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dielectric behavior and polaron
hopping in lead-free antimony-based double
perovskite

Mohamed Ben Bechir *a and Faisal Alresheedib

Lately, double perovskite materials have become well-known in the commercialization area owing to their

potential use in optoelectronic applications. Here, double perovskite Cs2AgSbCl6 single crystals (SCs) with

cubic crystal structure and Fm�3m space group were successfully synthesized via the slow cooling

technique. This paper investigates the dielectric relaxation and charge transfer mechanism within

Cs2AgSbCl6 using electrochemical impedance spectroscopy (EIS) in the 273–393 K temperature range

under light. The dielectric response in Cs2AgSbCl6 has been explained by the space charge polarization

and the ionic motion. The 3′(u) study at different temperatures shows a remarkable frequency transition

at which d3′/dT changes from a positive to a negative coefficient. Based on Stevels approach, the density

of traps diminishes with the temperature increase, which improved conduction. However, this approach

proves the polaronic conduction in Cs2AgSbCl6. 0.42 and 0.21 eV are the binding (Ep) and polaron

hopping (WH) energy values, respectively. Contrary to free-charge carrier motion, polaron hopping was

proposed as the principal conduction process since the ambient-temperature thermal energy was lower

than Ep. Moreover, the analysis of M′′(u) and −Z′′(u) as a function of temperature shows the thermally-

activated relaxation from the non-Debye to Debye type model in Cs2AgSbCl6. This scientific research

offers an essential understanding of the dielectric relaxation behavior, which is required for improving

dielectric switches. Also, this paper provides a deep insight into the conduction mechanism within

double perovskite materials.
1. Introduction

Recently, lead (Pb)-based halide perovskites, which have shown
power conversion efficiencies above 25.5%, have drawn
researchers' attention as potential materials in place of silicon
solar cells.1–3 These semiconducting materials, which can be
prepared through inexpensive precursors, show interesting
optoelectronic proprieties as high absorption coefficients,
tunable band gap, and excellent charge carrier mobility marked
by a good lifetime.4–6 However, despite all these performances,
researchers are looking for alternatives to lead (Pb)-based halide
perovskites due to their chemical instabilities and lead toxicity.7

In this context, a promising approach is the heterovalent
replacement of the lead (Pb) position in the crystal structure by
a pair of monovalent and trivalent metal ions, forming the well-
known metal-halide lead-free halide double perovskites with
A2MM′X6 (A = Rb+, Cs+, etc.; M = Ag+, K+, Li+; M′ = Sb3+, In3+ or
Bi3+ and X= I−, Br− or Cl−).8 In the context of ferroelectrics, the
haracterization of Materials (LaSCOM),
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the Royal Society of Chemistry
double perovskite materials have analyzed for the rst time in
the 1970s.9 Until now, a large number of double perovskite
compounds, which have good octahedral and Goldschmidt
tolerance factors, have been predicted to be chemically
stable.10,11 Thus, the thermodynamic stability with the struc-
tural and functional variety noted in this family, shows that the
metal-halide lead-free halide double perovskites are promised
candidates for optoelectronic applications.11–13 The Cs2AgMX6

compound, with M representing Bi, Sb, or In, exhibits a highly
encouraging structure for lead-free halide perovskites due to the
interconnection of metal halide octahedra throughout a three-
dimensional framework.14 This extensive three-dimensional
interconnection possibly underlies the notable performance
in photovoltaic devices craed from these substances. Notably,
these devices have demonstrated remarkably high power
conversion efficiencies, surpassing those reported for other
lead-free halide materials, despite having band gaps of an
indirect nature.15,16 In recent studies, numerous scientic teams
have presented methods for creating nanocrystals of Cs2AgBiX6

(X referring to Br or Cl).17–20 Discrepancies have emerged in the
observed optical spectra when comparing nanocrystal data to
measurements obtained from bulk materials. Notably, obser-
vations of a distinct peak at 430 nm in Cs2AgBiBr6 have raised
questions, hinting at the possibility of substantial quantum
RSC Adv., 2023, 13, 34703–34714 | 34703
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connement within these specic systems. Earlier investiga-
tions suggested that the discrepancies observed could be
attributed to differences in measurement techniques (speci-
cally, transmission versus reection) and variations in sample
concentration rather than stemming from the inherent optical
response.18,21 Further reinforcement for this hypothesis was
obtained through the examination of thin lm transmission in
single-crystalline Cs2AgBiBr6,22 demonstrating remarkably
similar optical characteristics to the nanocrystal solutions.

