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1. Introduction

Exploring Cs,Agin,Bi;, ,Clg double perovskites for
optoelectronics: insights from theoretical and
photophysical approaches

Swati N. Rahane,® Ganesh K. Rahane, (2° Yogesh Jadhav,” Mamta P. Nasane,®
Henry I. Eya, @0 Deepak Kalleshappa,® K. Hareesh, 2 ° Jayant Pawar,®
Sandesh R. Jadkar*® and Nelson Y. Dzade () *f

Lead-free halide double perovskites (HDPs) have become attractive materials for optoelectronic appli-
cations owing to their nontoxicity, structural stability, and germane photoelectric properties. In this
work, we report the synthesis of high-quality In-alloyed Cs,AgIn,Bi;_Clg nanocrystals (NCs) using the
antisolvent recrystallization method and comprehensively investigate the effects of In alloying on the
structural, morphological, optoelectronic, and temperature-dependent photoluminescence (TDPL)
properties using the state-of-the-art experimental and computational tools. Both XRD and Raman
spectroscopy analyses confirmed the synthesis of highly crystalline Cs,Agln,Bi; xClg materials, which
exhibited cubic morphology, as confirmed by TEM analysis. Room-temperature photoluminescence (PL)
measurements revealed a drastic increase in the intensity above 75% In concentration with dual
emission, whereas the time-resolved PL (TR-PL) results show an increase in the average lifetime values
with an increase in In content, suggesting that the materials have excellent optical properties and hence
are suitable candidates for optoelectronics. The TDPL measurements revealed the smallest Huang—Rhys
factor (18.6) for the Cs,Agin,Biy_Cle (x = 0.9) sample, indicating weak exciton—phonon coupling in this
composition. When deployed in the fabrication of a photodetector device, the Cs,Agin,Big_,Clg (x =
0.9) sample exhibited significantly enhanced photoresponsivity and a faster response time, confirming its
potential for photodetector applications. Complementary DFT calculations showed that In alloying
modifies the band structure of Cs,AgIn,Bi;_xClg. Our results provide valuable insights for designing mul-
tifunctional Cs,Agin,Bi;_,Cle-based materials for next-generation energy and optoelectronic devices.

easily tunable band gaps.”® Moreover, they possess higher
carrier lifetimes and diffusion lengths of charge carriers.'™"?

Metal halide perovskites (MHPs) have emerged as a promising
class of perovskites for cost-effective and high-performance
applications in solar cells, light-emitting diodes (LEDs), and
displays.'™ These perovskites demonstrate high optical absorp-
tion coefficients, significant PL quantum yields (PLQYs), and
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Such significant attributes render halide perovskites highly
intriguing and suggest potential superiority over traditional
optoelectronic devices. Their superior performance is primarily
ascribed to their direct band gap and three-dimensional (3D)
structure. Altering the dimensions of MHPs from 3D to zero-
dimensional (0D) by adjusting the A-site cation’s size is feasi-
ble. However, the lower-dimensional perovskites currently trail
behind their 3D counterparts in solar cell applications due to
their limited light-harvesting capabilities.'***

Understanding the optical properties and band structure of
a semiconductor is vital for designing and developing efficient
optoelectronic devices, as the band gap directly determines a
material’s ability to absorb and emit light, influencing the
overall functionality of these devices. Recent studies have
focused on all-inorganic lead halide perovskite nanocrystals
(CsPbX3, X = Cl, Br, I). These perovskites possess a unique
three-dimensional structure and a direct band gap, resulting in
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a high absorption coefficient, low trap-state density, and near-
unity photoluminescence quantum efficiency (PLQE), which
makes them promising for optoelectronic applications.*®™°
Despite their promising attributes, lead halide perovskites face
toxicity and stability issues. Efforts have been made to develop
lead-free alternatives with exceptional environmental stability.
In this perspective, some progress has been made with Bi*",
Sb**, and DP NCs.?°*° These lead-free perovskites show an
indirect band gap, leading to lower performance.

Recently, a novel lead-free Cs,AgInCls double perov-
skite (DP) possessing a band gap of 3.5 eV has been
introduced.*'** This material features a direct band gap, with
absorption occurring between the ultraviolet (UV) and visible
regions.*! In contrast, Cs,AgBiClg exhibits an indirect band gap
of approximately 2.7-2.8 eV. Essentially, Cs,AgInCls demon-
strates a direct transition with a wider band gap, while Cs,Ag-
BiCls showcases an indirect transition with a relatively
narrower band gap.’® Designing DP systems to converge
indirect-to-direct transitions by adjusting the composition
could yield materials with intermediate band gaps and
enhanced optical properties, making them attractive for a wide
range of applications. These multifunctional properties have
recently sparked interest in semiconductors for more versatile
high-performance optoelectronic applications.*®™*

While the optical properties have been studied in detail for
the end members of the Cs,AgIn,Bi; ,Cls family through TDPL
measurements, other important properties like intrinsic
defects, self-trapping, recombination rates, and the applica-
tions in the field of optoelectronics have not been thoroughly
studied for the compositional materials. A comprehensive
approach combining experimental techniques, DFT, and
advanced characterizations is essential to understand better
the physical processes, such as defect states and band gap
tunability. In this study, we systematically investigated Cs,A-
gIn,Bi(;_,)Cls materials to determine the impact of chemical
changes on the structural, optical, and electronic properties of
these DP materials. Raman spectroscopy analysis provides
insights into the local distortions, as well as the active vibra-
tional modes present in the materials. These highly stable DPs
exhibit emission in the visible region, which may be related to
defect levels and surface traps. X-ray diffraction (XRD) analysis
verified that all synthesized materials crystallize in the cubic
phase. Energy dispersive spectroscopy (EDS) results indicated a
proportional increase in the atomic composition of In with an
increase in In content, consistent with stoichiometry. We
employed TDPL to probe the excitonic and defect states, and
electrochemistry to assess charge transport. As the energy band
alignment and band offset control charge transport and separa-
tion across the perovskite interface, we employed electroche-
mical cyclic voltammetry (CV) measurements to determine the
band edge positions, specifically the valence band maximum
(VBM) and the conduction band minimum (CBM). The results
showed prominent peaks, which are correlated with electron
transfer from the valence band to the conduction band edge.
Additionally, first-principles DFT calculations were used to gain
insights into the electronic structure of these DPs. Beyond
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fundamental understanding, we demonstrate the potential of
these materials for photodetector applications. This multidis-
ciplinary approach not only advances our understanding of
perovskite materials but also provides strategic insights for
optimizing their functionality in real-world applications. These
materials hold significant promise for applications in optoelec-
tronics as well as photocatalysis, making them strong candi-
dates for advancements in these fields.

2. Experimental section/methods
2.1 Materials

CsCl (TCI, 99%), AgCl (Sigma-Aldrich 99.99%), BiCl; (HPLC,
92%), InCl; (TCI, 99.99%), isopropanol (IPA, AR grade, 99.5%),
dimethyl sulfoxide (DMSO, AR grade, 99.5%), tetrabutylammo-
nium perchlorate (TBAP-99.8%), and toluene (AR grade, HPLC,
99.5%) were used directly as received.

