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From anti-solvent synthesis to polaron-driven
transport: exploring the promise of lead-free
Rb,SnClg nanocrystals
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Lead-free double perovskites have emerged as promising alternatives to toxic lead-based halide perovskites. In
this work, Rb,SnClg nanocrystals were synthesized via an anti-solvent precipitation route and systematically
investigated to elucidate their structural, optical, and electrical properties. X-ray diffraction combined with
Rietveld refinement confirms the formation of a single-phase cubic structure with space group Fm3m, while
transmission electron microscopy reveals well-defined prismatic nanocrystals with an average particle size
of ~50 nm. X-ray photoelectron spectroscopy verifies the presence of Rb*, Sn**, and Cl™ ions in their
expected oxidation states, confirming the chemical purity and structural stability of the material. Optical
characterization indicates a wide direct band gap of approximately 4.69 eV and strong ultraviolet absorption,
Broadband
spectroscopy conducted over a wide temperature and frequency range reveals thermally activated electrical

highlighting the suitability of Rb,SnClg for UV optoelectronic applications. impedance
transport with pronounced negative temperature coefficient of resistance behavior. Analysis of AC
conductivity using Jonscher's power law and frequency exponent evolution identifies overlapping large
polaron tunneling (OLPT) as the dominant charge transport mechanism. The low activation energy and
stable dielectric response underscore the potential of Rb,SnClg as a robust lead-free material for UV-
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Introduction

The escalating global energy crisis, intensified by relentless
industrial expansion and the looming threats of climate
change, calls for transformative advances in renewable energy
technologies.’® Among the myriad solutions, UV optoelec-
tronics, solid-state ionics, and radiation-sensing technologies
emerge as critical pillars for a sustainable and technologically
advanced future.* These technologies demand novel materials
that transcend mere efficiency, requiring environmental
compatibility, economic feasibility, and resilience against
diverse operational stresses. Silicon-based solar cells, a long-
standing industry standard, face inherent limitations including
high manufacturing costs and rigid processing protocols, which
curb their adaptability for widespread use. As a result, research
efforts have increasingly gravitated towards exploring alterna-
tive semiconductors that can be synthesized through cost-
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photodetectors, radiation sensors, solid-state electrolytes, and high-frequency electronic devices.

effective methods while exhibiting superior optoelectronic
performance.>®

Metal halide perovskites have revolutionized this quest,
especially lead-based three-dimensional perovskites that
demonstrate exceptional light absorption, charge transport
properties, and power conversion efficiencies exceeding 25%
within less than a decade of development.” However, their
practical deployment is significantly hampered by the toxicity of
lead and their susceptibility to environmental degradation,
particularly in the presence of moisture, oxygen, and heat.*®
This has galvanized the scientific community to innovate lead-
free variants that retain the desirable optoelectronic qualities
but offer enhanced stability and safety. Tin(iv)-based vacancy-
ordered double perovskites of the form A,SnCls, where A
represents alkali metal ions such as cesium, rubidium, or
potassium, have prominently surfaced in this context. Their
unique structure consists of isolated [SnCls]*~ octahedra,
generating a robust three-dimensional lattice with vacant sites
that facilitates rapid halide ion migration.” This architecture
endows them with wide electrochemical windows, low elec-
tronic conductivity, and superior resistance to photochemical
deterioration, making these materials highly promising for UV
optoelectronic applications, including photodetectors, scintil-
lators, and radiation sensors, as well as solid electrolytes in
next-generation chloride-ion battery systems."™**
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The role of the A-site alkali cation in these perovskites is
critical, profoundly influencing lattice spacing, vibrational
dynamics, ion migration pathways, and charge transport effi-
cacy."*" In particular, replacing the smaller potassium ion in
K,SnCle with the larger rubidium ion in Rb,SnClg is theorized to
expand the lattice, soften phonon modes, and drastically reduce
the energy barriers for chloride ion hopping. Such structural
transformations are expected to dramatically boost ionic
conductivity and adjust the strength of polaron coupling, which
in turn governs dielectric relaxation processes and overall
electrical conduction. Moreover, the heavier and more polariz-
able Rb" cation can induce notable shifts in band structure and
defect chemistry, opening avenues for tailored bandgap engi-
neering and enhanced tolerance to defects, pivotal for stable
optoelectronic device operation.'®'” Despite these compelling
theoretical advantages, detailed experimental investigations
into Rb,SnClg's dielectric behaviour, conduction mechanisms,
relaxation dynamics, and polaron hopping phenomena are
conspicuously scarce.*®**

The present study addresses this crucial knowledge gap by
synthesizing phase-pure Rb,SnCls through a carefully opti-
mized anti-solvent precipitation method. Comprehensive
structural, morphological, and compositional characterization
using X-ray diffraction with Rietveld refinement, scanning
electron microscopy coupled with energy-dispersive X-ray
spectroscopy, and X-ray photoelectron spectroscopy confirms
material purity and crystallinity. Optical properties probed by
UV-visible absorption provide insight into lattice vibrations and
electronic transitions. Central to this work is an exhaustive
examination of electrical properties through broadband
impedance spectroscopy spanning wide temperature and
frequency ranges. Using electric modulus formalism alongside
AC and DC conductivity analyses, the study delves deeply into
dielectric relaxation phenomena and elucidates ion transport
mechanisms. The findings are further enriched through direct
comparisons with K,SnCl, revealing how incremental changes
in A-site cation size and polarizability translate into significant
modifications in activation energies, transport pathways, and
the degree of polaronic conduction.>***

Ultimately, this investigation substantiates Rb,SnCls as
a highly promising lead-free, environmentally stable halide
perovskite with versatile applications spanning solid-state
electrolytes for energy storage to luminescent and photovol-
taic devices. By illuminating its complex structure-property
relationships and underlying conduction dynamics, the work
not only fills critical experimental voids but also paves the way
for informed, rational design of future halide double perov-
skites. These advances hold the potential to accelerate the
transition to renewable, sustainable energy technologies while
mitigating the environmental and health risks associated with
lead-based materials.

