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1. Introduction

Morphological, structural, optical and dielectric
analysis of Cs,TiBrg perovskite nanoparticles

Mohamed Ben Bechir & *@ and Faisal Alresheedi®

In the pursuit of lead-free perovskite materials suitable for harnessing solar energy, a recent discovery has
emerged regarding Cs,TiBrg. This compound has garnered attention as a prospective candidate, exhibiting
favorable optical and electrical characteristics alongside exceptional resilience when subjected to
environmental strains. This study details the successful synthesis of non-hazardous metal halide
nanoparticles of Cs,TiBrg via the slow cooling method. Comprehensive investigations into the structural,
optical, and dielectric characteristics have been undertaken. The temperature sensitivity of various
electrical properties, including the dielectric constant, loss factor, electric modulus, and AC/DC
conductivity, is evident in this perovskite material. This phenomenon is observed across a frequency
range of 1 to 107 Hz. Furthermore, examination of the Nyquist plot highlights the distinctive
contributions of both grain and grain boundaries to the overall impedance characteristics. In the high-
frequency range, it is observed that the dielectric constant exhibits an upward trend as the temperature
rises. Examination of the adapted Cole—Cole plot unveils that both space charge and free charge
conductivity escalate with increasing temperature, while concurrently, the relaxation time experiences
a reduction with the temperature's ascent. We observed an asymmetrical pattern in the electric modulus
spectra at varying temperatures using a modified Kohlrausch—Williams—Watts equation. This asymmetry
is consistent with the inherent non-Debye nature of perovskite materials. Additionally, as the
temperature increases, we note a shift in the imaginary component of the electric modulus spectra,
transitioning from a non-Debye character towards a semi-Debye nature, though it does not achieve
a strictly Debye-type response. This transformation indicates the semiconducting properties of the
material. We elucidate the AC conductivity behavior in Cs,TiBrg by employing the non-overlapping
small-polaron tunneling (NSPT) mechanism as the basis. The activation energy, as determined from both
the modulus spectra and DC conductivity, aligns closely, providing robust evidence for the congruence
between the relaxation dynamics and the conduction mechanism. In addition to these attributes,
Cs,TiBre exhibits a substantial dielectric constant coupled with negligible dielectric loss, thus establishing
its potential suitability for energy harvesting devices.

substitutes for lead are reliant on materials with disputed levels
of toxicity, modest stability, and/or restricted accessibility,

A significant challenge hindering the practical use and
advancement of metal halide perovskites pertains to the
harmful nature of their primary component, lead (Pb).'* The
adverse impacts of lead on the environment and human well-
being have raised substantial concerns, underscored by pre-
vailing regulations in various countries that restrict the use of
heavy metals. Consequently, there exists a continually
increasing fascination with innovative lead-free halide perov-
skite configurations, encompassing both bulk films and nano-
crystals (NCs).>® Nonetheless, nearly all the investigated
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thereby presenting challenges in terms of disposal and
recycling.”

Titanium (Ti) emerges as an environmentally friendly and
readily available element, holding promise as an optimal
component in sustainable perovskite formulations. In a recent
study, Ju and colleagues delved into an emerging group of
vacancy-arranged double perovskite structures featuring Ti(iv)
as the central element, characterized by the chemical formula
A,TiXs. Through a comprehensive blend of theoretical and
empirical investigations, the Cs,TiBrs perovskite, boasting
a band gap of approximately 1.8 eV, has demonstrated its
potential viability in the realm of photovoltaic applications.? In
a separate study, the authors previously established that thin
films of Cs,TiBrs exhibit effective photoluminescence (PL),
extended carrier-diffusion distances, and energy levels well-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suited for use in tandem photovoltaic systems.® Furthermore,
the integration of Cs,TiBre into solar cells resulted in a consis-
tent power conversion efficiency (PCE) reaching 3.3%, marking
one of the most elevated PCE values documented for double
perovskites. Additionally, the authors wunderscored the
remarkable inherent stability of Cs,TiBrs, both under environ-
mental conditions (such as heat, moisture, and light) and
intrinsically.’® This stability was achieved through the vapor
deposition synthesis method conducted at elevated tempera-
tures. The initial investigations into Ti-based perovskites,
shedding light on their capacity to pave the way for the creation
of genuinely environmentally sustainable and resilient solar
cells, have garnered substantial attention within the research
community. These findings have served as an impetus,
inspiring fellow researchers to delve deeper into the exploration
of this double perovskite family. In the most recent develop-
ments, Kong and colleagues introduced a novel, low-
temperature solution-based approach for producing Cs,-
TiBre.'* However, nearly concurrently, Euvrard and co-workers
cast some uncertainty upon the practicality of this material
for photovoltaic purposes, citing concerns about its limited PL
and pronounced instability under ambient conditions.*