2.2 Synthesis of Cs,AgIn,Bi; ,X¢ (x = 0, 0.1, 0.25, 0.5, 0.75,
0.9, 1.0)

To synthesize the Cs,AgIn,Bi; ,Clg (x = 0) NCs, CsCl, AgCl, and
BiCl; metal salts were dissolved in DMSO in a ratio of 2:1:1 to
form a precursor solution. Typically, 0.2 mmol CsCl (33.7 mg),
0.1 mmol AgCl (14.3 mg), and 0.1 mmol BiCl; (31.5 mg) were
dissolved in 5 mL DMSO to prepare the precursor solution.
Next, 100 pL of this solution was added dropwise into 5 mL of
IPA with vigorous stirring. The resulting solution was then
centrifuged at 4500 rpm for 5 minutes to remove large crystals,
and the obtained product was washed three times to eliminate
byproducts. The synthesis procedure for Cs,AgIn,Bi; ,Clg
(x = 1) NCs was similar to that of Cs,AgIn,Bi; ,Cls (x = 0)
NCs. For Cs,AgIn,Bi; ,Clg (x=1) NCs, 0.2 mmol CsCl, 0.1 mmol
AgCl, and 0.1 mmol InCl; were mixed in 5 mL DMSO to prepare
the precursor solution, followed by dropwise addition of 100 pL
of the precursor solution into 5 mL of IPA under vigorous
stirring. This solution was centrifuged at 4500 rpm for
5 minutes and washed subsequently. A similar approach was
employed for synthesizing Cs,AgIn,Bi; ,Xe (x = 0, 0.10, 0.25,
0.50, 0.75, 0.90, 1.0) NCs, with varying amounts of CsCl, AgCl,
BiCl;, and InCl; used to form precursors for injection.

2.3 Fabrication of the photodetector device

Fluorine-doped tin oxide (FTO) was used as the substrate for
fabricating the photodetector device. Initially, the substrates
were cleaned by sequential sonication in isopropyl alcohol,
double-distilled water, and acetone for 15 minutes each. Fol-
lowing the cleaning process, a compact TiO, (c-TiO,) layer was
deposited onto the FTO substrates using radiofrequency (RF)
sputtering, serving as the electron transport layer (ETL). Sub-
sequently, the active material was deposited onto the TiO,-
coated FTO substrate via a simple drop-casting method. Finally,
the cathode contact was given using graphite paste to form an
FTO/c-TiO,/Cs,AgIn,Bi; _Cle¢/graphite photodetector device.
For the top electrode contact, a graphite paste was prepared
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by mixing graphite powder in an IPA solution, and then it was
deposited on FTO/c-TiO,/Cs,AgIn,Bi(; _xCle.

2.4 Characterization of Cs,AgIn,Bi; ,Clg

XRD analysis was carried out utilizing a Bruker HR-XRD D8
Advance instrument with Cu-Ko radiation at 1.542 A to obtain
diffraction patterns. Raman measurements were performed
using a Renishaw inVia Raman microscope. An excitation
wavelength of 532 nm was used as the source. UV/visible
spectra were collected in DRS mode using a JASCO V-670 UV-
visible spectrophotometer. High-resolution imaging was per-
formed using aberration-corrected TEM in HR-TEM mode
(Thermo Fisher Tecnai T-20 ST) operating at 200 kV. The
surface morphology and shape of the Cs,AgIn,Bi(;_,Cls DPs
were examined through FE-SEM. Compositional analysis was
conducted using EDS with a Bruker X Flash 6130 instrument. A
PHI 5000 VERSA PROBE III ULVAC PHI instrument (Physical
Electronics, USA) was used for XPS employing monochromatic
AlK, radiation at 1486.6 eV. The XPS chamber maintained a
base vacuum level above 10 ° torr. Room temperature PL was
conducted utilizing a Fluorolog Horiba scientific setup, while
the TDPL measurements employed a JANIS (model no. VNF-10)
PL setup. Time-resolved photoluminescence (TRPL) was con-
ducted using a Horiba Jobin Yvon FluoroCube-01-NL fluores-
cence lifetime system, equipped with a 405 nm picosecond
laser diode source that can generate pulse widths shorter than
70 ps. Data analysis was carried out using Horiba DataStation
software. A Metrohm Potentiostat/Galvanostat Autolab PGSTAT
302N was employed for CV measurements. A standard three-
electrode system was used to record CV curves as per our
previous report.****> A glassy carbon electrode was used as
the working electrode, and a silver wire and platinum were
used as the reference and counter electrodes, respectively. The
measurements were performed in a 15 mL solution of dichlor-
omethane (DCM) containing 100 mM tetrabutylammonium
perchlorate (TBAP) as the supporting electrolyte, all under inert
nitrogen conditions. Before conducting CV measurements, the
glassy carbon electrode was polished using alumina powder
(0.5 pm), while the Ag/Pt electrodes were cleaned with dilute
nitric acid and then rinsed with deionized water. Photore-
sponse measurements of the Cs,AgIn,Bi(;_Clg double perovs-
kite devices were recorded using a Keithley 2450 source meter
connected to a computer. Light illumination was incident
through an ORIEL SOL 2A 94022A Class ABA simulator.
I-V characteristics were measured at a power density of
30 mW cm 2 on an active layer with an area of 1.5 x 1.5 cm>.

2.5 First-principles DFT characterization

The first-principles DFT calculations were performed using
the Vienna Ab initio Simulation Package (VASP).** First, we
obtained the crystallographic files (CIFs) of Cs,AgIn,Bi(;_Cls
(x = 0) and Cs,AgIn,Bi(;_xCls (x = 1) from the Materials Project
database and performed geometric optimization using the
generalized gradient approximation (GGA) Perdew-Burke-Ern-
zerhof (PBE) functional.** The ion core and valence electron
wavefunctions were described using the projector augmented
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wavefunction (PAW) pseudopotentials,* and a plane-wave
energy cut-off of 600 eV was employed to converge the total
energy of the structures within 10~ eV and the residual forces
on all relaxed atoms to 10™* eV A™*. The Brillouin zone was
sampled using a 3 x 3 x 3 Monkhorst-Pack k-point mesh.*®
Furthermore, we accounted for vdW interactions in our calcu-
lations using the Grimme (DFT-D3) method.*” Considering that
the PBE functional underestimates the band gap of semicon-
ductors, we employed the Hartree-Fock screened hybrid func-
tional (HSE06) for the electronic and optical property
calculations. Hartree-Fock exchange fractions of 25% and
40% were employed for Cs,AgIn,Bi;_,Clg (x = 0) and Cs,-
AgIn,Bij;_Cls (x = 1), respectively, as they could predict the
band gaps of the respective materials close to their experi-
mental values. A higher k-point mesh of 5 x 5 x 5 was used for
the density of states (DOS) and optical property calculations.
The projected density of states (PDOS) and band structures
were plotted using SUMO software.*® The linear optical proper-
ties of the materials were determined from the frequency-
dependent complex dielectric function ¢(w), which is expressed
as follows:

e(w) = g1(w) + iex(w), )

where ¢;(w) and &,(w) are the real and imaginary parts of the
dielectric function, respectively, and w is the photon frequency.
The frequency-dependent linear optical spectra, including the
absorption coefficient a(w), refractive index n(w), and reflectiv-
ity R(w), were obtained from &;(w) and &,(w) as follows:**>°

a(w) = \/ciw[\/ > + & — 81} (2)

=

1

n(w) = |:812 +2822 ol (3)
L (= 1)k

fn = (n+ 1)*+k )

where ¢ is the speed of light in a vacuum. These optical
properties were extracted using VASPKIT.*