Despite the A2MSbX6 compounds presenting the advantage
of lower bandgap since they have a reduced conduction band
minimum, these compounds are the less studied double
perovskites.12,13 However, the synthesis of Cs2AgSbCl6 perov-
skite was carried out using a limited number of different tech-
niques. Recently a scientic team effectively produced
polycrystalline Cs2AgSb1−xInxCl6 samples by utilizing solid-
state methods. This involved combining specic amounts of
CsCl, AgCl, and SbCl3 (or InCl3) in evacuated quartz ampules,
followed by heating the mixture to 400 °C.23 Subsequently,
a separate group of researchers prepared Cs2AgSbCl6 micro-
crystals using the hydrothermal technique within a stainless-
steel Parr autoclave. The resultant crystals displayed a tetrade-
cahedral crystallization pattern, forming a truncated octahedral
structure.24 Lately, the hot injection method was employed to
create colloidal nanocrystals (NCs) of Cs2AgSb1−xBixCl6 alloys,
as detailed in the recent study.25 This process yielded NCs
exhibiting a cubic morphology. Nevertheless, detailed studies
on dielectric relaxation and conduction mechanism within the
A2MSbX6 double perovskites are not yet noticed. Thus, for better
enhancement of these double perovskites in dielectric and
optoelectronic applications, a comprehensive understanding of
the fundamental physical processes in A2MSbX6 is needed.

In this work, the elaboration, as well as structural and optical
studies of Cs2AgSbCl6, are represented. This paper offers
a comprehensive knowledge of dielectric relaxation and
conduction mechanisms in Cs2AgSbCl6. EIS is a powerful
technique for investigating dielectric characteristics. This work
contains a detailed frequency and temperature-dependent
study of dielectric relaxation within Cs2AgSbCl6. It was found
that the dielectric constant falls at a transition frequency, which
increases with the temperature. Stevels model proves that
polaron hopping is the principal conduction mechanism in
Cs2AgSbCl6, and indicates the decreasing of conned charge
density when the temperature increases and then conduction
improves. The combined modulus and impedance analyses
show the thermally-activated relaxation from the non-Debye to
Debye type model in Cs2AgSbCl6.

Our paper, which gives thorough comprehension and new
ideas about polaron hopping and dielectric relaxation within
Cs2AgSbCl6 can be valuable to different lead-free halide double
perovskite materials.

2. Methods
2.1 Materials

Cesium chloride (Sigma-Aldrich, $98.0%), silver chloride
(Sigma-Aldrich, 99.99%), and antimony(III) chloride (Sigma-
34704 | RSC Adv., 2023, 13, 34703–34714
Aldrich, $99.95%) were used as obtained without further
purication. HCl was prepared from Synth, 37% wt in water.
2.2 Synthesis

Black pyramid-like Cs2AgSbCl6 SCs were synthesized by the
solvothermal procedure (Fig. 1a), which is ensured by the slow
cooling method. The precursor CsCl (0.95097 g, 0.0056485 mol),
AgCl (0.40477 g, 0.0028242 mol), and SbCl3 (0.64426 g,
0.0028242 mol) salts were dissolved in distilled water according
to the following equation:

2CsCl + AgCl + SbCl3 / Cs2AgSbCl6

The solution obtained was meticulously transferred into
a 15 mL Teon-lined SS autoclave and then placed in an oven
set at 150 °C. Next, the precursor solution was cooled from 150 °
C to room temperature at a rate of 0.25 °C h−1 instead of the
natural cooling method. Later achieving ambient temperature,
the precursor solution was le for some days (at room
temperature). In the end, the Cs2AgSbCl6 SCs were later grown
by slow solvent evaporation. Based on previous work on Cs2-
CuSbCl6 SCs,26 this method of synthesis can lead to Cs2AgSbCl6
nanoparticles.
2.3 Characterizations

The powder X-ray diffraction (PXRD) analysis was performed at
room temperature by the Rigaku MiniFlex 600 benchtop
diffractometer using Cu(Ka) line radiation (l = 1.54 Å).

HAADF-STEM pictures and Energy Dispersive X-ray Spec-
troscopy (EDS) data were collected with a Cs-corrected JEOL
JEM-2100 F microscope set to 200 kV. A JEOL Silicon Dri
Detector (DrySD60GV) with a sensor size of 60 mm2 was used for
EDS mapping, spanning an estimated solid angle of 0.5
steradians.

The thermogravimetric (TG) study was performed on a Per-
kinElmer Pyris 6 in the temperature range of 300–1300 K with
a heating rate of 5 °C min−1.

The diffuse reectance spectrum was registered at room
temperature via a PerkinElmer Lambda 950 UV-Vis
spectrophotometer.