Experimental section and methods
Synthesis procedure

Analytic rubidium chloride was reached from Merck (RbCl,
reagent grade 99.95%), anhydrous tin chloride was reached
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from Merck (SnCl,, reagent grade 99.98), analytical standard
oleic acid was reached from Sigma Aldrich (CH3(CH,),CH=
CH(CH,),COOH, =98.5% GC grade), analytical acetonitrile was
purchased from Merck (CH;CN, analytical grade =98.0%),
analytic toluene was reached from Merck (C¢HsCHj, =99.9%
GC grade). All reagents were employed directly as purchased,
without any additional purification steps.

The crystal powder was obtained through an anti-solvent
precipitation method, building upon the synthesis strategy
previously established.*” The standard synthesis procedure
involves dissolving 2 mmol of rubidium chloride (RbCl) and
1 mmol of tin(u) chloride (SnCl,) in 12.5 mL of acetonitrile to
obtain an atomic ratio Rb: Sn of 2 : 1. To stabilize the solution,
1.5 mL of oleic acid is added. The resulting mixture is stirred
continuously at room temperature (28 °C) for 3 hours at a speed
of 300 rpm under air atmosphere. Following this, the solution is
introduced dropwise into 30 mL of toluene under constant
stirring at 300 rpm. This step leads to the formation of
a colloidal solid phase, turning the solution milky white. The
reaction mixture is then transferred to a 100 mL ground-glass
flask, and acetonitrile is removed via rotary evaporation at
85 °C under vacuum pumping. The resulting crystalline powder
is separated from the toluene by centrifugation at 10 000 rpm
for 5 minutes. The solid is subsequently washed three times
with toluene and dried under infrared irradiation for 1 hour to
yield the final Rb,SnCls product. This synthesis typically
produces 300 =+ 5 mg of Rb,SnCls powder, achieving an effi-
ciency of 73% =+ 2%. The synthesis procedure was repeated
several times to obtain sufficient material for subsequent
experiments.

Characterization techniques

The synthesized Rb,SnCls powder was thoroughly characterized
using a combination of complementary techniques. Phase
purity and crystal structure were confirmed by powder X-ray
diffraction on a Philips X'Pert PRO diffractometer with Cu Ka
radiation (A = 1.54187 A), collecting data from 10° to 70° (26)
with a step of 0.013° and 3 s per step. Rietveld refinement was
performed with FullProf Suite, and the refined structural model
was visualized using Diamond software. Microstructural
features and compositional analyses were carried out by high-
resolution transmission electron microscopy on an FEI Tecnai
G20 F20 instrument operated at 200 kV and equipped with an
EDAX energy-dispersive X-ray detector. Surface chemical states
were investigated by X-ray photoelectron spectroscopy on
a Thermo Scientific K-Alpha+ spectrometer with mono-
chromatic Al Ko radiation. High-resolution spectra of Rb 3d, Sn
3d, Cl 2p, C 1s, and O 1s regions were acquired at 50 eV pass
energy, charge-referenced to adventitious carbon at 284.8 eV,
and fitted using Thermo Avantage software after Shirley back-
ground subtraction. UV-vis absorption spectra were recorded
using a Shimadzu UV-3101PC scanning spectrophotometer over
the wavelength range of 200-1100 nm with a spectral resolution
of 1 £ 0.2 nm. Baseline corrections were applied to eliminate
instrumental drift. The acquired data provide a basis for
determining the band gap energy after confirming the nature of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the optical transition in Rb,SnCls. Furthermore, these
measurements allow for the determination of additional optical
parameters, such as the Urbach energy and the extinction
coefficient, providing insights into the dispersive behaviour of
the compound. For electrical characterization, the powder was
uniaxially pressed into dense pellets (8 mm diameter, ~1 mm
thickness) under a 5-ton load and subsequently sintered at 100 °
C for 4 h. Platinum paste electrodes were applied to both pol-
ished pellet faces and cured at 80 °C for 1 h to ensure reliable
electrical contact. Frequency-dependent impedance and
dielectric measurements were performed using a Solartron
1260A impedance analyser over a frequency range of 10 Hz to 5
MHz with a 50 mV rms AC excitation, from 313 K to 423 K. All
impedance spectra were fitted using equivalent-circuit models
in ZView® software to deconvolute bulk, grain-boundary, and
electrode contributions, enabling extraction of DC conductivity
and dielectric relaxation parameters.

Results and discussion
Structure identification

The structure of Rb,SnClg perovskite nanocrystals was deter-
mined using FullProf Suite software, and the corresponding
results are shown in Fig. 1. On the diffractogram, the red curve
indicates experimental values, the black curve corresponds to
the theoretical profile, while the purple curve represents the
difference between the two. The short blue lines mark the
positions where the theoretical diffraction peaks should appear,
thus confirming that the synthesized nanocrystals adopt the
known crystal structure of Rb,SnCls perovskite (CSD no.
2381630).