3. Results and discussion

3.1 Structural properties of Cs,AgIn,Bi, ,Cls DPs

3.1.1 XRD analysis. The Cs,AgIn,Bi; ,Cl (x = 0.0, 0.1, 0.25,
0.5, 0.75, 0.9, 1.0) NCs were synthesized via the antisolvent
recrystallization method.>®?® The stoichiometry of In/Bi was
varied to prepare the In-alloyed Cs,AgIn,Bi; ,Cls NCs. The XRD
patterns of all these DPs are shown in Fig. 1(a). XRD analysis
confirmed the high crystallinity of the synthesized materials,
with all NCs adopting the Fm3m cubic space group like Cs,Ag-
In,Bi; _,Clg (x = 0) DPs.>® We observe a monotonic shift in XRD
peaks towards higher angles with an increase in In content, as
can be seen for the peak at around 34° (Fig. 1(b)), indicating
lattice contraction due to the replacement of larger Bi*" (ionic
radius = 117 pm) with the smaller In** (94 pm). Fig. S1 in the SI
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Fig.1 (a) XRD pattern of Cs,Agln,Bi; ,Clg and (b) magnified XRD pattern showing a clear shift towards higher angles. (c) Raman spectra of
Cs,AgIn,Bi; _,Cle. (d) FE-SEM image of the Cs,Agin,Bi; ,Clg (x = 0) sample. (e) and (f) High-resolution TEM image and SAED pattern of the
Cs,Agin,Bi; 4Cle (x = 1) sample. (g) Crystal structure of Cs,Agin,Bi;_,Clg (x = 0). (h) The corresponding PDOS for Cs,Agin,Bi; 4Cle (x = 0). (i) Band
structure of Cs,AglIn,Bi;_4Clg (x = 0) along the high-symmetry directions of the Brillouin zone. (j) Crystal structure of Cs,AgIn,Bi;_,Clg (x = 1). (k) The
corresponding PDOS for Cs,Agin,Bi;_4Cle (x = 1). () Band structure of Cs,AgIn,Bi;_4Clg (x = 1) along the high-symmetry directions of the Brillouin zone.

presents the Williamson-Hall (W-H) plots for Cs,AgIn,Bi; ,Cls micro-strain (¢) estimated from W-H and Scherrer analyses for
DPs. The average crystallite size (D), dislocation density (), and all the samples are summarized in the SI (Table S1). The

Table 1 Calculated structural parameters for the (220) plane from XRD

Material Angle of diffraction, 20 (degree) D (nm)  (x 10") lines per m” e (x 107?) d (@A) a ()

Cs,AgBIClg 23.22 37.88 6.97 4.54 3.83 10.84

Cs,AgIng 25Bio.75Cl 23.3 30.44 10.79 5.63 3.81 10.787
Cs,AgIn, 5Big sCle 23.35 23.66 17.85 7.23 3.80 10.759
Cs,AgINg.»5Big.»5Cle 23.57 32.11 9.70 5.28 3.77 10.666
Cs,AgIn, oBig.1Cls 23.72 28.43 12.37 5.93 3.75 10.598
Cs,AgInClg 23.87 23.23 18.54 21 3.72 10.530
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structural parameters for the (220) plane are also calculated
and summarized in Table 1.

3.1.2 Raman Spectroscopy analysis. The Raman spectra of
Cs,AgIn,Bi; ,Clg DPs are shown in Fig. 1(c). A 532 nm wave-
length laser was used to obtain the spectra. From the series of
Cs,AgIn,Bi(; _,Clg DPs, Cs,AgIn,Bi(; _,\Cls (x = 0) DPs consist of
Cs" ions positioned at the core of the cuboctahedron having
alternate [BiClg] and [AgClg] octahedral units, resulting in the
creation of a three-dimensional grid,”* whereas the DP struc-
ture of Cs,AgIn,Bi;_,Cls (x = 1) is obtained by alternating
[AgClg] and [InClg] octahedra in all three directions forming a
3D framework.’” The Cs,AgIn,Bi, ,Clg DPs exhibit three vibra-
tional modes. The band at approximately 114 cm™ ' corre-
sponds to the breathing vibration of Ag-Cl bonds with T,
symmetry. Additionally, the peaks observed at approximately
220 cm ™' and 285 cm ™! correspond to the stretching vibrations
of the AgCls octahedron having E, and A;, symmetry, respec-
tively. Upon increasing In content from 10 to 90%, we observed
a shift in the peaks along with changes in the intensities of
each peak. Group theory predicts three types of Raman modes
for Cs,AgIn,Bi; ,Cls (x = 1): Ay, Eg, and T,,.”® The peaks
corresponding to these three modes occur at 113 (T,,), 144
(Eg), and 300 (A;y) cm ™, respectively. The E, and A;, modes are
assigned to the stretching vibrations of AgCls and InCls octa-
hedra, respectively. There are two peaks corresponding to the
T,; mode with different frequencies, where the peak at a higher
frequency is ascribed to the breathing of octahedra and the
peak at a lower frequency is due to the translational motion of
the Cs" ion.>* The slight shift in Raman peaks suggests that
incorporating In into the host material has induced lattice
strain, indicating an improvement in the crystallinity of the
samples.

3.1.3 FE-SEM/EDS analysis. Fig. 1(d) shows the field
emission-scanning electron microscopy (FE-SEM) image of
Cs,AgIn,Bi; ,Clg (x = 0) DPs captured at a 1 pum scale. The
image shows the formation of cubic crystals. The FE-SEM
images of Cs,AgIn,Bi; ,Clg (x = 0.50, 0.75, 0.90, and 1.0)
captured at a 200 nm scale are provided in Fig. S4 of the SI.
From the FE-SEM images, it can be observed that the cubic
crystal structure is maintained after In alloying. Compositional
analysis of the Cs,AgIn,Bi; ,Cls DPs was conducted using EDS.
The EDS spectra of all samples are shown in Fig. S5 of the SI.
Elemental analysis using the EDS technique was employed to
determine the actual concentration of indium in the Cs,AgIn,-
Bi;_,Clg NCs. The atomic percentages are listed in Table S3 of
the SI. EDS spectra were acquired in the binding energy range
of 0-15 keV for the Cs,AgIn,Bi, ,Cls DPs, revealing a nearly
stoichiometric composition of the synthesized material. More-
over, the obtained atomic composition closely corresponds to that
of the metal salts used. The atomic composition analysis reveals a
continuous decrease in the Bi content and an increase in the In
content, with the latter increasing during the synthesis. The
elemental mapping images of Cs,AgIn,Bi; ,Cls (x = 0, 0.50,
0.75, 0.9, 1.0) samples are shown in Fig. S6-S10, respectively, of
the SI. EDS mapping images confirm the homogeneous disper-
sion of all elements within the synthesized materials.
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3.1.4 Transmission Electron Microscopy (TEM) analysis.
The low-resolution TEM images of Cs,AgIn,Bi, ,Cls (x = 0, 1)
and the corresponding histograms are shown in Fig. S2 of the
supporting information. The average particle size estimated for
Cs,AgIn,Bi; ,Clg (x = 0) DPs is around 24.7 nm, and it is
17.7 nm for Cs,AgIn,Bi; ,Cls (x = 1). Fig. 1(e) shows the HR-
TEM image of Cs,AgIn,Bi; ,Cls (x = 1) NCs recorded at a
resolution of 5 nm. The TEM image shows the cubic morphol-
ogy of the Cs,AgIn,Bi; ,Clg (x = 1) DPs. As observed, the high-
resolution TEM image (Fig. 1(e)) reveals clear lattice fringes. For
Cs,AgIn,Bi; ,Clg (x = 1), the value of interplanar spacing is
approximately 0.37 nm as derived from the TEM images, which
represents the orientation along (220) planes. The selected-area
electron diffraction (SAED) pattern of Cs,AgIn,Bi; ,Cls (x = 1)
shows concentric rings corresponding to the (220), (222), (400),
(422), and (440) lattice planes as shown in Fig. 1(f). These
results are consistent with those obtained from XRD. The
presence of prominent diffraction spots in the SAED pattern
confirms the polycrystalline nature of the materials. Additional
HR-TEM images at a resolution of 5 nm and the corresponding
SAED patterns, along with the respective lattice planes, for
Cs,AgIn,Bi; ,Clg DPs are provided in the SI (Fig. S3).

Furthermore, we performed first-principles DFT calculations
to characterize the structural and electronic structures of
Cs,AgIn,Bi; ,Clg (x = 0, 1). Both materials were modeled in
the cubic Fm3m space group as displayed in Fig. 1(g) and (j).
The optimized lattice parameter is calculated to be a = 10.88 A
(1287.19 A®) for Cs,AgIn,Bi,_,Clg (x = 0) and 10.61 A
(1194.59 A®) for Cs,AgIn,Bi; ,Cls (x = 1), aligning well with
the experimental findings. The observed contraction in the
lattice parameter of Cs,AgIn,Bi; ,Clg (x = 1) compared to
Cs,AgIn,Bi; ,Clg (x = 0) is consistent with the larger ionic size
of Bi** (117 pm) than In** (94 pm). The partial density of states
(PDOS) analysis demonstrated that the valence band (VB) edge
of the Cs,AgIn,Bi; ,Cls (x = 0) NCs (Fig. 1(h)) is dominated by
Cl-p and Ag-d orbitals, whereas the Bi-p orbitals dominate the
conduction band (CB) edge.