In this work, we present our findings on the synthesis,
along with a comprehensive examination of the structural and
optical attributes of Cs,TiBrs. Due to the relatively limited
exploration of this specific perovskite material, it necessitates
a thorough exploration of its electric and dielectric charac-
teristics. Impedance spectroscopy stands as an advantageous
and robust technique for probing the dielectric properties,
enabling an in-depth analysis."*™** By examining the dielectric
properties of Cs,TiBrs in relation to temperature and
frequency variations, we can gain in-depth insights into the
behavior of localized charge carriers, the mechanisms gov-
erning conduction, as well as parameters such as permittivity
and loss factor, among others.'®"” As far as our awareness
extends, there exists a scarcity of comprehensive literature
delving into the intricate examination of Cs,TiBrs's optical
characteristics, alternating current conductivity, and dielectric
relaxation phenomena. This article presents a comprehensive
investigation into the dielectric relaxation behavior of Cs,-
TiBrg, conducted through the application of impedance spec-
troscopy, electric modulus analysis, and conductivity
measurements across varying frequencies and temperatures.
The results obtained from these dielectric studies have been
subjected to rigorous scrutiny, employing various theoretical
models for a meticulous evaluation. This paper provides in-
depth examinations and analyses of dielectric loss, dielectric
constant, impedance characteristics, electric modulus
behavior, as well as AC and DC conductivity in relation to this
specific perovskite material.

2. Experimental section
2.1. Materials

Cesium bromide (Sigma-Aldrich, 99.999% trace metals basis)
and titanium(v) bromide (Sigma-Aldrich, 98%) weren't further
purified; they were used as received.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Synthesis

Cs,TiBrg single crystals were prepared using the solvothermal
process depicted in Fig. 1(a). This synthesis was achieved
through the controlled gradual cooling method. The precursor
solution underwent a controlled cooling process, transitioning
from 130 °C to room temperature at a controlled rate of 0.5 °C
per hour, deviating from the conventional natural cooling
approach. Once it reached room temperature, the precursor
solution was allowed to stabilize for a period of several days. At
the conclusion of the experiment, we facilitated the growth of
Cs,TiBrg single crystals by employing a controlled, gradual
solvent evaporation technique.

2.3. Device characterization

The XRD patterns were determined by employing micro-beam
XRD equipment (Bruker D8 Discover) utilizing Cu K, radia-
tion, with a tube voltage set at 40 kV and a current of 40 mA.

HAADF-STEM pictures and Energy Dispersive X-ray Spectros-
copy (EDS) data were collected with a Cs-corrected JEOL JEM-
2100 F microscope set to 200 kV. A JEOL Silicon Drift Detector
(DrySD60 GV) with a sensor size of 60 mm?® was used for EDS
mapping, spanning an estimated solid angle of 0.5 steradians.

The thermogravimetric analysis (TGA) was performed using
a PerkinElmer Pyris 6 instrument in a closed perforated
aluminum pan. The heating rates ranged from 0 to 500 °C.

The UV-Vis absorbance spectra were measured using a UV-
2550 spectrometer with an integrating sphere.

The steady-state PL was measured using an Edinburgh
Instruments FLS 920 PL spectrometer with a 450 nm and 5 MHz
light source.

The fabrication of indium tin oxide (ITO) electrodes involved
the application of pulsed laser deposition (PLD) technique on
both the upper and lower surfaces of the Cs,TiBrg single crystal. A
macroscopic measurement involved the use of a copper
conductor, while for microscopic measurements, the specimen
was securely bonded to an alumina plate using silver paste. The
assessment of macroscopic photocurrent involved the utilization
of an 6517B Electrometer/High Resistance Meter Datasheet. We
employed a white light-emitting diode (LED) as the illumination
source for conducting photocurrent measurements in the pres-
ence of light. The incident light intensity was standardized
through measurements taken under a solar simulator. Addi-
tionally, a xenon lamp sourced from Perfect Light Technology
Co., Ltd. in China was utilized as an alternative light source, with
a wavelength range spanning from 320 to 2500 nm.