At room temperature, the photoluminescence (PL) spectra
were obtained using a HORIBA LabRAM (HR800) apparatus
equipped with a 325 nm laser. The TRPL (Time-Resolved Pho-
toluminescence) analysis was conducted using a Time-
Correlated Single Photon Counting (TCSPC) system (Horiba
Jobin Yvon Inc). The TCSPC measurements were performed
utilizing a pulsed-laser source operating at a wavelength of
325 nm, with a repetition rate of 100 kHz, uence approximately
at 4 nJ cm−2, and a pulse width of 70 ps. In this study, Cs2-
AgSbCl6 SCs were excited using a 325 nm wavelength via
a xenon lamp source under room temperature. The Ludox
suspension was employed as the instrument's response func-
tion to deconvolute the spectral values.

Raman measurements were taken with the Horiba LabRAM
HR Evolution Raman Spectrometer to investigate the Cs2-
AgSbCl6 SCs.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic picture of the solvothermal method to obtain
Cs2AgSbCl6 single crystals. (b) Powder X-ray diffractogram of Cs2-
AgSbCl6 at room temperature in the 2q range 5–60°. The inset pres-
ents the packing diagram forCs2AgSbCl6. (c) STEM-HAADF image
ofCs2AgSbCl6. (d) EDS mapping of Cs, Ag, Sb and Cl in different colors.
(e) TG data of Cs2AgSbCl6 in the temperature range of 300–1300 K.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To evaluate the complex impedance, a small portion of
Cs2AgSbCl6 SCs underwent mechanical grinding in an agate
mortar with a pestle to produce ne powders. A pellet of Cs2-
AgSbCl6, measuring 0.92 mm in thickness and with a relative
density of 95.17%, was prepared at room temperature by sub-
jecting it to a 50 Torr pressure using an 8 mm diameter
hydraulic press. The pellet obtained was positioned between
a pair of copper electrodes, with a layer of silver paint applied to
ensure effective electrical contact between the sample and the
electrodes. The impedance measurements under light and at
different temperatures (273–393 K) were done using the Zahner
electrochemical workstation in the frequency range of 10–
106 Hz.

Ultrafast transient absorption (TA) observations were per-
formed using the Helios pump-probe ultrafast spectroscopy
equipment. This cutting-edge setup comprised a laser oscillator
(Coherent Micra) functioning on Ti: sapphire principles, an
amplier (Coherent Legend), and an optical parametric ampli-
er (OPA) (TOPAS) furnished with a crystal of Barium Borate
(BBO). Transient absorption (TA) measurements on an ultrafast
timescale were executed using this arrangement. An amplied
laser pulse is produced by the amplier, displaying a Gaussian
prole and lasting around 35 fs. This pulse is centered at
700 nm and holds an average power of 3.5 W, operating at
a frequency of 1 kHz. The divided amplied laser beam
undergoes bifurcation, with 70% being steered towards the
optical parametric amplier (OPA), and the residual 30% being
routed towards the spectrometer. To facilitate a time delay,
a delay stage encompassing a span from 0 to 8 ns is incorpo-
rated. This temporal offset allows the allocated 30% portion of
the beam to function as the probe beam for purposes of spec-
troscopic examination. The process of generating a white-light
continuum (WLC) for the probe beam, spanning from 375 nm
to 750 nm, involves guiding the bifurcated beam through
a sapphire plate. Extracting a pump beam at around 350 nm
wavelength was achieved by tapping into the exceptionally
consistent output of the optical parametric amplier (OPA).
This particular pump beam carried a uence measuring 0.5
mW. With meticulous attention, both the pump and probe
beams were precisely concentrated onto the sample to guar-
antee impeccable spatial congruity. The manipulation of data
and its subsequent tting were accomplished through the
utilization of the surface Xplorer soware. To establish the
spectral resolution, an in-house calibrated ocean optics spec-
trometer was employed alongside the ZnTPP dye for calibration
purposes.

3. Results and discussion

The room temperature PXRD pattern of Cs2AgSbCl6 is presented
in Fig. 1b. With the Celeref 3 soware's help,27 it was found that
Cs2AgSbCl6 crystallizes at room temperature in the cubic
symmetry with Fm�3m space group and lattice parameters a =

b = c = 10.3954 Å. This result is in good accord with the liter-
ature.28 The crystal structure of Cs2AgSbCl6, which is shown in
the inset of Fig. 1b, contains corner-shared [AgCl6]

5− and
[SbCl6]

3− octahedra arranged alternately periodically. All the
RSC Adv., 2023, 13, 34703–34714 | 34705
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cesium atoms (Cs) are positioned in the cubic octahedral cavity,
thus constituting a double perovskite structure.28

