://orcid.org/0000-0003-1350-1237
mailto:rondiya@iisc.ac.in
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Swati+N.+Rahane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganesh+K.+Rahane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Animesh+Mandal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yogesh+Jadhav"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akshat+Godha"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Avinash+Rokade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shruti+Shah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yogesh+Hase"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashish+Waghmare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nilesh+G.+Saykar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7707-2190
https://orcid.org/0000-0001-7707-2190
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anurag+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2097-9442
https://orcid.org/0000-0002-2097-9442
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kranti+N.+Salgaonkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1968-1320
https://orcid.org/0000-0003-1968-1320
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deepak+Dubal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2337-676X
https://orcid.org/0000-0002-2337-676X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Surendra+K.+Makineni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.4c00008?ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.4c00008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tion Facility, Savitribai Phule Pune University for FE-SEM
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