We conducted complex impedance measurements by placing
a material pellet with an 8 mm diameter and variable thickness
between two copper electrodes. This analysis was carried out using
a Hioki LCR Q meter (IM3536) instrument. The dielectric investi-
gations encompassed a broad frequency range (1-10” Hz) and were
conducted at various temperatures, ranging from 303 to 383 K.

3. Results and discussion

Fig. 1(b) presents the XRD pattern of Cs,TiBrs at room
temperature. All observed reflection peaks were indexed to the
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Fig. 1

(a) Schematic illustration of the slow cooling method to obtain Cs,TiBre SCs. (b) Powder X-ray diffraction pattern of Cs,TiBrg obtained at

ambient temperature within the 26 range of 10-60°. The inset displays the arrangement of Cs,TiBrg in the crystal lattice.

cubic phase with the space group Fm3m (225) at approximately
297 K. The lattice parameters of the selected unit cell, a =
10.598 (4) A and V = 1190.34 (A%), were refined using Celeref3
software,'®' consistent with values reported in the literature.*
The inset of Fig. 1(b) illustrates the crystal structure of cubic
Cs,TiBrg, determined using Vesta software.*

We conducted a concise theoretical assessment to eval-
uate the stability and structural geometry of the compound.
Within this analysis, we examined the significance of the
Goldschmidt tolerance factor (¢) and the octahedral factor (u)
as crucial parameters for both assessing perovskite stability
and investigating the formation of perovskite structures. In
a recent development, Bartel and colleagues introduced
a novel Tolerance factor termed ‘z’ known for its remarkable
predictive accuracy (as described in eqn (3)). These param-
eters, ‘t,’ ‘u,” and ‘t,” are computed using the following
equations, specifically tailored for ABX; perovskite
structures:**>*

1636 | RSC Adv, 2024, 14, 1634-1648

- (Ra + Rx)
= V2(Rg + Rx) ®
= ©)
_ Rx RA/Rg
T‘FB_”A(”A_M) G)

In this context, ‘n,’ signifies the oxidation state of element A,
and it's important to note that ‘R,’ is inherently greater than ‘Ry’
as per the definition. Additionally, ‘R,,” ‘Rg,” and ‘Ryx’ correspond
to the ionic radii of ions A, B, and X, respectively. Given the
presence of two distinct B cations within double perovskite
materials, ‘Rp’ denotes the mean radius that encompasses both
B" and B*' cations. As a fundamental guideline for the estab-
lishment of a stable perovskite structure, it is essential that the
Goldschmidt tolerance factor ‘¢,” the tolerance factor ‘z,” and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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octahedral factor ‘u’ fall within specific intervals: ‘¢’ should
ideally range from 0.81 to 1.11, ‘z’ should remain below 4.18,
and ‘w’ should typically fall between 0.41 and 0.90.>> We provide
a summarized presentation of the three pivotal parameters,
namely ‘¢,” ‘t,” and ‘u,’ for Cs,TiBre in Table 1. Our calculations
reveal that Cs,TiBrg falls within the stable range for these ‘¢,” ‘7,
and ‘u’ values.

The lattice strain (Ls) in Cs,TiBr, is assessed by analyzing the
full width at half-maximum (FWHM) of individual reflections
(Table 2), using the tangent formula as described in ref. 25-27;

B
s — 4
4 tan 0 )

B quantifies structural expansion, indicating the difference
in the integral profile width between a standard reference (‘std’)
and the sample under investigation (‘obs’).

Bstrucl = \/ Bobs2 - Bstd2 (5)

B,ps denotes the width obtained from the compound being
examined, while Bg4 represents the width derived from a stan-
dard compound unaffected by structural broadening effects.

We employed a Field Emission Scanning Electron Spectro-
scope to analyze the morphological characteristics and particle
shapes within the Cs,TiBrs powder sample, as illustrated in
Fig. 2(a) and (b). This image reveals that the predominant
particle morphology is spherical and relatively small in size.
Specifically, Fig. 2(a) and (b) zoom in on a single spherical
particle, with a diameter measuring approximately 40 nm.