Similarly, for the Cs,AgIn,Bi; ,Cls (x = 1) NCs (Fig. 1(k)), the
VB edge is dominated by Cl-p and Ag-d orbitals, whereas In-s
dominates the CB edge. It is evident from the predicted
electronic band structures displayed in Fig. 1(i) and (I) that
the Cs,AgIn,Bi; ,Clg (x = 0) NCs exhibit an indirect band gap of
2.87 eV, whereas the Cs,AgIn,Bi; ,Clg (x = 1) NCs exhibit a
direct band gap of 3.24 eV at the I'-point on the Brillouin zone.
These results confirmed the transition from indirect to direct
with the complete replacement of Bi** with In** ions.

The effective mass values of electrons (m) and holes (n1)
along the directions of different Brillouin zones in the Cs,-
AgIn,Bi; ,Clg (x = 0.0, 1.0) NCs are determined using the
equation:

EN
* 2 k
My = £h (dkz ) ’

where E; is the energy of the band (i.e., CBM and VBM) as a
function of the wave vector k, and 7% is the reduced Planck’s
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constant. For Cs,AgIn,Bi, ,Cls (x = 0), the m (m;‘l) values are
calculated to be 0.490 (—0.233m,.) and 0.351 (—1.004m,) along
the X-I" and X-W directions, respectively. For Cs,AgIn,Bi; ,Clg
(x = 1.0), the m}(m;) values are predicted to be 0.309
(—0.322m,), 0.316 (—0.450m,), and 0.319 (—0.666m.) along the
I''X, I'-K, and TI'-L directions, respectively. Generally, the
predicted electron effective masses are smaller as compared
to the hole effective masses, except for the X-I" direction for
Cs,AgBiClg, suggesting a higher electron mobility compared to
hole mobility in these materials. The larger electron effective
mass along the X-I" direction for Cs,AgBiCls than the hole
effective mass can be attributed to the small curvature (less
dispersed bands) at the conduction band edge along the X-T"
direction compared to that of the valence band edge. The Bohr
exciton radius is estimated for Cs,AgIn,Bi; ,Clg (x = 0, 1) by
using the results obtained from first principles DFT calcula-
tions. A detailed explanation can be found in the SI. The
estimated Bohr radius is 1.3 nm for Cs,AgIn,Bi(;_,Cls (x = 0)
and 0.82 nm for Cs,AgIn,Bi;;_xCls (x = 1). These values are
much smaller than the size of the crystals determined from the
TEM histogram, strongly suggesting a weak quantum confine-
ment in both materials.

3.1.5 X-ray Photoelectron Spectroscopy (XPS) analysis.
Fig. 2 shows the XPS spectra of Cs,AgIn,Bi, ,Cls NCs, revealing
the presence of Cs, Ag, In, Bi, and Cl in the prepared NCs. To
further comprehend the effect of incorporating In on the
electronic properties, core level XPS spectra were recorded for
Cs 3d, In 3d, Ag 3d, Cl 2p, and Bi 4f, and are displayed in Fig. 2.
The binding energy values for electrons were calculated, with
correction for the shift in carbon 1s binding energy. For
Cs,AgIn,Bi; ,Clg (x = 0), Cs-3d;, and Cs-3ds, peaks are
observed at 740.70 eV and 726.76 eV, as shown in Fig. 2(a1).

In the narrow Ag 3d XPS spectrum, peaks around 376 eV and
370 eV (Fig. 2(a2)) correspond to Ag-3d;/, and Ag-3ds,. The Bi-4f
spectrum exhibits a doublet at 161.43 eV and 166.80 eV,
indicating the presence of bismuth in a 3+ state. Cl 2p spectra
display peaks at approximately 202 eV and 204 eV for CI 2p3,
and Cl 2p;,. For the Cs,AgIn,Bi; ,Clg (x = 0.5) sample, the two
peaks are detected in the elemental scan of Cs 3d located at
723.70 eV and 737.66 eV.

These peaks are associated with the Cs 3ds,, and Cs 3d;.,
states. The narrow scan XPS of Ag reveals peaks at around
367 eV and 373 eV for 3ds, and 3d;.,, respectively. The two
peaks at 158.55 eV and 164 eV in the narrow scan XPS spectrum
of Bi 4f signify Bi 4f,, and 4f;,, states. The narrow scan
spectrum of In 3d exhibits peaks at 444.73 eV and 452.14 eV.
Cl 2p narrow scan deconvolution reveals peaks at 197.11 eV and
198.44 eV for 2ps;, and 2p,,, (Fig. 2(b1)-(b5)). For Cs,AgIn,-
Bi; ,Clg (x = 0.75) (Fig. 2(c1)—(c5)), narrow scan XPS of Cs 3d
shows peaks at 738 eV (3ds/,) and 724 eV (3ds,).

The Ag elemental scan reveals peaks around 367.8 eV and
373.8 eV for Ag 3ds/, and Ag 3d3;,, respectively. The Bi 4f narrow
scan displays a doublet at 158.88 and 164.42 eV for Bi 4f,, and
4f5),, respectively. The In 3d narrow scan exhibits peaks at
445.18 eV and 452.6 eV for In 3ds5,, and 3d;/, states, respectively.
Cl 2p narrow scan deconvolution reveals peaks at 198.19 eV and

20890 | Phys. Chem. Chem. Phys., 2025, 27, 20885-20900

View Article Online

PCCP

199.98 eV for 2p;/, and 2p,,,. No additional peak was observed
in any of the narrow scans, indicating that no metallic phase
present for any of the elements. The narrow scan XPS spectrum
of cesium in Cs,AgIn,Bi; ,Clg (x = 1) shows two spin-orbit
states at 723.58 eV and 737.45 eV for 3ds,, and 3dj;),, respec-
tively (Fig. S12(b2)-(b5), SI).>' The peaks observed at 367.22 eV
and 373.25 eV are attributed to the Ag 3ds,, and 3d;/, levels,
respectively, which confirms that Ag is present in the +1
oxidation state. In the narrow scan XPS spectrum, two peaks
corresponding to the In 3ds, and 3d;/, states are observed at
444.44 eV and 452 eV, respectively.>® The deconvolution of the
narrow scan XPS spectrum of chlorine shows 2p;, and 2py,
fine levels at 197.66 and 199.29 eV, respectively. The XPS
spectra of Cs,AgIn,Bi; ,Clg (x = 0.1, 0.25, 0.90, 1.0) are provided
in Fig. S11 and S12 of the SI.

3.2 Optical properties of Cs,AgIn,Bi(;_,)Clg DPs

3.2.1 UV-visible spectroscopy. Fig. 3(a) displays the optical
absorption spectra of Cs,AgIn,Bi;_»Cls derived from diffuse
reflectance spectra. An excitonic peak at 365 nm and a tail
extending towards higher wavelengths is observed in the UV-vis
spectrum of Cs,AgBiClg (x = 0). This peak originates from the
bismuth 6s”>-6s' 6p' direct transition, whereas the long tail
arises due to the transitions related to the trap state along with
the indirect band gap.>***?° An indirect band gap transition is
an inherent property of a material that results in a low photo-
luminescence quantum efficiency (PLQE). These findings sug-
gest that the Cs,AgIn,Bi; ,Clg (x = 0) NCs are not appropriate
for application in the field of optoelectronics.’® As the In
content is increased, the absorption peak shows a blue shift,
and the absorption tail is reduced. The absorption edge is
relatively sharp for the In contents of 75% and 90%, high-
lighting the direct band gap of Cs,AgIn,Bi(;_)Cls (x = 0.75 and
0.9). The absorption peak is located at ~280 nm in the case of
Cs,AgIn,Bi; ,Clg (x = 1), with a band gap value of 3.5 eV. This
DP exhibits poor absorption near the band gap; therefore, it is
not a suitable choice for optoelectronic applications.’” The
values of the band gap were estimated by using the following
equation:

[F(Ro)h]" = A(hv — Ey) (5)

where hv represents the incident energy, A is the proportion-
ality constant, E, represents the optical band gap, n is an
integer, and its values are 2 and 1 for the allowed direct and
indirect transitions, respectively, and F(R ) is the Kubelka-
Munk function, which is expressed as

2

Fira =12 )

where R, K, and S are the reflection, absorption, and scattering
coefficients, respectively.