Morphological attributes and particle shape of Cs2AgSbCl6
SCs were scrutinized through the utilization of transmission
electron microscopy (TEM) imaging. An illustrative depiction of
the sample is presented in Fig. 1c. The assessment divulged that
a signicant proportion of particles displayed a diminutive
spherical conguration. In particular, the exploration of an
individual spherical particle measuring around 200 nm in size
is depicted in Fig. 1c. To verify the existence of chemical
constituents within the synthesized Cs2AgSbCl6, a STEM-EDS
analysis was carried out, as depicted in Fig. 1d. The analysis
through EDS mapping unveiled the presence of cesium (Cs),
silver (Ag), antimony (Sb), and chloride (Cl). This outcome
serves as evidence that no elements underwent depletion
throughout the entirety of the synthesis process. From these
ndings, it is implied that the prepared Cs2AgSbCl6 is of
complete purity, as detailed in Table 1. The chemical elements
existing within Cs2AgSbCl6 can be theoretically computed as
follows:

2CsþAgþ Sbþ 6Cl ¼ 100%

/Cs ¼ 20%z 20:5%
/Ag ¼ 10%z 10:1%
/Sb ¼ 10%z 9:8%
/Cl ¼ 60%z 59:6%

(1)

The TG study of the Cs2AgSbCl6 compound is presented in
Fig. 1e. The decomposition of the prepared perovskite appears
in two steps around 600 and 987 K.

The absorption spectrum of Cs2AgSbCl6 from 250 to 450 nm
at room temperature is shown in Fig. 2a. A Tauc study on the
absorption spectrum of Cs2AgSbCl6 powder (inset of Fig. 2)
suggests an indirect bandgap (Eg) of 2.52 eV, which is in accord
with the literature.11

The PL spectrum displays a peak situated at 396 nm, as
illustrated in Fig. 2b. This aligns harmoniously with earlier
investigations.29,30 Furthermore, an assessment of time-resolved
photoluminescence (TRPL) was carried out on Cs2AgSbCl6 SC at
room temperature, as shown in Fig. 2c. The outcomes unveiled
an appreciably protracted carrier lifetime of 8.21 ns, surpassing
the value of 6.57 ns found previously.31 This elongated carrier
lifetime stands as a testament to the enhanced excellence and
diminished imperfections in the Cs2AgSbCl6 SC.

The Raman spectra of the Cs2AgSbCl6 SC at room tempera-
ture is shown in Fig. 2d. The literature has been used to provide
a full attribution.32–34 The vibrational patterns within Cs2-
AgSbCl6 SC predominantly manifest in the lower-wavenumber
Table 1 Composition analysis: chemical elements proportions in
Cs2AgSbCl6 SC

Chemical element % atomic

Caesium (Cs) 20.5
Silver (Ag) 10.1
Antimony (Sb) 9.8
Chloride (Cl) 59.6

Fig. 2 (a) Absorption spectrum of Cs2AgSbCl6. The inset shows the
Tauc plot. (b) Photoluminescence spectrum of Cs2AgSbCl6. (c) Time-
resolved PL spectrum of Cs2AgSbCl6 at room temperature. (d) Raman
spectrum of Cs2AgSbCl6SC obtained at room temperature.

34706 | RSC Adv., 2023, 13, 34703–34714 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Real part of impedance (Z′) vs. frequency at different
temperatures. (b) Imaginary of impedance (−Z′′) vs. frequency at
different temperatures.
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domain, extending up to 310 cm−1. This phenomenon arises
from the inclusion of substantial elements such as Ag and Sb
within their composition. While the octahedral structures of
[SbCl6]

5− and [AgCl6]
5− exhibit impeccable Oh symmetry, vari-

ations in the bond lengths of Ag–Cl and Sb–Cl contribute to
distinct sizes of their respective octahedra. Due to the slightly
greater Ag–Cl bond lengths in comparison to the Sb–Cl bond
lengths, the [SbCl6]

5− octahedron exhibits a more robust bond.7

Consequently, it is foreseeable that the vibrational reaction
within these SCs will be predominantly inuenced by the
[SbCl6]

5− octahedron in contrast to the [AgCl6]
5− octahedron.

The lower-frequency resonance at 73 cm−1 corresponds to the
translational mode, with the 122 cm−1 registering as an over-
tone of this mode. Meanwhile, the higher-frequency resonances
at 209 cm−1 and 294 cm−1 can be attributed to the Eg (stretching
asymmetric) and A1g (stretching symmetric) modes of the
octahedron, respectively. The allocations to these diverse modes
are additionally validated by adhering to the subsequent over-
arching relationship:

UA1g

2 ¼ UEg

2 þ 3

2
UT2g

2 (2)

Examination of Table 2 showcases a satisfactory alignment
between the acquired experimental frequencies and the docu-
mented outcomes from DFT analysis.