We performed a STEM-EDS analysis (as shown in
Fig. 2(c)-(f)) to confirm the elemental composition of the

Table 1 Goldschmidt's tolerance factor (t), octahedral factor (u), and
new tolerance factor (1) of Cs,TiBrg

Goldschmidt tolerance New tolerance Octahedral
factor ¢ factor © factor u
Cs,TiBrg 0.96 3.825 0.61

Table 2 FWHM and L values according to all XRD reflections

Miller indices (hkl) FWHM (°) Ls (%)
(111) 0.053 0.074
(020) 0.058 0.077
(022) 0.064 0.085
(222) 0.081 0.104
(040) 0.078 0.101
(042) 0.022 0.045
(242) 0.051 0.074
(151) 0.047 0.071
(044) 0.079 0.108
(153) 0.029 0.050
(060) 0.035 0.062
(062) 0.048 0.074
(262) 0.070 0.098

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cs,TiBrs sample we prepared. The EDS mapping unequivocally
reveals the presence of all the anticipated elements cesium (Cs),
titanium (Ti), and bromine (Br) with no indication of any
element being lost. These results provide strong evidence for
the 100% purity of the synthesized Cs,TiBrs, as corroborated in
Table 3.

We conducted TGA on Cs,TiBrg powder that had undergone
a two-hour annealing process at 100 °C (see Fig. 3). The results
indicate a lowered onset temperature, approximately at 190 °C.
After reaching 450 °C, the weight stabilizes at approximately
62% of the initial mass. If we assume the decomposition of
Cs,TiBrg into CsBr and TiBr,, considering the potential evapo-
ration of TiBry, it would result in a final weight of around 54%.
The contrast between the anticipated and actual weight reduc-
tions hints at the potential creation of an oxide compound
either prior to or during the TGA assessment.

Fig. 4(a) displays the absorption spectrum of Cs,TiBrg,
encompassing wavelengths from 400 to 900 nm. Subsequently,
we conducted a Tauc analysis*® on the absorption spectrum
obtained from a single crystal of Cs,TiBr, (Fig. 4(b)), resulting in
the determination of a direct bandgap (E;) value of 1.80 eV. The
peak in the PL spectrum is found at ~696.5 nm (1.78 eV), which
is logically near to the bandgap (Fig. 4(b)). The lack of emission
bands connected to defect levels suggests that the crystals in
their as-grown state exhibit a limited presence of impurities and
defects.”

The Urbach parameter, symbolized as E,, is associated with
extended transitions occurring within the valence band as well
as the localized states present in the conduction band. This
parameter, grounded in empirical principles, offers valuable
insights into the material's defect density. Urbach's law serves
as a tool for gauging the degree of disorder within the
compound by establishing an empirical connection between
the absorption coefficient («) and energy (Av), as depicted in the

following equation:*®
h
o = g exp (é) (6)

where « is a constant.

In(e) = In(e) + ELuhV (7)

In Fig. 4(c), we present a visual representation of the theo-
retical fitting of the natural logarithm of the absorption coeffi-
cient (In()) in relation to energy (Av). The Urbach parameter
was derived by taking the reciprocal of the slope of this curve.
The resulting Urbach energy value determined for Cs,TiBrs was
0.054 eV.

In order to explore the potential applications of Cs,TiBrs SC
in photoelectric responses, we produced a photo-detector
configuration (ITO/Cs,TiBres/ITO). Subsequently, we observed
the semiconductor traits under illumination by light. Illustrated
in Fig. 5(a) are the current-voltage (I-V) attributes of the device
when exposed to light. As the illumination power escalates from
3 to 5 mW, the photocurrent of the device shows a progressive
rise, reaching 0.73 nA. This is attributed to the correlation

RSC Adv, 2024, 14, 1634-1648 | 1637
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Fig. 2

Table 3 Elemental composition in atomic percentages

Chemical element % Atomic
Caesium (Cs) 21.78
Titanium (Ti) 11.03
Bromine (Br) 67.19

100

Weight % (a. u.)

0 1(')0 2(')0 3(')0 400
T(°O)
Fig. 3 TG data of Cs,TiBrg in the temperature range of 0-500 °C.
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(a), (b) STEM-HAADF image of Cs,TiBre. (c)—(f) EDS mapping of Cs, Ti and Br in different colors.

between the quantity of photogenerated carriers and the
absorbed photon flux.*!