For Cs,AgIn,Bi; ,Cls (x =0, 0.25, 0.5) samples, the band gap
was determined by extrapolation of the linear portion of
[F(R..)(h)]"* versus hv in the Tauc plot (Fig. S13). The band
gap value increases from 2.71 eV for the pristine sample (x = 0)
to 2.81 eV for the Cs,AgIn,Bi; ,Clg (x = 0.5) sample. The band

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02259b

Open Access Article. Published on 04 September 2025. Downloaded on 4/26/2026 10:36:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper

PCCP
al) (b1) (c1)
3d, —=—Fit Peak 1 Cs3d  ——Fit Peak 1 Cs3d  ——FitPeak1
~ [Cs3d ——Fit Peak 2 = 3d,, -~ FitPeak2 L 3d,, —+ FitPeak2
S =— Cumulative Fit Peak 3 —»— Cumulative Fit Peak | 5 —«—Cumulative Fit Peak
8 = ©
z % 3d,, ; 3d,,
c S %
O -
g = 2
720 725 730 735 740 745 720 7256 730 735 740 745 720 725 730 735 740 745
( Binding energy (eV) (b2) Binding energy (eV) (c2)  Binding energy (eV)
3ds,, Ag 3d Ag 3d —s— FitPeak 1 Ag 3d —— Fit Peak 1
. 3ds, fA -+ FitPeak 2 3d,, —=— Fit Peak 2
s . 3dy, 5 }+— Cumulative Fit Peak| .~ ~»— Cumulative Fit Peak
S . o : 3, 3 3d,,
= . = ! 2 S
2] . 7] i Z
S : 6ev < . @
= G Sk = © % 6ev S 6ev
= : = N R B r=a [T BB PUOROAN
363 366 369 372 375 378 364 366 368 370 372 374 376 366 368 370 372 374 376 378
(@3) Binding energy (eV) (b3) Binding energy (eV) (c3) Binding energy (eV)
——Bi4f Biaf  —~—FitPeak1 Bi 4f ——Fit Peak 1
4, —=— Fit Peak 1 i +— Fit Peak 2 —_ +—Fit Peak 2
-~ i = 4%, —e— Cumulative FitPeak| = 4. a=— Cumulative Fit Peak
=3 3 © ",
© © —
2 - 4f,
g. % 52 %
w
s s : : £
IS = © Ys4evf =
A R V— 4 -
156 158 160 162 164 166 168 170 156 158 160 162 164 166 168 154 156 158 160 162 164 166 168
(a4) Binding energy (eV) (b4) Binding energy (eV) (c4) Binding energy (eV)
Ci2p o FitPeak 1 Cl2p —=—FitPeak 1
+— FitPeak2 | _ 2p,, —=—FitPeak2
—_ . Cumulative | 5 +— Cumulative Fit Peak
3 S 2p,, peak fit =
< s z
= >
g ] 5
2 5 = 18eV
£ ' -
| . S A - e _—
198 199 200 201 202 203 204 194 196 198 200 202 196 198 200 202 204 206
(a5) Binding energy (eV) (b5) Binding energy (eV) (c5) Binding energy (eV)
3 In 3d —s=—Fit Peak 1 In 3d —s—FitPeak 1
— s oy 34, —* FitPeak2 3dy, —e—FitPeak2
‘:",» 3 52 —s— Cumulative Fit Peak = +— Cumulative Fit Peak
© 4
- =0 N T o
g B2 4 § z 3y,
] 0-36 r._lhf"JV S 2 é
= M"} = 2 766V
‘/_‘I.."—’ . :
0 100200 300 400 500600 700800 441 444 447 450 453 456 444 446 448 450 452 454 456
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Fig. 2 (al)—(a5) Narrow scan and survey scan XPS spectra of the Cs,Agin,Bi; ,Clg (x = 0) sample. (b1)—(b5) Narrow scan XPS spectra of the

Cs,Agin,Bi;_xClg (x = 0.5) sample. (c1)—(c5) Narrow scan XPS spectra of the Cs,AgIn,Bi;_,Clg (x = 0.75) sample.

gap variation can be attributed to changes in the electronic
structure of the material. On the other hand, as it is well
reported that above 50%. In content, the band gap nature
changes from indirect to direct, the band gap values for the
samples with In content more than 50% are determined by
extrapolation of the linear region in the [F(R.)hv]* versus hv
plot (Fig. $12).>* The estimated optical band gap values are
provided in Table S2 of the SI. The optical properties of

This journal is © the Owner Societies 2025

shown in Fig. 3(d)
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and (e).

Cs,AgIn,Bi; ,Clg (x = 0, 1) DPs (Fig. 3(b)-(e)) show that they
exhibit weak optical absorption around the band gap. Cs,-
AgIn,Bi; ,Clg (x = 0) has a higher dielectric constant (3.89)
than Cs,AgIn,Bi; ,Clg (x = 1) (2.89), indicating its higher ability
to screen charge carriers and reduce recombination rates. The
Cs,AgIn,Bi; ,Clg (x = 0) material also possesses higher reflec-
tivity and refractive index than Cs,AgIn,Bi; ,Clg (x = 1), as
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3.2.2 Photoluminescence (PL) studies. The In-alloyed
DP NCs were further characterized through room-temper-
ature photoluminescence (PL). Fig. 3(f) shows the Jacobian-
transformed PL spectra of Cs,AgIn,Bi(;_,Clg NCs. All samples
were excited using a wavelength of 365 nm. The room tempera-
ture PL of Cs,AgIn,Bi; ,Cls (x = 0) exhibits broadband emis-
sion, featuring an excitonic peak around 575 nm alongside
emissions related to defects. For Cs,AgIn,Bi; ,Cls (x = 0.0,
0.25, and 0.50), the PL profiles closely resemble that of the
Cs,AgIn,Bi; ,Cls (x = 0) sample, differing primarily in the
intensity. Nonetheless, peak positions exhibit slight shifts,
suggesting tunability in the emission wavelengths of the NCs
consistent with the absorption spectroscopy results. As the In
content increases above 50%, dual emissions emerge in the PL
spectra, observed in the blue-violet and orange regions. Among
them, the narrow peak located at high-energy in the PL of
Cs,AgIn,Bi; ,Clg (x = 0.75, 0.90) likely originates from the free
exciton emission, whereas the broad low-energy peak is
ascribed to the emissions arising from defects or self-trapped

View Article Online

PCCP

excitons (STEs). In contrast to free excitons, defects and STEs’
emission spectra are broad with a large Stoke’s shift from the
absorption. Initially, the PL peak gradually rises, but beyond x =
0.75, the intensity experiences a sudden increase. The photo-
luminescence excitation spectra for all the samples were
recorded and are shown in Fig. S18 of the SI. Fig. S18(a)-(c)
show that the PLE spectrum has its onset wavelength lower
than the absorption onset, further confirming the indirect
band gap nature of Cs,AgIn,Bi; ,Cls (x = 0, 0.25, 0.5). Fig.
S18(d)-(g) presents the PLE spectra recorded for Cs,AgIn,-
Bi; ,Clg (x = 0.75, 0.90) samples corresponding to emissions
in the violet/blue as well as the yellow/orange region. The
excitation spectra of Cs,AgIn,Bi; ,Clg (x = 0.75, 0.90) samples
corresponding to emissions in the blue-violet region ideally
overlap with the absorption spectra of these samples, which
confirms that the materials can be classified as direct band gap
materials. Furthermore, it is confirmed that the broad orange/
yellow emissions in the case of Cs,AgIn,Bi; ,Clg (x = 0.75, 0.90)
samples are attributed to the excited-state defects, indicating