The detailed crystallographic parameters are reported in
Table S1 (SI). The crystal structure of Rb,SnCls belongs to
a cubic system, characterized by angles « = § = y = 90° and
a space group Fm3m. The SnClg>~ units form octahedra centred
on Sn** ions with 2.417 A of Sn-Cl bonds and 3.42 A of edges,
while the face-centred lattice was designed by Sn** cations with
atomic position (0, 0, 0). The Rb" cations occupy the centres of
the small cubes with edge length a/2 and surrounded by 4

——Y observed
~ Y calculated
a ——Y observed - Y calculated
= | Bragg_position

(333) (511)

Intensity (a.u)

Fig.1 X-ray diffraction (XRD) analysis of Rb,SnClg conducted at room
temperature.
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Table 1 Atomic positions, occupancy, and atoms multiplicity in Rb,-
SnClg double perovskite structure

x y z Biso Occ Mult
Sn 0.0000 0.0000 0.0000 0.66155 1 4
Cl 0.23886 0.0000 0.0000 0.51364 5.86 24
Rb 0.2500 0.2500 0.2500 0.79121 2.09 8

SnClg>~ octahedra's. The atomic position of Rb" is (0.25, 0.25,
0.25) while CI™ occupies the (0.24, 0.00, 0.00) position (Table 1).
The Rb,SnCly perovskite nanocrystals obtained in this work
thus adopt the space group Fm3m, with lattice parameters a =
b=c=10.122 A, angles & = 8 = y = 90°, resulting a unit volume
0f 1037.1267 A°. Interatomic distances are d¢j_c; = 3.42 A, dgn_sn
=7.15 A, drp_rp = 5.06 A. Calculated atomic radius were 1.39 A
for sn**, 2.2 A for Rb*, and 1.02 A for CI™. The coordination of
atoms was 6 for Sn, 12 for Rb, and 5 for Cl. The obtained
refinement quality parameters reveal a good fit between the
experimental diffractogram and the simulated profile. The low
values of R, (4.16) and Ry, (5.06) show that the model accurately
reproduces the diffraction intensities measured across the
entire 20 angular range of the X-ray diagram, taking into
account both the peak positions and their relative intensities.
The Ry, factor, incorporating statistical weighting, is a more
relevant indicator of the fit quality.

The value of Rey, (2.76) reflects satisfactory counting statis-
tics and good experimental data quality. The quality factor x> =
3.2686 exceeds the ideal value of 1 but remains within an
acceptable range, frequently observed for nanostructured
systems. This difference can be explained by the presence of
microstructural effects, such as the crystallite size distribution,
lattice microstresses, or a slight preferential orientation.

Overall, the low R, and R,, values associated with
a moderate x> confirm the reliability of the refinement and
indicate that the adopted structural model accurately accounts
for the crystallographic properties of the fabricated Rb,SnClg
nanocrystals.

The relative intensities of the diffraction peaks were analysed
to assess possible preferred orientation in the powder sample.
The relative intensity for each (hkl) plane was calculated using
the expression:*

1
IR(hk/) = =) x 100 [1)

2= Ao

where I reveal the intensity of (kkl) plane, ) I reveal the
sum of (Akl) peaks intensity and obtained results are presented
in Table 2. The calculated results, listed in Table 3 and plotted
in Fig. 2, indicate that the (111) and (220) planes exhibit the
highest relative intensities, revealing preferred orientations
along these directions. These findings are consistent with those
reported by K. Oukacha et al.*

The X-ray diffraction patterns were thoroughly examined
using the Williamson-Hall (W-H) approach.* This technique is
based on an established empirical relation, termed the Wil-
liamson-Hall equation, that links the broadening of diffraction
peaks-specifically the full width at half maximum (G)-to the

RSC Adv, 2026, 16, 24675-24688 | 24677
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Table 2  hkl, Dpy, and gy parameters of prepared Rb,SnClg double
perovskite calculated by FullProf suite software

h ok 1 Mult Dy (A) 20(9 FWHM Iy Inguiry (%)
11 1 8 5.8122  15.2445 0.1929 1931.14 29.6622

2 2 0 12 3.5664  24.968  0.1929 1681.34 25.82529
31 1 24 3.05028 29.2798 0.2755  411.15  6.315241
2 2 2 8 2.91408 30.6811 0.3031  815.54 12.52665
4 0 0 6 2.52416 35.5673 0.3306 1007.97 15.48236
4 2 2 24 2.06266 43.8952 0.2755  318.63  4.894139
4 4 0 12 1.78688 51.1183 0.3306  344.67  5.294112

Table 3 Atomic ratio quantification of present element in Rb,SnClg
nanocrystals perovskite

Element Weight% Average% Atomic% Average%
Cl K1 42.40 43.40 = 1.0 55.80 58.20 £+ 2.40
Cl K2 44.40 60.60
Sn L1 22.50 22.65 £ 0.15 19.70 18.90 £ 0.80
Sn L2 22.80 18.10
Rb K1 35.10 33.95 £ 1.15 24.50 22.9 £+ 1.60
Rb K2 32.80 21.30
30
25
20 S
3:15— 3
=
10 o
51 3
0 T I’< T T T T T
111 220 311 222 400 422 440
hki plane

Fig. 2 Calculated data: Iz as function of (hkl) diffraction plane.

microstrain (&) present in the crystal lattice. The corresponding
equation is given by:

K
ﬁcosﬁ:%—i—%sinﬁ (2)

In the Williamson-Hall equation, the parameters are defined as
follows: K is the shape factor (commonly taken as 0.89), A is the
X-ray wavelength (1.5406 A for Cu-Ko. radiation), D represents
the average crystallite size,  is the Bragg diffraction angle, 8 is
the full width at half maximum (FWHM) of the diffraction peak,
and ¢ denotes the lattice microstrain.

The Williamson-Hall plot (Fig. 3) displays @ cos(f) plotted
against 4 sin(f), with a linear regression fitted to the data points.
In analogy to the standard linear form y = mx + ¢, the slope (m)
of the fit corresponds to the lattice microstrain (¢), whereas the
y-intercept (c) allows calculation of the average crystallite size
(D). This analysis yields an average crystallite size of approxi-
mately 41.73 nm and a lattice microstrain of 0.018 x 10~°.

24678 | RSC Adv, 2026, 16, 24675-24688
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Fig. 3 Williamson—Hall analysis used to evaluate crystallite size and
microstrain in Rb,SnClg.