The impedance analysis has been carried out under illumi-
nation in the 273–393 K temperature range to understand the
conduction mechanism and dielectric relaxation behavior
within Cs2AgSbCl6. Fig. 3a shows the Z′(u) plots in different
temperatures. It is noted that, at low frequencies, the resistance
(Z′) reduces when both temperature and frequency increase,
which suggests the NTCR (negative temperature coefficient of
the resistance) comportment in Cs2AgSbCl6.35 This increasing
conductance with the temperature can explained by the
augmentation of charge carrier mobility besides the decrease in
conned charge density within Cs2AgSbCl6.36 As shown in the
inset of Fig. 3a, below a particular frequency we note a negative
coefficient (NC) for dZ′/dT, which becomes a positive coefficient
(PC) above this particular frequency. Fig. 3b presents the−Z′′(u)
curves in various temperatures, it is noted that −Z′′ decreases
when the frequency increases until to a particular frequency,
and aerward −Z′′ rises with the frequency. Above this partic-
ular frequency, we note the presence of an asymmetric crest,
which shows the relaxation behavior within Cs2AgSbCl6. The
Table 2 Composition analysis: chemical elements proportions in
Cs2AgSbCl6 SC

Vibrational
modes

Raman (cm−1)

Our experimental
study Other DFT analysis19–21

F(1)2g 73 43.5, 54.4, 28.6
F(2)2g 122 110.3, 116.8, 123.4
E(1)g 209 220.2, 194.8, 195.8
A(1)1g 294 290.4, 300.6, 310.6

© 2023 The Author(s). Published by the Royal Society of Chemistry
improvement of the capacitance is shown by the decrease of−Z′
′magnitude when the temperature increases.37 Fig. 4a shows the
thermal variation of the peak frequency, which increases with
the temperature. This behavior conrms that the relaxation
process is thermally activated within Cs2AgSbCl6.38 The thermal
variation of the relaxation time s (s= 1/umax) is shown in Fig. 4a,
the order of s (microseconds) indicates the creation of space
charges within Cs2AgSbCl6. Based on the literature, the pres-
ence of space charges is related to the redistribution of charge
carriers within the crystal structure possesses a relaxation time
of around microseconds.38 Fig. 4a shows that s decreases as
temperature increases. This comportment indicates that the
charge carriers' delocalization is thermally activated within
Cs2AgSbCl6. For high temperatures, this increase in delocal-
ization proposes the passage from non-Debye to Debye-type
relaxation.39

s ¼ s0 exp

�
� Ea

kbT

�
(3)
RSC Adv., 2023, 13, 34703–34714 | 34707
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Fig. 4 (a) Temperature dependence of themaximum frequency of−Z′
′(u) and the relaxation time (s). (b) Arrhenius plot.
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where Ea, s0, and kb present the activation energy, the relaxation
time constant, and the Boltzmann constant, respectively.

The t of the curve (Fig. 4b) was used to calculate the acti-
vation energy, which was equal to 93 meV. This typical value of
Ea shows the charge carriers' motion within Cs2AgSbCl6.
Moreover, this can be assigned to the activation of the polarons
motion process with a progressive decrease in electron-lattice
coupling.

In order to study the dielectric properties within Cs2AgSbCl6,
eqn (4)–(6) have been used to calculate the frequency-dependent
complex dielectric permittivity.

3(u) = 3′(u) + j3′′(u) (4)

3
0ðuÞ ¼ Z00

uC0

�
Z02 þ Z002

� (5)

300ðuÞ ¼ Z
0

uC0

�
Z02 þ Z002

� (6)

tan(d) = 3′(u)/3′′(u) (7)
34708 | RSC Adv., 2023, 13, 34703–34714
where 3′(u) and 3′′(u) present the dielectric constant and the
dielectric loss, respectively.

Fig. 5a shows the 3′(u) plots at different temperatures, it is
noted that in low frequencies, the dielectric constant takes on
high values, which can be related to their intrinsic polar char-
acter. The entities [AgCl6]

5− and [SbCl6]
3− present a polar

character since the electronegativity variation between Ag/Sb
and Cl (Cl–Ag = 1.23, Cl–Sb = 1.11), the dynamic disorder,
which is created by the electronegativity variation among both
entities and the bending Cl–Sb–Cl and Cl–Ag–Cl liaisons, frac-
tures the inversion symmetry causing thus the polarization of
the Cs2AgSbCl6 lattice. Fig. 5a shows that the dielectric constant
decreases as the frequency increases until a particular
frequency, then 3′ rises with frequency before reaching
a constant value at 104 Hz. Fig. 5b shows that the transition
frequency increases with the temperature. The off-centering
character of the Ag and Sb cations can inuence the ionic
movements within the [AgCl6]

5− and [SbCl6]
3− entities, this

operation can explain the transition frequency origin. The
thermal behavior of the transition frequency can be interpreted
by the lattice expansion within Cs2AgSbCl6, since the Ag–Cl, and
Sb–Cl distance vary. According to the literature, this off-
centering behavior can lead to a ferroelectric nature, but there
is no proof of the ferroelectric character within Cs2AgSbCl6.39