~@ ) , © ¢
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(a) Optical absorption spectra of Cs,AgIn,Biy_,Clg derived from diffuse reflectance spectra. (b)—(e) DFT calculated optical properties of

Cs,AgIn,Bi;_,Cle (x = 0) and Cs,AgIn,Bi;_,Clg (x = 1): (b) dielectric function, (c) absorption coefficient, (d) reflectivity, and (e) refractive index. (f) Jacobian
transformed room temperature PL spectra of Cs,Agln,Biz_»Cle. (g) and (h) TRPL traces of Cs,AgIn,Bi;_Cle corresponding to emissions towards higher

and lower wavelengths, respectively.
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that there is a slight change in the crystal structure of the
material.

3.2.3 Time-resolved Photoluminescence (TRPL) analysis.
To confirm the origin of dual emission in the synthesized
Cs,AgIn,Bi; _y)Clg DP NCs, TRPL measurements were carried
out. A picosecond 405 nm laser diode was used as an excitation
source, which could generate a pulse width shorter than 70 ps.
The decay curves for all the samples were recorded corres-
ponding to the broad emission, and the decay traces are shown
in Fig. 3(g). The decay traces for Cs,AgIn,Bi; ,Cls (x = 0.75, 0.9)
samples, which correspond to the violet/blue emissions, are
shown in Fig. 3(h). The emission decay traces are fitted with a
function:

Al) = A, exp C{) + Asexp (%;) )

where 7, and 7, are the decay components. The first short
lifetime PL component in bi-exponential decay arises from
excitonic recombination, while the second long lifetime PL
component is due to the trap state-related excitonic recombina-
tion. The average lifetime (¢) is calculated using the formula:

At 4 Ayt
Ayt + Ay

av (8)
For Cs,AgIn,Bi; ,Clg (x = 0.75 or x = 0.9) samples, the decay
traces corresponding to violet/blue emission show quick decay,
while the decay corresponding to orange/yellow PL is much
slower (Table S4). The distinctly different decay profiles of the
two emissions indicate that their origins are different. For
Cs,AgIn,Bi; ,Clg (x = 0.75, 0.9) samples, the TRPL corres-
ponding to a high energy peak shows a fast decay of less than
2 ns. The lifetime values calculated for broad orange/yellow
emissions are approximately 141 ns and 167 ns, respectively,
for Cs,AgIn,Bi; ,Clg (x = 0.75, 0.9) samples. The TRPL calcula-
tions showed a sudden increase in the lifetime of charge
carriers upon increasing the concentration of In up to 90%,
and it again decreased suddenly at x = 1, indicating the
excellent optical properties of Cs,AgIn,Bi; ,Clg (x = 0.75, 0.9).
The lifetime values calculated from TRPL measurements and
the contributions from short and long decay components are
listed in Table 2.

3.3 Electrochemical measurements

Fig. 4(a) shows the cyclic voltammogram of Cs,AgIn,Bi(;_Cls
(x = 0) DPs recorded at a 50 mV scan rate. The CV measure-
ments were performed to examine the electronic band structure

Table 2 Calculated decay components (z; and 1) and average carrier
lifetimes (t) for Cs,AgIn,Biy_»Cle

Material 7y, (ns) %4, t,(ns) %A, t(ns) R
Cs,AgBiClg 1.09 99.92 5.92 0.08 1.11  0.997
CsyAglng,sBig,sCls 2,67  97.09  17.60 291  5.13 0.996
Cs,AgIng sBio.sCls 545 67.54 48.07 32.46  39.94 0.997
CsyAglng,sBiossCls  15.35  59.51 158.79 40.49 140.95 0.96
Cs,AgIng.oBio.1Cls 9.85 2598 170.16 74.02 166.97 0.992
Cs,AgInClg 1.56 98.43 5.76 1.57 1.79  0.999
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of the synthesized Cs,AgIn,Bi(;_,)Cls DP materials. The blank
CV was recorded in the DCM-TBAP mixture to verify the
absence of any redox processes. The working electrode
was fabricated by drop-casting 50 pL (at a concentration of
1 mg mL™') of the perovskite sample and subsequently
drying under vacuum. The cyclic voltammograms of the
Cs,AgIn,Bi;_,Clg (x = 0.25, 0.5, 0.75, 1) DPs are shown in
Fig. 4(b)—(e), respectively. The CV recorded for the Cs,Agln,-
Bi;_xCls (x = 0) sample shows two distinct peaks corres-
ponding to the oxidation and reduction taking place at the
respective electrodes. The peak at 1.98 V is the anodic (oxida-
tion) peak that corresponds to the removal of an electron from
the VB. On the other hand, the peak at —0.7 V is the cathodic
(reduction) peak that corresponds to the addition of an electron
to the CB. The CB and VB edge positions with respect to the
vacuum level for the x = 0 sample are —3.8 and —6.48 eV,
respectively. The electrochemical band gap (E.) is determined
as a potential difference between the anodic and cathodic
peaks observed from the redox reactions taking place at the
semiconductor-electrolyte interface, and it is measured at
2.68 eV for the Cs,AgIn,Bi; ,Cls (x = 0) sample. This is
consistent with the optical band gap value determined from
UV-vis spectroscopy. The comparison of the optical and elec-
trochemical band gap values is shown in Fig. S15 of the SI. The
same procedure was followed to determine the band gap and
positions of band edges for the other materials. The observed
anodic and cathodic peak positions are shown in Table 3. The
band edge positions for all the samples are determined with
respect to the normal hydrogen electrode (NHE) and local
vacuum and summarized in Table 3.%>°® Scan rate-dependent
CV measurements were performed for the Cs,AgIn,Bi; ,Clg
(x = 0.25) sample to investigate the scan rate dependence of
current. The CV recorded with increasing scan rates is shown in
Fig. 4(f) and (g). The linearly increasing current with the square
root of the scan rate for cathodic and anodic peaks suggests
that the reaction is diffusion-controlled.>**®*° Fig. 4(h)
displays the band alignment diagram of Cs,AgIn,Bi(;_,Cls
(x = 0.0, 0.25, 0.50, 0.75, 1.0). The figure shows the CBM and
VBM positions determined for these materials vs. local vacuum,
as well as the electrochemical band gaps estimated from the CV
measurements.

3.4 Temperature-dependent Photoluminescence analysis

Fig. 5 displays the Jacobian transformed PL spectra of Cs,A-
gIn,Bi(;_yClg (x = 0, 0.75, 0.9) recorded from 80 K to 300 K.
Excitation of the samples was achieved using a wavelength of
365 nm. The PL exhibits broadband emission, attributed to self-
trapped excitons (STEs). The broad PL emission is elucidated by
the self-trapped states induced by exciton-phonon coupling. To
assess the exciton-phonon coupling strength, TDPL measure-
ments were carried out. For Cs,AgIn,Bi(; _,Cls (x = 0) DPs, when
the temperature increases from 80 K to 300 K, the intensity of
the peak is reduced along with the broadening of peaks.
Additionally, the peak is blue-shifted up to 200 K, followed by
a red shift with higher temperature. These shifts can be
attributed to lattice distortion and changes in the valence band

Phys. Chem. Chem. Phys., 2025, 27, 20885-20900 | 20893
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Fig. 4 (a) Cyclic voltammogram of the Cs,AgIn,Bi; ,Clg (x = 0) sample compared with the blank CV. (b)-(e) Cyclic voltammograms of Cs,AgIn,Bi; ,Clg

(x =0.25,0.5, 0.75 and 1, respectively). (f) Scan rate dependent CV for the Cs,AginxBi;_,Cle (x = 0.25) sample. (g) Linear fitting of the scan rate dependent
CV data as a square root of the scan rate vs. current using the Randles—Sevcik equation for the Cs,AgIn,Bi;_,Cle (x = 0.25) sample. (h) Band alignment

diagram.