The diode-like characteristics observed in the I-V curve and
the 0.22 V photovoltage can be attributed to the inherent
asymmetry in the electrodes (Fig. 5(a)). Examining the current
response under light on/off conditions in Fig. 5(b) demon-
strates a consistently repeatable pattern across various voltage
levels. This underscores the effective optical switching perfor-
mance of the photodetector device.

A discernible photocurrent of approximately 18 nA was
observable at a modest voltage of 1 V when subjected to 5 mW
light exposure, highlighting its capability to accurately detect
relatively subtle signals.®*** Expressed as a key performance
metric for photodetectors, the responsivity (R) delineates the
ratio of generated photocurrent to the incident light power per
unit area. This parameter holds significant importance in
assessing the device's effectiveness.

In

) L~
Py x A

(8)
where A and P, represent the effective illuminated area (elec-
trodes made of ITO, covering an area of 3 mm? on each side of

the Cs,TiBrg SC) and the incident light power, respectively.

Iph = Iphotocurrem - Id (9)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cs,TiBre. (c) In(a) vs. hv (eV) of Cs,TiBre.
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Fig. 5 (a) Current—voltage (/-V) curves depicting variations in light

illumination powers for the investigated photodetector. (b) Temporal
behavior of the device undergoing on/off switching at various bias
voltages. (c) Variations in the photodetector's responsivity (R), external
quantum efficiency (EQE), and specific detectivity (D*) in relation to
different levels of light illumination power. The measurement of all
photocurrents was conducted under simulated sunlight conditions,
employing an artificial xenon lamp as the light source.

where Iy and Ijhotocurrent represent the dark current and
photocurrent, respectively.

Depicted in Fig. 5(c) is the consistent relationship between
incident irradiance power and responsivity. The curve exhibits

RSC Adv, 2024, 14, 1634-1648 | 1639
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stability throughout. Additionally, the performance of the
photoelectric detector is evaluated using two other parameters
external quantum efficiency (EQE) and specific detectivity (D¥*)
as expressed in the subsequent equation:

he
EQE=Rx (10)
A
*
D* =R x ”_Zeld (11)

The symbols in these equations retain their standard
meanings and interpretations.

By utilizing eqn (10) and (11), the values for external
quantum efficiency (EQE) and specific detectivity (D*) were
graphically represented, as illustrated in Fig. 5(c). Within the
test range, the computed values for EQE and D* exhibit stability
at 0.015% and 0.25 x 10" Jones, respectively.

Fig. 6(a) illustrates the frequency-dependent real part of
complex impedance Z'(w) plotted against the imaginary part of
impedance Z"(w) at various temperatures. This representation,
often referred to as the Cole-Cole plot or Nyquist diagram, is
a well-recognized tool in materials analysis. In the Nyquist
diagram of typical dielectric materials, three discernible
semicircles emerge, each corresponding to the contributions
of the grain, grain boundary, and electrode-material interface
towards the overall impedance of the dielectric material.’*
Semicircles observed in the high-frequency range indicate the
impedance contributions originating from the grain, while
those appearing in the low-frequency region are linked to the
involvement of the material's grain boundary. Finally, the
presence of semicircles in the ultralow frequency range is
attributed to the influence of the electrode-material inter-
face.*® In Fig. 6(a), the full range of impedance spectra for the
sample is presented, spanning temperatures from 303 to 383
K. These spectra reveal distinctive singular depressed semi-
circles, which, upon closer examination, can be seen as
a composite of two successive semicircles encapsulating the
overall characteristics of both grain and grain boundary. In the
case of the Cs,TiBrg perovskite, there is a complete absence of
any discernible contribution from the electrode-material
interface. Distinguishing between the influences of the grain
and grain boundary within this single depressed semicircle
proves to be a challenging task. In order to differentiate and
isolate the respective contributions of the grain and grain
boundary within the single semicircles, we utilize the
Maxwell-Wagner equivalent circuit model.** This model
involves a parallel arrangement of multiple resistors (R) and
capacitors (C). We employed the EC lab software to fit the
impedance spectra acquired at various temperatures. In this
scenario, the desired circuit model was achieved by inter-
connecting two parallel RC elements in a series configuration,
as visually represented in the inset of Fig. 6(a). Additionally, as
illustrated in Fig. 6(a), there is a noticeable reduction in the
diameter of the semicircle the point of intersection on the real
axis as the temperature increases. This reduction signifies an