The arrows presented in Fig. 5a show a large PC for d3′/dT under
the transition frequency and then becomes a small NC above
this frequency. This transition from PC to NC was noted in
some perovskite materials such as Cs0.06FA 0.79MA0.15Pb(I0.85-
Br0.15)3 and CH3NH3PbI3 at 150 and 103 Hz, respectively.40,41

According to the literature, the variation in d3′/dT behavior can
be related to the photo-induced lattice distortion, which causes
entropy increment and temperature-dependent variation in the
dipole dispersion.39 Fig. 5c shows the thermal variation of 3′ at
particular frequencies, it is noted the disappearance of relaxa-
tion aer the frequency 104 Hz. This suggests that in the high-
frequency region the polar variation becomes lower, and the
unrelaxed dielectric constant value shows the electronic and
atomic polarization. The dielectric constant behavior can be
related to the ionic polarization under the transition frequency.
The ionic polarization in Cs2AgSbCl6, which their primitive unit
cell contains different ions 6 Cl−, 2 Cs+, Sb3+, and Ag+, occurs
due to the separation of cations (Cs+) and anions ([AgCl6]

5− and
[SbCl6]

3−) centers. This type of polarization relates to the
deformational element of polarizability. The thermal variation
in Sb–Cl, and Ag–Cl chemical bonds will provoke increased
ionic polarization when the temperature increases and a large
PC for d3′/dT appears. The dipolar polarization can explain the
dielectric constant behavior aer the transition frequency. In
illumination, the polarization can be explained by the electro-
static potential gradients, which are created by the inhomoge-
neous charged distribution. The improved haphazard thermal
movement, which drives an important variation from the
perfect dielectric alignment, is the reason for increasing dipolar
polarization with the temperature. Nevertheless, d3′/dT presents
low NC since the deviation is slight with the temperature
increase. Fig. 5d shows the 3′′(u) plots at different temperatures,
it is noted that, at low frequencies, the dielectric loss increases
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Variation of 3′(u) at different temperatures. (b) Temperature
dependence of the transition frequency. (c) Temperature dependence
of dielectric constant 3′ at different frequencies. (d) Variation of 3′′(u) at
different temperatures.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with the temperature. This behavior can be interpreted by the
Stevels approach, which proposed that the relaxation procedure
appears owing to the vibrational, dipole, and conduction
losses.42,43

As reported by the Stevels model, 3′′ is shown as:

3′′ = Aum, (m < 0) (8)

m ¼ �4kbT
Wmax

(9)

where A, and,Wmax refer to a constant and themaximum barrier
height between two traps, respectively.

The parameter m values, which are calculated from the
adjusted 3′′(u) plots (Table 3), increase with the temperature.
Consequently, Wmax decreases with increasing temperature,
which facilitates the motion of charge carriers. The conductivity
improvement with the temperature is related to the reduction of
the trap's contribution. Moreover, this approach might be
applied to the polaron creation since the thermal variation of
the parameter m proves the polaron motion in the prepared
compound. Herein, the maximum barrier height between the
two trap states (Wmax) would be indicated as the polaron
hopping energy (WH).39 Under the light, the deformation of the
Cs2AgSbCl6 lattice occurs owing to its polar character as we
explained lately. A polaron can be a “small polaron” or a “large
polaron”, this depends on the polaron radius compared to the
lattice constant. Within the perovskite Cs2AgSbCl6, a short-term
occurs via distortion potential and small polarons type, since
the structural isolation among the entities [AgCl6]

5− and
[SbCl6]

3− causes zero-dimensionality (electronic). Within the
unit cell, small polarons' motion happens through thermally
excited hopping. Fig. 6a shows the polaron creation within the
Cs2AgSbCl6 lattice unit under the light. Usually, the conduction
activation energy (Es) in semiconductors materials is shown as
follows:39

Es = WH + ES (10)

where WH and ES represent the hopping energy of the polaron
and the energy needed to produce a charge carrier, respectively.