Table 3 The VB and CB edge positions vs. NHE and vacuum, and
electrochemical band gaps evaluated using CV measurements

CBM vs.
CBM vs. VBM v»s. vacuum

VBM vs.
vacuum E, E

c
sample NHE (V) NHE (V) (eV) (ev) V) (ev)
CSZAgBiCIS —0.7 1.98 —3.8 —6.48 2.68 2.70
Cs,Aglng,sBig,sCls —0.73  1.99  —3.77 ~6.49 2.72 2.71
Cs,AgIng sBipsCls —0.78  2.05 —-3.72 —6.55 2.83 2.81
Cs,AgIng ,sBigssCls —0.8  2.15 3.7 ~6.65 2.95 2.89
CSZAgInG15 —0.87 2.65 —3.63 —7.15 3.52 3.53

concerning temperature variations. The Jacobian transformed
TDPL spectra of Cs,AgIn,Bi;_»Cls (x = 0.25, 0.5, 1) are shown
in Fig. S16 of the SI. The intensity of PL peaks first increases up
to 160 K and then decreases at higher temperatures in the case
of Cs,AgIn,Bij_,Clg (x = 0.25 and 0.5) samples. The FWHM
broadens with an increase in temperature. Also, there is a blue
shift in PL peak positions. In the case of the Cs,AgIn,Bi(;_Clg

20894 | Phys. Chem. Chem. Phys., 2025, 27, 20885-20900

(x=1) sample, the intensity decreases monotonically along with
a blue shift in PL peaks. For Cs,AgIn,Bi; _,Cls (x = 0.75, 0.90)
samples, the emission originating from STEs became dominant
over the free exciton emission with decreasing temperature
from 300 K to 80 K, as shown in Fig. 5(b) and (c). The peak
position of STE PL exhibited a slight red shift, while that of the
free exciton PL was unchanged when the temperature
decreased. As can be seen clearly, the STEs’ peak profile became
comparatively narrower with a decrease in temperature. Non-
radiative recombination is hindered at low temperatures, and
hence we obtain maximum intensity at lower temperatures.

The corrected PL intensity vs. inverse temperature (Fig. 5) is
fitted with R* ~ 1 using an Arrhenius equation:

Iy

= I+ Aexp <_E) N

kT

where I(T) and I, are the corrected PL intensity values at
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Fig. 5 (a)-(c) The Jacobian transformed TDPL spectra of Cs,AgIn,Biy_,Cle recorded in the temperature range 80-300 K (x = 0, x = 0.75 and x = 0.9,

respectively). (d)—-(f) The corrected intensity vs. inverse temperature graphs fitted using an Arrhenius function for samples Cs,AgIn,Big_,Clg (x = 0,
x = 0.75, and x = 0.90), respectively. (g)—(i) The (FWHM)? vs. (1/T) graphs for Cs,Agin,Biy_xCls (x = 0, x = 0.75, and x = 0.90), respectively.

temperature T and 0 K, respectively, 4 is a constant, kg is the
Boltzmann constant, and E, is the activation energy. The
extracted activation energy values are provided in Table S5 of
the SI. The minimum activation energy for the Cs,AgIn,.
Bi(;—xCls (x = 0.9) sample indicates a significant reduction in
non-radiative recombination, thereby confirming the enhanced
optical performance of the sample. The decreased intensity is
associated with the peak broadening and attributed to phonon-
mediated self-trapped excitonic recombination. The change in
intensity is attributed to the trapping and detrapping of exci-
tons through thermally activated STE states. To study the effect
of exciton-phonon coupling, the temperature dependence of
peak broadening is examined using the following equation:

FWHM = 2.36v/Shopmonon { | coth T2rhonen
2kpT

where i phonon is the phonon energy and § is the Huang-Rhys
factor, which represents the strength of the exciton-phonon
coupling in the material. By fitting the temperature-dependent
FWHM broadening, the values of the Huang-Rhys factor and
optical phonon energy were determined. The calculated values

(10)

This journal is © the Owner Societies 2025

of S and wphonon, along with the corresponding R? values, are
shown in Table S5 of the SI. Here, Cs,AgIn,Bi;_,Cls (x = 0.9)
exhibits the lowest value of S, indicating a reduction in the
strength of the exciton-phonon coupling upon In incorpora-
tion. Moreover, the S value is moderate for all samples, as
shown in Table S5, which can balance the exciton-phonon
coupling in the material. The deconvoluted TDPL spectra of
Cs,AgIn,Bi(; _,Cls (x = 0, 0.75, 0.9) are shown in Fig. 517 of the
SI. The details are provided in the SI.

3.5 Photodetector measurements

Fig. 6 displays the current-voltage (I-V) characteristics of
Cs,AgIn,Bi(; _4)Cls films under dark and white light illumina-
tion conditions. The I-V characteristics of films with a voltage
sweep in the range of —1.0 V to +1.0 V are shown in Fig. 6(a), (d)
and (g). The non-linear behavior of all I-V curves confirms the
formation of a Schottky contact. The photoresponse of the films
was measured under alternating dark and white light illumina-
tion (30 mW cm™?) at zero bias voltage at room temperature.
When light is incident on the device, the absorber material
(perovskite layer) absorbs photons, generating electron-hole

Phys. Chem. Chem. Phys., 2025, 27, 20885-20900 | 20895
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Fig. 6 Cs,Agin,Bin_Cle double perovskite-based photodetector device characteristics. (a), (d) and (g) /-V characteristics of Cs,AgIn,Bin_Cle (x = 0,
0.9, 1) under white light illumination and dark conditions; (b), (e) and (h) current versus time plots under dark and white light illumination conditions for
Cs,AgIn,Big_»Cle (x = 0, 0.9, 1); and (c), (f) and (i) current versus time single-cycle plots of Cs,Agin,Big_Clg (x = 0, 0.9, 1), respectively.

pairs (excitons). The electrons are selectively extracted by the
TiO, layer and move towards the FTO, leaving behind the holes.
The electrons then flow through the external circuit to the
graphite electrode, where they recombine with the holes,
completing the circuit and generating a photocurrent. To
evaluate the response of the devices, the light source is
switched on and off at 20 s intervals. The photoresponse
measured for the three devices for 10 cycles is shown in
Fig. 6(c), (f) and (i). At zero bias, all the devices show current
in the pA range. Among the three materials, Cs,AgIn,Bi(;_Clg
(x = 0.9) exhibits the highest photocurrent and maintains
excellent photocurrent stability over time, without a reduction
in photocurrent. This implies that the device based on the
Cs,AgIn,Bi; _,Clg (x = 0.90) absorber material can show excel-
lent photovoltaic performance with good stability.