Microstructural features and analysis

TEM analysis showed that prepared Rb,SnCls nanoperovskites
presented a prismatic shape (Fig. 4a). The obtained result is in
coincidence with those reported previously which confirm the
conventional shape of crystalline structure.”»*® The average
particles size calculated by Image] software presented in Fig. 4b
show that prepared crystals are in nanometric scale with an
average particles size of 50 nm. The EDX analyses shown in
Fig. 4c and d were performed at two distinct points (1 and 2)
indicated in Fig. 4a. The resulting spectra exhibit characteristic
peaks at approximately 1.8, 13.4, and 14.9 eV, corresponding to
the Rb signals. Peaks observed in the region between 3 and 4 eV
confirm the presence of Sn. The detection of Cl is evidenced by
the peaks located at 2.6 and 2.8 eV. Overall, the EDX spectra
confirm the high purity of the synthesized product, with no
detectable chemical contamination.

Quantitative elemental analysis (Table 3) reveals atomic
compositions of 22.9% =+ 1.60 for rubidium, 18.90% =+ 0.80 for
tin, and 58.20% =+ 2.40 for chlorine. The resulting Cl/Sn ratio of
approximately 3.1 is therefore considered a lower bound. The
phase stoichiometry is more reliably established by Rietveld
refinement of the XRD data, which confirms Cl occupancy of
5.86 out of 6 (theoretical). This result can be explained by the
fact that EDX is a semi-quantitative technique, and the quan-
tification of light halogen elements such as Cl is subject to
systematic underestimation due to matrix absorption effects
and detection efficiency variations. The slight discrepancy
between the particle size measured by TEM (~50 nm) and the
crystallite size estimated from the Williamson-Hall (W-H)
method (~41 nm) is typical for nanomaterials. This difference
arises because TEM visualizes secondary particles or agglom-
erates, whereas the W-H analysis from XRD provides the size of
coherent diffracting domains within primary crystallites. The
approximately 20% smaller W-H value reflects mild lattice
microstrain or defects that contribute to diffraction peak
broadening, which is common in polycrystalline nanoparticles
composed of multiple crystallites aggregated into larger
observable particles.”” Such nanoscale coherence confirms the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Model: Gauss
Z Chinz = 4548
18 4 Z R'2 = 089213
_— y0 0470412052672
/ xc 4208111 125006
16 w 4985658 15.89584
11654096

A 1062.39439

25 50 75 100 125 150 175 200 225 250 275 300
Nanoparticle size (nm)

cl

6.00 8.00 10.00 12.00 14.00 keV

cl

6.00 8.00 10.00 12.00 14.00 keV

Fig. 4 TEM-EDX of prepared Rb,SnClg: 500 nm TEM photo of
perovskite structure (a), nanoparticle size distribution calculated by
Imaged software (b), elemental EDX spectrum measured in first point
(c), and elemental EDX spectrum measured in second point (d).
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material's suitability for applications requiring uniform short-
range charge transport, like solid electrolytes.

X-ray photoelectron spectroscopy (XPS) analysis

XPS analysis was performed to determine the surface chemical
composition and oxidation states of the constituent elements of
Rb,SnClg perovskite nanocrystals. Measurements were carried
out using an Al Ko X-ray gun emitted by an aluminium source,
providing stable monochromatic excitation suitable for ana-
lysing the binding energies of the studied elements. The survey
XPS spectrum of the nanocrystals is shown in Fig. 5 and
demonstrates the presence of Rb, Sn, and Cl, consistent with
the expected composition of Rb,SnCls.

To ensure optimal accuracy, all spectra were calibrated using
the C 1s peak of the C-C bond, located at 284.80 eV (Fig. 6a), as
a reference, thus correcting for any surface charge shifts.”® All
binding energies of different elements are reported in Table 4,
AE reveal the standard energy differences between peaks used
for spectrum deconvolution.

Detailed analysis of the high-resolution regions reveals the
characteristic electronic signatures of each element. Fig. 6b
shows the decomposition of the 3d doublet of rubidium, the
3ds;, and 3dj, peaks are clearly observed at 110.08 eV and
111.38 eV, respectively. The observed spin-orbit separation is
consistent with values reported in the literature, confirming the
presence of Rb" in the crystal architecture.?® Fig. 6¢ shows the
3ds/, and 3dj, peaks of tin, located at 487.08 eV and 495.48 eV.
These bond energy values correspond to the +4-oxidation state
of tin, characteristic of Rb,SnCl, type perovskites.** No addi-
tional lower-energy peaks were detected, indicating the absence
of Sn** or metallic tin impurities, thus confirming the chemical
purity of the nanocrystals. Fig. 6d shows the XPS region of
chlorine, the characteristic 2p;, and 2p,, peaks appear at
198.58 eV and 200.18 eV, respectively, with the expected spin-
orbit separation for CI” in a halogenated structure.** The
intensity and position of these peaks indicate a stable chemical
bond between chlorine and tetravalent tin.

All these results are consistent with data previously reported
in the literature for Rb,SnCls materials. They confirm not only

1.6x10°

Sn 3dg;

1.4x10° 4

1.2x10° 4

1.0x10° 4

8.0x10°

6.0x10° -

Intensity (Counts / s)

io *

1 3dy,
¢
cizp

Rb 3d

4.0x10°

2.0x10°

0.0 T T T T T T T
800 700 600 500 400 300 200 100 0
Binding Energy (eV)

Fig.5 XPS survey of prepared Rb,SnClg double perovskite nanocrystal
using an Al Ka X-ray gun and 150.0 eV pass energy with step of 1 eV.
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Fig. 6 Detailed XPS analysis of the high-resolution regions of different
present elements: carbon analysis C 1s (a), rubidium analysis Rb 3d (b),
tin analysis Sn 3d (c), and chlorine analysis Cl 2p (d).