In this work, it was proposed polaronic conduction within
Cs2AgSbCl6 so the ES, which generally presented the semi-
conductors band gap, describes the transition between Ef
(Fermi energy) and Ep (polaronic localized state). According to
Table 3 The calculated ‘m’ values from the fitted 3′′(u) plots at
different temperatures

Temperature Value of ‘m’

273 −0.65
293 −0.69
313 −0.73
333 −0.78
353 −0.82
373 −0.87
393 −0.91
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Fig. 6 (a) Polaron creation within the Cs2AgSbCl6 lattice site. Dark and red arrows illustrate repulsive and attractive forces, respectively. (b)
Schematic band diagram forCs2AgSbCl6. (c) Polaron hopping passage in the Cs2AgSbCl6 lattice units.
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the literature, the Cs2AgMCl6 (M = In, Bi, and Sb) compounds
are assumed to be n-type semiconductors,12,44 and the Fermi
level of Cs2AgSbCl6 situated above 1.86 eV from the valence
34710 | RSC Adv., 2023, 13, 34703–34714
band.12 The value ofWH, which was determined from eqn (7), is
equal to 0.21 eV. Therefore, the value of Ep is 0.42 eV, since Ep =
2WH.39,45 Fig. 6b shows the graphic representation of the energy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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bands within Cs2AgMCl6. Contrary to free charge carrier
motion, polaron hopping is proposed as the suitable conduc-
tionmechanism within Cs2AgMCl6, since the room temperature
thermal energy is lower than Ep energy. The calculated values of
ES and the appropriate activation energy for conduction can
equal 0.24 and 0.43 eV, respectively. The polaron hopping
motion from one entity to another one is shown in Fig. 6c. The
motion of polarons improves under the temperature effect, and
polarons shi different unit cells with the temperature rise.39

Fig. 7 shows the tan d(u) plots at different temperatures, it is
noted that the loss factor increase with frequency until the
transition frequency, and aer it the loss factor decrease with
the frequency rise. As temperature increases, the shi of the
loss tangent's transition frequency towards higher frequencies
parallels the observed trend in 3′ (Fig. 5b). The d(tan d)/dT
variation from NC to PC at the transition frequency can be
interpreted the same as given for the dielectric loss. Neverthe-
less, besides the dielectric relaxation, a prospective study will be
necessary to clarify this transition and to get an understanding
of electric eld relaxation.

The electric modulus is shown as follows:46

M* ¼ 1

3*
¼ 1

ð30 þ j300Þ ¼
3
0

302 þ 3002
þ i

3
0

302 þ 3002
¼ M

0 þ iM 00 (11)

where M′ and M′′ present the real and imaginary parts of the
electric modulus, respectively.

Fig. 8a shows the M′(u) plots at different temperatures.
Under the transition frequency, M′ gets a petite value (about
zero), and aer it M′ increases with frequency until reaches an
almost constant value aer 104 Hz. Below the transition
frequency (low frequencies), the comportment of M′(u) can be
explained mainly by the negligence of the electrode
polarization.47–50 Above the transition frequency, the increase of
M′ can be interpreted by the polarons hopping.47–50 It is noted
Fig. 7 Variation of tan d at different temperatures.

Fig. 8 (a) Variation of M′(u) at different temperatures. (b) Variation of
M′′(u) at different temperatures.

© 2023 The Author(s). Published by the Royal Society of Chemistry
that M′(u) plots move to a high frequency with the temperature
increasing. This behavior shows the temperature impact on the
polaron delocalization.46–49 Fig. 8b shows the M′′(u) plots at
different temperatures, it is noted the presence of a peak at
every temperature. This conrms the existence of electric eld
relaxation within Cs2AgSbCl6. The asymmetrical nature ofM′′(u)
plots show the non-Debye behavior within Cs2AgSbCl6.35,37

Nevertheless, this asymmetrical nature shis to symmetric with
the temperature increasing. This behavior proposes a transition
in the relaxation process from the non-Debye to the Debye
type.39 Fig. 8b shows that the relaxation peak, which presents
the transition from long-range to short-range mobility of
polarons, shis to a high frequency with the temperature
increasing. This comportment conrms the thermally-activated
relaxation process and the long-range mobility amelioration of
polarons, which veries the relaxation passage from the non-
Debye to Debye type.51–53 Conned polarons can cross the
potential barrier with the help of the energy resulting from the
RSC Adv., 2023, 13, 34703–34714 | 34711
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Fig. 9 (a) Modulus Nyquist diagram at different temperatures. (b)
Temperature dependence of the relaxation time (s). The inset presents
the Arrhenius plot.

Fig. 10 Correlation of −Z′′(u) and M′′(u) plots at 273 and 393 K.
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increase in temperature. Fig. 9a, which shows the modulus
Nyquist curves at different temperatures, conrms this inter-
pretation by the change of plots from a depressed semicircle to
a less depressed semicircle with the rising temperature. Fig. 9b
shows the determined relaxation time from M′′(u) plots at
different temperatures. It is noted that s decreases with
increasing temperature, this conrms the thermally activated
polaron delocalization within Cs2AgSbCl6.54,55 The t of ln(s) vs.
1/T (the inset of Fig. 9a) was used to calculate the activation
energy, which was equal to 142 meV.