It shows a constant current during cycling, indicating its
good stability and repeatability. The high value of current may
be attributed to its high absorption coefficient and reduced
defect states, as evidenced by the optical properties. Also,
the reduced trap states reduce the recombination of charge

20896 | Phys. Chem. Chem. Phys., 2025, 27, 20885-20900

carriers, increasing the photocurrent. The performance of
photodetectors is characterized by various parameters, includ-
ing photoresponsivity and detectivity. The photoexcited current
generated per unit power of incident light on the effective area
of a photodetector is called photoresponsivity®® and is
calculated by

Al
R,

=— 11
: PXXA’ ( )

where I = I hoto — lgark is the change in photocurrent due to
light incident on the effective photo-sensing area, P, is the
intensity of incident light (30 mW cm™2), and A’ is the active
area of the film (1.5 x 1.5 cm?). For photodetectors, detectivity
(D*) measures the quality of the detector. It is measured in
Jones and is expressed as:®*
S — (12)
(2e X Jdark) 2

where Jgar is the dark current density and e is the electron
charge. The values of photoresponsivity and detectivity
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extracted from the obtained data are provided in Table S6 of the
SI. As evidenced by the results, the responsivity and detectivity
values extracted are maximum for the Cs,AgIn,Biy_yCls
(x = 0.9) sample, indicating improved optoelectronic perfor-
mance. The rise time (7,s) is defined as the time needed for a
photodetector to change from 10% to 90% of its maximum
photocurrent from its dark current value. Likewise, the decay
time (Tgecay) is the time required for the photodetector to
decrease from 90% to 10% of its minimum dark current value,
starting from its photocurrent value. A single photoresponse
cycle was analyzed, and the rise (z,) and decay times (t4) were
estimated from it. The rise and decay times calculated for all
three samples are presented in Table S6 of the SI. Table S7 of
the SI summarizes the reported device architectures and the
key parameters of perovskite photodetectors. The table
compares our results with representative values reported for
lead halide perovskites and other DPs in recent literature.

4. Conclusions

In summary, we have successfully synthesized cubic-phase
Cs,AgIn,Bi; _,Cls materials by the antisolvent recrystallization
method. EDS compositional analysis demonstrates the success-
ful incorporation and homogeneous distribution of In into the
Cs,AgBiCls framework. Complementary first-principles DFT
calculations confirm the transition from indirect band gap
Cs,AgIn,Big; _Clg (x = 0) to direct band gap Cs,AgIn,Bi(;_Cls
(x = 1) at the I'-point in the Brillouin zone. Absorption spectra
indicate a long tail towards higher wavelengths, suggesting that
the sub-bandgap state transition could arise from the trap
states. PL measurements reveal a drastic increase in intensity
above 75% In concentration with dual emission, whereas the
TRPL results show an increase in average lifetime values with
an increase in In content, suggesting that the materials have
excellent optical properties and are hence suitable candidates
for optoelectronics. The TDPL results yield a moderate value of
the Huang-Rhys factor, which can balance the exciton-phonon
coupling, leading to high PLQY values. The optimized lattice
parameters and band gap values calculated from DFT analysis
closely match the experimental values. The photodetector
measurements of Cs,AgIn,Bi;_,Clg (x = 0.90) films reveal
a responsivity of ~0.08 mA W' and a good detectivity of
~63.5 x 10" Jones at a voltage bias of 0 V. These findings
pave the way for lead-free, highly stable, and self-biased photo-
detectors based on Cs,AgIn,Bi; ,Cls double perovskites.
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the Cs,AgIn,Bi;_,Cls (x = 0.0) sample; (b) W-H plot for
the Cs,AgIn,Bi;;_Clg (x = 0.25) sample; (c) W-H plot for the
Cs,AgIn,Bi;_Cls (x = 0.50) sample; (d) W-H plot for
the Cs,AgIn,Bi(;_,Cls (x = 0.75) sample; (¢) W-H plot for the
Cs,AgIn,Bi;_,Clg (x = 0.90) sample; (f) W-H plot for the
Cs,AgIn,Bi_,Clg (x = 1) sample. Fig. S2 (a) Low-resolution
TEM image and (b) histogram of Cs,AgIn,Bi(; _)Clg (x = 0), (c)
TEM image and (d) histogram of Cs,AgIn,Bi;_Cls (x = 1).
Fig. S3 (a)-(c) HR-TEM images of Cs,AgIn,Bi(;_xCls (x = 0.0, x =
0.50, and x = 0.75) samples, respectively. (d)-(f) SAED patterns
of Cs,AgIn,Bi;;_,Cls (x = 0.0, x = 0.50 and x = 0.75) samples,
respectively. Fig. S4 FE-SEM images of Cs,AgIn,Bi;;_,Clg (x =
0.50 (a), x = 0.75 (b), x = 0.90 (c), and x = 1.0 (d)) samples,
respectively, at the 200 nm scale. Fig. S5 EDS spectra of the
synthesized samples in the energy range 0-15 keV. Fig. S6-S10
Elemental mapping of Cs,AgIn,Bij _,Clg (x = 0.0, x = 0.50, x =
0.75, x = 0.90 and x = 1.0) samples, respectively. Fig. S11 (a1)-
(a5) Core level XPS spectra of the Cs,AgIn,Bi;_Cls (x = 0.1)
sample. (b1)-(b5) Core level XPS spectra of the x = 0.25 sample.
(c1)~(c5) Core level XPS spectra of Cs,AgIn,Bij_,Cls (x = 0.9)
sample. Fig. S12 (a1)-(a5) Survey scan XPS spectra of Cs,AgIn,.
Bi(;_xCle (x =0.10, x = 0.25, x = 0.50, x = 0.75 and x = 0.90)
samples, respectively. (b1) Survey scan XPS spectra of the
Cs,AgIn,Bi;_Cl6 (x = 1) sample. (b2)-(b5) Core level XPS
spectra at 100x magnification. Fig. S13 Pseudo-absorption
spectra of Cs,AgIn,Bi;_.Cle. Fig. S14 Fitted TRPL curves;
Fig. S15 Comparison of optical and electrochemical band gaps
estimated from UV and CV, respectively. Fig. S16 (a)-(c) The
TDPL spectra of Cs,AgIn,Bi(;_yClg (x = 0.25, x = 0.5 and x = 1.0
samples, respectively) recorded in the temperature range 80 K-
300 K. (d)-(f) The corrected intensity vs. inverse temperature
graphs fitted using an Arrhenius function for the x = 0.25,
x=0.5 and x = 1.0 samples, respectively. (g)-(i) The (FWHM)? vs.
1/T graphs for the x = 0.25, x = 0.50, and x = 1.0 samples,
respectively. Fig. S17 (a)-(c) Deconvoluted temperature-
dependent photoluminescence (TDPL) spectra of Cs,Agln,-
Bi(;_xCls (x = 0) at different temperatures. (d)-(f) Deconvoluted
TDPL spectra of Cs,AgIn,Bi;_,Clg (x = 0.75) at different
temperatures. (g)-(i) Deconvoluted TDPL spectra of Cs,AgIn,-
Bi;_xClg (x = 0.9) at different temperatures. Fig. S18 (a)
Photoluminescence excitation (PLE) spectrum of the x = 0
sample; (b) and (c) the photoluminescence excitation (PLE)
spectra of the x = 0.75 sample corresponding to emissions in
the violet and yellow regions, respectively; (d) and (e) the
photoluminescence excitation (PLE) spectra of the x = 0.90
sample corresponding to emissions in the violet and orange
regions, respectively; (f) the low temperature PLE spectra for the
x = 1.0 sample. Table S1: comparison between the structural
parameters calculated from XRD by Scherrer and W-H ana-
lyses. Table S2: optical band gap values estimated from UV-
visible diffuse reflectance spectroscopy (DRS). Table S3: atomic
percentages of elements calculated from EDS analysis. Table S4:
TRPL traces recorded for emission in the violet/blue region for
x =0.75 and x = 0.90 samples, respectively. Table S5: the values
of activation energy (E,), the Huang-Rhys parameter (S), pho-
non energy, and the corresponding values of R’ obtained
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from fitted curves. Table S6: photoresponse parameters calcu-
lated for the photodetectors based on Cs,AgIn,Bi;;_,Clg
(x = 0.0, 0.9, 1.0) under white light illumination. Table S7:
summary of the reported device architectures and important
parameters of perovskite photodetectors, comparing our results
with representative values reported for lead halide perovskites
and other DPs in recent literature. See DOI: https://doi.org/10.
1039/d5¢cp02259b.

The raw data are available from the corresponding author
(NYD) on request.
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