Table 4 Binding energy of Rb 3d, Sn 3d, Cl 2p and C 1s among Rb,-
SnClg double perovskite nanocrystal®

Binding energy (eV)

Rb 3d sn 3d cl2p C1s
3dz2 3dsp2 3ds2 3ds)2 2pas2 2p32 1s
111.38 110.08 495.48 487.08 200.18 198.58 284.80
AE =1.3 AE = 8.4 AE =1.6 ND

% ND: energy difference is not defined for singular peak of 1s spin orbit.

the presence of the constituent elements in the correct oxida-
tion states (Rb*, Sn**, Cl7), but also the crystallochemical
quality and stability of the synthesized perovskite structure
proved in XRD analysis. These findings are consistent with
previously reported XPS data for Rb,SnCls and related mate-
rials, verifying the presence of Rb", Sn**, and Cl™ in their
anticipated oxidation states. It is important to emphasize that
XPS is a surface analysis technique, limited to the first few
nanometres of the material; thus, the determined oxidation
states essentially reflect the surface chemistry. However, the
consistency with the EDX and XRD results, as well as the
absence of secondary phases, indicates that the core structure
and overall stoichiometry of the prepared Rb,SnCls nano-
crystals remain intact.

Optical and electronic characterization using UV-vis
spectroscopy

The investigation of optical properties in vacancy-ordered
double-perovskite halides, such as Rb,SnClg, is of significant
interest for emerging applications in UV photodetection, scin-
tillation detectors, radiation sensing, and phosphor host
matrices for dopant-activated luminescence. UV-visible spec-
troscopy provides an effective tool for characterizing absorption
behaviour and deriving key optical constants, offering valuable
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insights into the semiconductor band structure and defect-
related states. Absorbance measurements, in particular, eluci-
date photon-material interactions, including band-to-band
transitions and sub-bandgap absorption processes. Conse-
quently, these optical studies are crucial for determining
fundamental parameters such as the bandgap energy (E,), the
Urbach energy (associated with tail states and disorder), and the
electron-phonon interaction strength. The optical absorption
behaviour of the synthesized Rb,SnCls vacancy-ordered double
perovskite was investigated using UV-visible diffuse reflectance
spectroscopy. The absorbance spectrum as a function of wave-
length is presented in Fig. 7. The material exhibits strong
absorption in the ultraviolet region below ~300 nm, followed by
a sharp absorption edge extending into the near-visible range,
with relatively low absorbance in the visible region (>400 nm).
This profile is characteristic of wide-bandgap halide perov-
skites, where the intense UV absorption arises primarily from
charge-transfer transitions involving the [SnClg]*~ octahedral
units. The inset in Fig. 7 shows the first derivative of absorbance
with respect to wavelength (or energy), revealing a clear inflec-
tion point that marks the onset of the fundamental absorption
edge, providing an initial estimate of the optical bandgap. The
band gap is identified at the peak of this plot, as shown in the
inset of Fig. 7, yielding a value of E, = 4.69 eV. The estimated
band gap energies of Rb,SnCls fall within the typical semi-
conductor range (0.5-5 eV), classifying it specifically as a wide
band gap semiconductor.*

To identify both the nature and magnitude of the optical
band gap, Tauc analyses were performed considering allowed
indirect and direct electronic transitions.*® The representation
of (ahv)? as a function of photon energy exhibits a clear linear
regime, and extrapolation of this region to the energy axis
provides a direct band gap value of about 4.69 eV (Fig. 8), which
is very close to the experimentally observed absorption edge.
Conversely, the plot of (akv)"* versus hv shows weak linearity
and a less reliable extrapolation, indicating that an indirect
transition is unlikely. The close agreement between the direct
Tauc band gap and the observed optical threshold confirms that
Rb,SnClg is a direct band gap material. This behaviour is in line
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Fig. 7 Variation of the absorbance versus wavelength for Rb,SnCle.
The derivative of absorbance in the inset.
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with previous theoretical and experimental studies on A,SnXg
vacancy-ordered double perovskites, where both the valence
band maximum and conduction band minimum are located at
the same k-point in the Brillouin zone, supporting their suit-
ability for optoelectronic applications that rely on efficient
radiative recombination.**

Sub-bandgap absorption behaviour was examined using the
Urbach tail analysis (Fig. 9). The plot of In(«) versus photon
energy in the exponential absorption region below the band
edge exhibits a linear dependence, from which the Urbach
energy (E,) was extracted.

The obtained E, value of approximately 0.5 eV is consistent
with values reported for polycrystalline A,SnCls nanopowder
samples, reflecting the combined contributions of grain
boundary disorder, intrinsic structural vacancies in the
[SnCls]*~ sublattice, surface ligand states, and phonon broad-
ening.’** While this value is higher than those reported for high-
quality single crystals, it is typical for solution-processed poly-
crystalline nanoparticles and should be interpreted in that
context. A contribution from local Cl-site disorder cannot be
excluded and is consistent with the semi-quantitative EDX data.

For optoelectronic applications, the threshold wavelength
(Ar) serves as a crucial indicator of performance. It marks the
longest wavelength of incoming radiation that the material can
absorb, thereby defining the spectral window in which it can
operate effectively. By identifying this limit, one can assess the

Eu=0.5eV

Ln (o)

-1.0

-1.54

-2.0

-2.5 T T T
1 2 3 4 5 6
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Fig. 9 In(a) versus (hv) to determine the Urbach energy E,, for the
Rb,SnClg compound.
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material's suitability for devices such as solar cells, photode-
tectors, and other light-harvesting technologies. The threshold
wavelength Arwas determined using the following expression:*

B'=<G)-G) 2

In this equation, “a” denotes the absorption coefficient, “A”
corresponds to the wavelength of the incoming light, and “C” is
a constant that depends on the material. From the fitting of the
experimental data using eqn (3), the threshold wavelength (i)
of the Rb,SnCls compound was found to be 298 nm, as shown in
Fig. 10. This result confirms that the material exhibits strong
absorption in the UV region.