The charge carriers' motion as well as the relaxation type
(non-Debye/localized or Debye/delocalized) can be determined
by the association ofM′′(u) and−Z′′(u) plots. The coincidence of
impedance and modulus peaks (M 00

max and �Z00
max) at the same

frequency proposes a long-range motion, otherwise, the
conduction process explains by a short-range motion. Fig. 10
shows an important mismatching between M 00

max and �Z00
max

peaks at 273 and 393 K. This shi proposed a short-range
motion of polarons within Cs2AgSbCl6 and shows the devia-
tion from the ideal Debye response. Fig. 10 shows that when the
34712 | RSC Adv., 2023, 13, 34703–34714
temperature increases the shi between the peaks decreases.
Consequently, we deduce that the temperature increase results
in the delocalized polarons relaxation (to Debye-type) within
Cs2AgSbCl6.56,57

Furthermore, to substantiate the conduction mechanism
and delineate the attributes of polarons, transient absorption
spectroscopy was conducted through excitation at a 350 nm
wavelength. The resultant spectral prole is displayed in
Fig. 11a. Within the wavelength range of 450 to 700 nm, we
detected a photoinduced absorption (PIA) band, signifying the
establishment of self-trapped states (STS) situated below the
band edge. This expansive PIA band is a customary observation
during the creation of STS, as reported in previous studies.26

The magnitude of the PIA signal registers enhancement up to
850 fs, succeeded by a rapid decline and reduction spanning
around 15 ps. The complete progression of photoinduced
absorption (PIA) kinetics within the scope of probe wavelengths
unfolds within approximately 400–650 fs. The absence of
a discernible potential barrier separating free excitons and
carriers within self-trapped states (STSs) is evidenced by the
swi emergence of PIA kinetics.

A biexponential decay model was used to investigate the
kinetics found at 435 nm, which corresponds to the absorbance
band edge of the Cs2AgSbCl6 crystal. As shown in Fig. 11b, the
results show that the decay may be explained by two separate
time constants: s1 (1.1 ps, accounting for 77.3% of the decay)
and s2 (7.4 ps, accounting for 32.7% of the decay). A similar
research was also conducted in the 450–650 nm region, with an
emphasis on kinetics at 620 nm. As shown in Fig. 10b, this set of
kinetics may be described by time constants s1= 0.1 ps and s2=
6.3 ps. The rapid component s1 (1.1 ps) discovered in the
kinetics at 435 nm can be attributed to carrier relaxation by
interaction with longitudinal optical (LO) phonons, known as
Fröhlich polarons.58,59 Fröhlich polarons develop within lead-
halide perovskites, and their creation period is generally
approximately 0.1 ps. Notably, this timescale is quite near to the
fast time constant reported at 620 nm (s1 = 0.1 ps). The
resulting deformation of the pliable lattice containing the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Transient absorption spectra in femtosecond scale (fs-TA)
of Cs2AgSbCl6 SC in the 450–700 nm probe range following 340 nm
laser stimulation. (b) Continuous black lines illustrate the exponential
fit of the experimental data at 435 and 620 nm.
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dimensions of the Fröhlich polaron causes various acoustic
phononmodes to be activated. The interaction of electrons with
acoustic phonons, together with the fast self-connement of
carriers caused by these acoustic phonons, supports the devel-
opment of the secondary component seen at 435 and 620 nm.
These events are anticipated to occur at s2 = 7.4 ps and s2 = 6.3
ps, respectively.
4. Conclusions

In sum, the dielectric and conduction process within Cs2-
AgSbCl6 have been studied through the EIS as a function of
temperature. This work shows that the dielectric constant
within Cs2AgSbCl6 falls at a transition frequency, which
increases with the temperature. d3′/dT demonstrates a large PC
under the transition frequency and then becomes a small NC
above this frequency. Stevels approach, which proves the
polaron hopping as a conduction mechanism within Cs2-
AgSbCl6, indicates the decreasing of conned charge density
when the temperature increases and then conduction improves.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The energy Ep, which is equal to 0.42 eV, is bigger than the
ambient-temperature thermal energy, this proposes that the
polaron hopping is the principal conduction process within
Cs2AgSbCl6. Moreover, the increase in temperature causes the
delocalized polarons relaxation (to Debye-type) in Cs2AgSbCl6.
The transient absorption kinetics ndings point to the impli-
cation of small polarons in the capture of carriers within their
domains. Once elevated to an excited state, carriers proceed
through a relaxation sequence, binding with LO phonons to
shape Fröhlich polarons. Subsequently, diverse modes of
acoustic phonons come into substantial interaction with charge
carriers, culminating in the emergence of small polarons. These
small polarons engender self-trapped conditions, effectively
constraining charge carriers within a limited number of lattice
units. This paper offers the fundamental process behind the
dielectric and conduction behaviors within Cs2AgSbCl6.
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