1640 | RSC Adv, 2024, 14, 1634-1648
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Fig. 6 (a) Adjusted Cole—Cole diagrams for Cs,TiBre at various
temperatures, with corresponding equivalent circuits illustrated in the
inset. Temperature-dependent variation of (b) Z'(f) and (c) Z”(f).

augmentation in DC conductivity at elevated temperatures.
The formal expression for complex impedance can be articu-
lated as follows:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Z(w) = Z(w) + jZ" (w) (12)

where Z'(w) and Z"(w) represent their conventional expressions
as previously described,

Z(w) = Re —t Ra ; (13)
[1+ (@RC)"]  [1+ (0RwCa)’]
Z"(a)) _ wCy R, + wCyb Ryp (14)

[1 + (‘*’Rgcg)z} [1 + (‘URgngb)z]

Here, R, signifies the resistance associated with the grain, Cy
denotes the capacitance linked to the grain, Ry, represents the
resistance attributed to the grain boundary, and Cg, stands for
the capacitance associated with the grain boundary. Table 4
encompasses all the recorded values of R and C for the sample
across different temperature conditions. Fig. 6(b) showcases the
changes in the frequency-dependent Z/(w) within the tempera-
ture range of 303 to 383 K. The observed behavior exhibits
a sigmoidal-type variation with frequency. We note that the real
component of impedance, Z'(w), exhibits a greater magnitude in
the low-frequency domain. As the frequency and temperature
increase, the values of Z(w) decline, in accordance with the
negative temperature coefficient of resistance. This, in turn,
leads to an elevation in AC conductivity with rising tempera-
ture.’® Over time, the influence of grain boundaries on the
overall impedance diminishes in the higher frequency range,
given that Z(w) exhibits a declining trend with increasing
frequency and temperature. In the high-frequency region, no
discernible alteration of Z(w) is noted with changes in
temperature, leading to their convergence. This behavior can be
attributed to the possible release of space charges and
a concurrent decrease in barrier properties, ultimately
contributing to the enhancement of AC conductivity. The
evolution of the imaginary component of impedance, Z"(w), as
a function of frequency can be regarded as a representation of
the loss spectrum. The frequency-dependent behavior of Z"(w)
exhibits distinctive relaxation peaks, which exhibit a remark-
able dependence on temperature, as depicted in Fig. 6(c).
Essentially, when the external field frequency aligns with the
localized hopping electron frequency, it results in the emer-
gence of relaxation peaks. These observed relaxation peaks are

Table 4 Circuit components (R and c) for Cs,TiBrg compound across
varied temperatures

Temperature (K) Ry (kQ) Cg (nF) Rgp, (kQ) Cgb (PF)
303 201.62 1.03 520.17 2.20
313 186.58 1.27 469.53 11.46
323 168.14 1.55 402.25 17.04
333 144.35 1.73 348.05 25.58
343 117.88 1.92 394.71 31.35
353 98.45 2.12 331.65 37.98
363 70.93 2.36 260.35 46.21
373 47.55 2.51 180.68 52.69
383 25.11 2.78 112.48 63.50

© 2024 The Author(s). Published by the Royal Society of Chemistry
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notably broader than the theoretical Debye curve, indicating
that Cs,TiBrs demonstrates a non-Debye type of relaxation. The
breadth of the peak corresponds to the relaxation time, and it is
apparent that the width of the relaxation peak is directly
proportional to the temperature. Consequently, as the temper-
ature increases, the width of the relaxation peak progressively
expands.*®"’

With an external oscillating electric field in a given frequency
domain, the dielectric behavior of Cs,TiBrg can be characterized
by a complex permittivity. The frequency-dependent complex
dielectric permittivity can be expressed by eqn (15):

&(w) = £(w) + je'(w) (15)
where the real part ¢(w) defines the charge storing capacity and
the imaginary part ¢’(w) indicates the energy loss within the
material.*® ¢'(w) and ¢”(w) have been determined using eqn (16)
and (17):

y
= alz ) 6
.