Overall, the optical characterization establishes Rb,SnCl¢ as
awide direct bandgap semiconductor (~4.69 eV), characterized
by strong ultraviolet absorption and a sharp absorption edge.
The negligible absorption in the visible region is consistent with
its colourless appearance and underscores its suitability for
applications that require high visible transparency alongside
efficient UV responsiveness, such as UV photodetectors, scin-
tillators, and host matrices for dopant-activated luminescence.
In conjunction with these favourable optical features, the lead-
free nature and all-inorganic composition of Rb,SnClg further
enhance its technological appeal, positioning it as a robust lead-
free material for UV photodetectors, radiation sensors, scintil-
lators, and solid-state electrolytes.?”

Electrical properties investigated by impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a versatile and
powerful experimental approach widely employed to investigate
the electrical response and charge-transport characteristics of
semiconductor and electrochemical materials. In this tech-
nique, the response of Rb,SnCls to a small-amplitude alter-
nating electric field is monitored over a broad frequency
domain, allowing the analysis of energy storage and dissipation
mechanisms governed by the material's intrinsic electrical
properties.®® EIS is particularly effective for probing charge
carrier dynamics and for separating the contributions arising
from electrode effects, bulk (grain) conduction, and grain
boundary relaxation processes, as extensively documented in
previous studies.*® The overall impedance response is described
by a complex quantity, consisting of a real component
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2.5%x107

1.0x107 4

5.0x10° 4
Ar =298 nm

3x10° 4x10° 5%10°

1/A
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Fig. 10 (a/2)? vs. 1/2 plots for the Rb,SnClg compound.
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associated with resistive behaviour and an imaginary compo-
nent related to capacitive effects, expressed as:

Z* =7 +;7" (4)

Fig. 11 shows the variation of the real part of complex
impedance (Z’) with angular frequency for Rb,SnClg across 303-
393 K. The plots reveal distinct low- and high-frequency
regimes: low frequencies display a frequency-independent
plateau, characteristic of DC conduction via long-range
hopping between [SnClg]>~ units, while high frequencies
exhibit pronounced dispersion from localized carrier motion
and incomplete hops.

This separation underscores dual conduction pathways—
bulk DC transport at low frequencies versus space-charge
limited AC processes at high frequencies. The transition
frequency shifts rightward with temperature, indicating ther-
mally activated barrier lowering and enhanced mobility.

At high frequencies, Z plateaus to a temperature-
independent minimum, reflecting polarization saturation.
Low-frequency Z' decreases markedly with rising temperature,
exhibiting negative temperature coefficient of resistance
(NTCR) behaviour typical of wide-bandgap semiconductors,
confirming Rb,SnClg's thermistor potential linked to its direct
gap and low Urbach tails.*®

The imaginary part of the impedance (—Z") offers critical
insights into the dielectric relaxation processes in Rb,SnClg,
which arise from the motion of charge carriers and/or the re-
orientation of dipolar species in response to the applied alter-
nating electric field. As depicted in Fig. 12, the variation of —Z"
with angular frequency is presented over a temperature range of
303-393 K. Each spectrum displays a well-defined relaxation
peak, positioned in the frequency region corresponding to the
transition from DC to AC conduction regimes, as previously
observed in the real part of the impedance (Z/, Fig. 11).

This peak corresponds to the relaxation frequency, marking
the crossover from long-range charge carrier migration (at lower
frequencies) to short-range, localized hopping or reorientation
(at higher frequencies). The asymmetric broadening of these
peaks with increasing temperature signifies a deviation from
ideal Debye-type relaxation, indicative of a distribution of

2 5%10° ° 305!\:
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323K
333K
2.0x10% 343K
353K
@ 363K
—_ 8 L @ 313K
S 1.5x10 s ok
- @ 393K
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1.0x10%
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Clear NTCR behavior
5.0x107
0.0 , 1 ! 1 T T
10° 10' 10? 10° 10* 10° 10°
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Fig. 11 Evolution of the real part of impedance (Z') as a function of
angular frequency at various temperatures for Rb,SnClg.
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of angular frequency at various temperatures for Rb,SnCle.

relaxation times and complex polarization mechanisms
inherent to polycrystalline halide perovskites.**

To model the impedance data accurately, fitting was per-
formed using ZView software, which identified the most
appropriate equivalent circuit (inset of Fig. 11) consisting of
a parallel combination of a resistor (R), a constant phase
element (CPE), and a capacitor (C).*> The corresponding fitting
parameters are summarized in Table 5.

The data compiled in Table 6 shows a pronounced decrease
in electrical resistivity with increasing temperature, confirming
the semiconducting nature of the sample. To determine char-
acteristic parameters such as the activation energy, sensitivity
constant, and stability factor, the dependence of In(RT) on the
inverse temperature (1000/7) is presented in Fig. 13. The plot
displays a well-defined linear relationship, demonstrating that
the resistivity diminishes systematically as temperature
increases, which is characteristic of materials exhibiting
a negative temperature coefficient of resistance (NTCR).

Over the examined temperature interval, the experimental
results are well described by the Arrhenius-type relation:

A E,
R= —exp|— 5
Fen (i) )
where A is the pre-exponential constant, kg denotes Boltzmann's
constant, and E, corresponds to the activation energy. The

Table 5 Electrical values of the equivalent circuit parameters calcu-
lated for Rb,SnClg compound at different temperatures

T (K) R (10° Q) c (107" F) Q107" F) o

303 2.595 3.306 7.339 0.66768
313 2.345 3.324 10.90 0.62625
323 2.124 3.314 11.99 0.62980
333 1.888 3.302 11.86 0.64161
343 1.648 3.305 8.592 0.66833
353 1.509 3.243 8.515 0.70323
363 1.380 3.270 9.863 0.68329
373 1.264 3.253 7.112 0.72031
383 1.192 3.283 8.585 0.69663
393 1.139 3.256 7.288 0.72516

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Summary of frequency-evolved parameters within the overlapping large polaron tunnelling framework

Frequency (kHz) Who (eV)

N(ev 'em™) a (A » (&)

OLPT model 39.81 0.11
10 0.13
2.51 0.15

0.39 0.17

19.6

® Experimental data
— Fitted Line
19.4 4

19.2 Ea-0.12 ¢V

19.0

Ln (R)

18.8

18.6

18.4 T T T T T T T T
25 26 27 28 29 30 31 32 33 34

1000/T(K)

Fig. 13 Evolution of In(R) against (1000/T).

strong linearity observed in Fig. 13, supported by a high corre-
lation coefficient (R* = 0.99587), confirms that charge transport
is governed by a thermally activated conduction mechanism.
From the slope of the fitted line, the activation energy was
estimated to be approximately 0.12 eV. The low activation
energy of 0.12 eV and pronounced NTCR behaviour align with
the insulating character of vacancy-ordered double perovskites
like Rb,SnClg, where isolated [SnCls]*~ octahedra limit free
carrier generation, but thermal excitation enables modest
charge hopping.

Electrical conductivity

In light of the experimentally determined optical band gap, the
investigated compound can be categorized as a semiconductor,
displaying an increase in electrical conductivity with rising
temperature. This trend is characteristic of thermally activated
charge transport, where charge carriers acquire sufficient
energy to participate in conduction. In particular, thermally
activated charge transport is governed by both carrier concen-
tration and mobility; increasing temperature enhances these
factors by enabling a larger number of carriers to overcome
energy barriers and migrate through the lattice, thereby
improving overall conductivity.® Temperature-dependent
conduction behaviour is of considerable importance for
a wide range of technological applications, including electronic
components and photovoltaic systems.** To further elucidate
the electrical transport mechanisms and to determine the
parameters controlling conduction in Rb,SnClg, the frequency
dependence of electrical conductivity was investigated at
different temperatures as illustrated in Fig. 14.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In the low-frequency region, the conductivity attains
a plateau corresponding to the DC component, which is
essentially frequency-independent. At higher frequencies, the
conductivity exhibits a marked dispersion arising from the AC
contribution. In this regime, charge carriers undergo thermally
activated hopping, resulting in random diffusion at low
frequencies that yields the DC conductivity g4.. Meanwhile, in
the dispersive region, charge carriers oscillate back and forth in
a correlated fashion. According to the jump-relaxation frame-
work developed by Funke and Hoppe, the coexistence of
a frequency-independent DC plateau and a frequency-
dependent AC part is explained by the balance between
successful and unsuccessful hops: at low frequencies, success-
ful long-range hops dominate the transport, whereas at high
frequencies the proportion of unsuccessful hops increases,
leading to the pronounced dispersion observed in the conduc-
tivity spectra.*

The AC conductivity spectrum is described by the empirical
Jonscher power law:*

Tac = Ogc + A0’ (6)

Here, g4, denotes the material's DC conductivity, 4 is the pre-
exponential factor, w is the angular frequency, and s is the
power-law exponent. Fig. 15 presents the temperature depen-
dence of the dc conductivity in the form of a plot of In(v4.T)
versus 1000/T, which follows an Arrhenius-type behaviour
commonly employed to describe charge transport in ceramic

Dispersive region (AL)

Law-frequency plateau (DO region)
L L L L 1 L

0" ' 10* ' 1t 0 1t

w (rad.s™")

Fig. 14 Electrical conductivity spectra of the studied system at various
temperatures.
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Fig. 15 Variation of In(og.T) versus (1000/T) of the Rb,SnClg
compound.

materials. The dc conductivity can be expressed using the
Arrhenius relation:

04c = Togexp(ksT — E,) )

where o, denotes the pre-exponential conductivity factor, kg is
Boltzmann's constant, and E, corresponds to the activation
energy for charge transport. From the linear fit of the experi-
mental data, the activation energy was extracted and found to be
E, = 0.13 eV.

To elucidate the dominant charge-transport mechanism in
the investigated material, several theoretical frameworks
describing the temperature dependence of the ac conductivity,
a(T), were examined. In disordered systems, the evolution of the
frequency exponent s(7) with temperature is widely recognized
as a reliable indicator of the underlying conduction process.
Various models have been proposed to interpret this
behaviour.”

The quantum mechanical tunnelling (QMT) model assumes
that charge carriers are transferred between localized states by
tunnelling through potential barriers without the need for
thermal activation; as a result, the exponent s remains almost
insensitive to temperature. In contrast, the correlated barrier
hopping (CBH) model attributes electrical transport to ther-
mally activated hopping of carriers between defect states sepa-
rated by energy barriers, leading to a gradual reduction of s with
increasing temperature.*®

The non-overlapping small polaron tunnelling (NSPT) model
considers charge transport via thermally assisted tunnelling of
small polarons between isolated sites, which is manifested by
an increase in the exponent s as temperature rises. Alternatively,
the overlapping large polaron tunneling (OLPT) model
describes conduction through tunneling of large polarons
across overlapping potential wells; in this case, s(7) increases at
lower temperatures, reaches a maximum, and subsequently
decreases at elevated temperatures.*>>°

A comparison between the experimentally obtained s(7)
behaviour and these theoretical predictions allow the identifi-
cation of the most probable conduction mechanism governing
charge transport in the studied compound. Fig. 16 depicts the
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temperature dependence of the frequency exponent s, showing
an initial decrease followed by a modest rise at elevated
temperatures. Such a non-monotonic evolution of s is charac-
teristic of the overlapping large polaron tunnelling (OLPT)
mechanism, indicating that charge transport is governed by the
motion of large polarons through overlapping potential land-
scapes. Within the OLPT framework, ac conductivity originates
from the tunnelling of polarons influenced by interactions
between their associated lattice distortion fields.’* In the case of
large polarons, strong Coulomb interactions extend the spatial
reach of the potential wells, allowing neighbouring wells to
overlap or partially merge. This overlap substantially lowers the
effective energy barrier for polaron transfer between adjacent
sites, thereby promoting charge carrier mobility and enhancing
the ac conductivity. The reduced hopping barrier minimizes the
energy required for carrier motion and directly affects the
associated dielectric losses. Consequently, the overlap of
potential wells, driven by long-range Coulomb interactions,
plays a pivotal role in enabling efficient polaron tunnelling
across the lattice.