&' (w) = 17)

where w = 27tfis the angular frequency and C, = ¢4/t (in which
& is the free space permittivity, and A and ¢ are the cross-
sectional area and thickness of the pellet, respectively). In the
case of any semiconducting material, analysis of the relaxation
process through the frequency variation plot is a little bit
difficult due to the presence of DC conductivity which obscures
any relaxation process.'® Fig. 7(a) depicts the variation of &(w)
with frequency and Fig. 7(b) shows the variation of dielectric
loss &”(w) with frequency. Both of them decrease at a faster rate
with frequency in the low-frequency zone and a slow decreasing
rate in the high-frequency zone, indicating frequency inde-
pendence for both of ¢'(w) and ¢”(w). Koop's phenomenological
theory based on the Maxwell-Wagner model can be used to
demonstrate the frequency-dependent behavior of ¢(w) and &’
'().3* According to this theory, the material can be assumed
as an inhomogeneous medium consisting of a number of grains
that are separated by poorly conducting grain boundaries or
potential barriers. The electrons, influenced by the applied
field, move toward grain boundary by hopping method. Now, if
the resistance is high enough at the grain boundary, then the
electrons pile up at the grain boundaries and produce polari-
zation. But with the increase of frequency, they cannot follow
the alternation of applied field and move in reverse direction,
i.e., decreases in polarization.*”** The ionic polarization within
the materials arises due to the separation of negative [TiBrg]” ",
and positive Cs" charge centers. Higher values of ¢'(w) at low
frequencies may be attributed to the contribution of ionic
polarization within the materials.

To investigate the fluctuations in the dielectric constant and
dielectric loss concerning different temperature levels, we have
utilized an adapted version of the Cole-Cole model, incorpo-
rating a direct current (DC) conductivity and a corrective
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Fig. 7 Temperature-dependent of (a) €'(f) and (b) &”(f) for Cs,TiBrs.

component, within a repertoire of commonly adopted theoret-
ical frameworks. According to this tailored Cole-Cole model,
the complex permittivity can be formulated as follows:*

. & —€a jo*
Sk Sy P} Got) o (18)
(ssfew){l + (w1)* cos<ﬁ—n>} .
’ 2 Jjo
& =¢w + + (19)

€ow™

1 +2(wt)’ cos ('6775)

In this context, ¢* denotes the combination of conductivity
attributed to space charge carriers (o) and that arising from
free charge carriers (o¢). ¢ signifies the lower frequency
threshold for permittivity, while ., denotes its upper frequency
threshold. The symbol m is recognized as the frequency expo-
nent, and ( corresponds to the adjusted Cole-Cole parameter,
constrained within the range of 0 to 1. 7 stands for the relaxa-
tion time. Furthermore, ¢ and ¢” can be expressed as eqn (20)
and (21):
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(& — sw){l + (w1)? cos (6775) }
=t 5 + 2 (o)
1+ 2(wr)’ cos (TTE) + (wr)° €0
(& — £ )(w1)” sin (677‘:)
¢ = T (21)

1+ 2(wr)’ cos ('8775) + (w1)° €00

The experimental measurements of ¢ and ¢’ have been
subjected to fitting using the modified Cole-Cole equation. The
resulting outcomes encompass the determination of various
parameters, including 8, m, oy, 0g, and 1, which have been
tabulated in Table 5. Analysis of the data presented in Table 5
reveals that as the temperature rises, both space charge
conductivity (c,,) and free charge conductivity (o¢.) exhibit an
upward trend. Moreover, the observed range of ( values
between 0 and 1 provides additional evidence supporting the
non-Debye nature of the system. Additionally, it is noteworthy
that the relaxation time decreases as the temperature increases.

The study of dielectric relaxation in Cs,TiBrs perovskite has
been effectively conducted through modulus analysis. The
dielectric modulus can be expressed as follows:*'

1 1 ¢ ¢

w«_ 4 _ .
M* = 8*_ (é‘, +j€//) - 8/2+€//2+l€/2+€//2

=M +iM" (22)

where M'(w) and M"(w) present the real and imaginary parts of
electric modulus, respectively.