In the case of Rb,SnClg, the isolated [SnClg]*~ octahedra
serve as primary polaron centres, where Sn**-Cl~ covalent
bonding generates lattice distortions upon charge localization.
The Rb" cations, being highly polarizable and mobile within the
vacancy-ordered Fm3m framework, facilitate polaron formation
through dynamic lattice relaxation. The interaction between
these polarons and the surrounding chloride lattice creates
expansive distortion fields that drive the tunnelling process
characteristic of OLPT.

The merging of potential wells arises from long-range
Coulomb interactions between neighbouring [SnClg]”~ units,
substantially lowering the hopping barrier compared to small
polaron models. This reduction stems from Rb,SnClg's specific
structural features: the high polarizability of Sn** (d'° configu-
ration) enhances well overlap, while rigid octahedral isolation
enforces anisotropic tunnelling paths. The vacancy-ordered
structure provides a stable scaffold, supporting efficient
polaron motion without phase instability.

This polaron dynamics governs Rb,SnClg's
response, particularly in wide-bandgap semiconductors where

electrical

0.84

e y

0.72
300 310 320 330 340 350 360 370 380 390
T(K)

Fig. 16 The temperature dependence of the frequency exponent “s".
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band conduction is suppressed. In UV optoelectronics and
radiation sensors, where charge transport relies on polaron
hopping, tailoring polaron size via Cl substitution or doping
can optimize both electronic mobility and dielectric response.
The OLPT mechanism proves especially relevant in Rb,SnClg
due to its lead-free all-inorganic environment.

The temperature/frequency dependence of AC conductivity
further validates this: elevated temperatures supply activation
energy to expand polaron radii and deepen well overlap,
boosting o,.; higher frequencies enable rapid polaron re-
orientation within the alternating field. These traits position
Rb,SnCl as a promising material for high-frequency capacitors,
UV photodetectors, and radiation-hardened thermistors, where
polaron tunnelling delivers low-loss operation across a broad
frequency range, benefiting from the inherent structural
advantages of the all-inorganic vacancy-ordered framework.

Within the framework of the OLPT model, the ac conduc-
tivity is described by the relation:

Tc4e2szT2a’lw<N(EF)2>Rw4

12 (ZakBT + ”;H‘”P)

(8)

Oac =

2
5}

The value of the jump distance R, is obtained by solving the
equation below

R;f + [wHO + ln(wro)}R; — WHly = 0 (9)
1 . . / / 1 .
Within this relation, R, = 2aR,,, 1, = 2ary, = T in
B
this context, « corresponds to the reciprocal of the localization

length.

Within the framework of the overlapping large polaron
tunnelling (OLPT) model, the potential wells of large polarons at
adjacent sites merge, resulting in a decreased energy requirement
for polaron transfer, as described in the following.*

Wa = Wi |1 - 2]

" (10

In this framework, Wy, represents the energy required for
polaron hopping, R denotes the distance between polaron sites,
and r, corresponds to the polaron size. It is further assumed
that Wy, remains constant across all sites, while the site sepa-
ration R is treated as a variable. The values of Wy, and R,, can be
determined using the expressions provided below:*

(32

Wia= 1 (1)
Rw = L <ln (l> - WHOﬁ)
4o Ty
1
1 2 2
+ (WHoﬂ —In (‘E_)) + 8aWH0rp,3:| (12)
0
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Fig. 17 Temperature evolution of AC conductivity plotted against
1000/T, analysed using the OLPT mechanism.

The frequency factor “s” in this setup is described as:

6 WHOVp
R, kg T

WHO Vp 2
(or (i)

As depicted in Fig. 17, the OLPT model closely reproduces
the observed experimental behaviour. The fitting parameters
utilized in this analysis are listed in Table 6.

8aR, +
s=1-—

Conclusions

In this study, phase-pure Rb,SnCls vacancy-ordered double
perovskite nanocrystals were successfully synthesized using
a facile anti-solvent precipitation method and comprehensively
characterized to establish their structural, optical, and electrical
properties. Structural analyses confirmed a highly crystalline
cubic Fm3m phase with nanoscale coherence, while micro-
scopic and compositional investigations validated the uniform
morphology and stoichiometric integrity of the synthesized
material. XPS measurements further confirmed the stable
oxidation states of Rb*, Sn*", and Cl~, demonstrating the
chemical robustness of the perovskite framework.

Optical studies revealed that Rb,SnCls is a wide direct
bandgap semiconductor (=4.69 eV) with strong ultraviolet
absorption and minimal visible-light absorption, making it
particularly attractive for UV optoelectronic and radiation-
detection applications. Electrical characterization via imped-
ance spectroscopy demonstrated thermally activated conduc-
tion with clear negative temperature coefficient of resistance
behaviour. Detailed analysis of AC conductivity and frequency-
dependent transport parameters established overlapping large
polaron tunnelling as the dominant charge transport mecha-
nism, enabled by the polarizable Rb" sublattice and the isolated
[SnCl]*~ octahedral units.

The combination of wide bandgap, low activation energy,
stable dielectric benign
composition positions Rb,SnCls as a promising lead-free

response, and environmentally
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material for next-generation UV photodetectors, thermistors,
solid-state electrolytes, and radiation-hardened electronic
components. This work provides critical experimental insight
into the structure-property-transport relationships of A,SnClg
perovskites and offers a solid foundation for future efforts
aimed at compositional tuning, defect engineering, and device-
level integration. Finally, systematic long-term stability testing
under controlled humidity, thermal cycling, and photo-
oxidation conditions represents an important direction for
future work.
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