In Fig. 8(a), the real part of the electric modulus spectra is
presented as a function of frequency across a range of temper-
atures. The behavior of M with respect to the frequency of
Cs,TiBre reveals that, for all temperatures, M assumes
a remarkably low value, approaching zero, in the low-frequency
region. The presence of a low M’ value in the low-frequency
range and the sigmoidal shape of M’ can be attributed to the
extensive mobility of charge carriers in the conduction mecha-
nism and the minimal impact of electrode polarization. A subtle
shift in the M’ peak is observed within the high-frequency range
as the temperature increases. Fig. 8(b) illustrates the frequency-
dependent changes in the imaginary part of the electric
modulus, denoted as M”, at various temperatures. At a specific
temperature, M" reaches its highest value, resulting in the
emergence of a peak at a particular frequency, which corre-
sponds to the relaxation frequency. In the low-frequency range,
no discernible peak is detected, whereas a conspicuous, broad,
and substantial peak becomes evident within the high-
frequency domain. In the lower frequency region, there is
a noticeable capability for charge carriers to move freely over
extended distances, indicating successful charge hopping
between adjacent sites. Conversely, within the high-frequency
range, charge carriers experience confinement within their
respective potential wells, leading to restricted motion confined
to the short range of these wells. Consequently, the appearance
of a peak offers valuable insights into the transition from the
mobility of charge carriers spanning long distances to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 .Determination of 8, m, oy, o and t parameters through modified Cole-Cole model fitting
Temperature

Parameter 303 K 313 K 323 K 333 K 343 K 453 K 363 K 373 K 383 K
T (10’3) 17.54 14.28 11.04 7.39 5.11 2.72 0.68 0.09 0.05

B8 0.758 0.624 0.725 0.632 0.789 0.804 0.714 0.803 0.698
? 0.706 0.738 0.770 0.804 0.836 0.872 0.889 0.909 0.924
Tsp (1073) 0.051 0.122 0.458 0.832 2.355 4.851 7.059 9.480 12.976
Ofc (10’2) 0.0276 0.0589 1.142 3.657 5.489 8.026 9.974 13.542 15.735

confinement of their mobility within shorter ranges. These M"
peaks tend to shift towards higher frequency regions as
temperature increases, a phenomenon that can be attributed to
the hopping mechanism. The asymmetrical characteristics
displayed by the M” peaks signify the non-Debye nature of the
sample's response. To account for the asymmetry observed in
the peaks within the imaginary component of the electric
modulus, Bergman introduced a comprehensive function in
2000. This function incorporates a modified Kohlrausch-Wil-
liams-Watts (KWW) function with separate shape parameters
for the low and high-frequency regions. Additionally, it includes
a smoothing parameter that applies to the M” spectra, as
detailed in eqn (23)."

(23)

In this context, we define M, . as the peak value observed in
the imaginary component of the electric modulus, and we
designate the corresponding frequency as fyax. Parameters
a and b are employed as independent shape parameters for the
low and high-frequency regions, respectively, while c is intro-
duced as the smoothing parameter. It's worth noting that when
both a and b are set to 1, and ¢ is equal to 0, eqn (23) simplifies
into eqn (24), which characterizes the ideal Debye-type
behavior. The symmetrical nature of M” spectra, as a function
of frequency, is a hallmark of the ideal Debye-type response.
Fig. 8(b) showcases the fitting of the modified KWW function
through the solid line, with details regarding the shape
parameters for different temperatures conveniently summa-
rized in Table 6. The temperature-dependent analysis reveals
that ‘a’ and ‘b’ values steadily increase as the temperature
elevates, converging toward unity. This trend suggests that as
temperature rises, M"(w) tends to approach an ideal Debye-type
response.'®

) (2]

The calculation of the relaxation time is based on the
equation presented in eqn (25).

M"(w) = 0 (24)

NS

1
fm‘dX

T

(25)

© 2024 The Author(s). Published by the Royal Society of Chemistry

To estimate the average activation energy of charge carriers,
one can apply the Arrhenius equation, which is provided in eqn

(26).
T=1pexp| — E
= Tp €Xp ke T

By examining the In(t) versus 1000/T plot, as illustrated in
Fig. 8(c), we can calculate the activation energy. In this analysis,
the determined activation energy amounts to 0.307 eV. This
finding provides additional evidence supporting the conduction
mechanism in Cs,TiBr, as being driven by thermally stimulated
charge carriers.

In Fig. 9(a), we observe the changes in temperature-
dependent AC conductivity as a function of frequency. The
determination of AC electrical conductivity involves the appli-
cation of the following formula: ¢,. = we'eotan s, where ¢,
represents the permittivity of free space. In our study, the
conductivity in the low-frequency region is primarily influenced
by DC conductivity, whereas in the high-frequency region, AC
conductivity becomes the dominant factor. The coexistence of
frequency-independent and temperature-dependent DC
conductivity contributes to the flattening of the curves observed
in the low-frequency region.''* Nonetheless, with the increase
in frequency, the electrical conductivity profiles experience
considerable augmentation, signifying a marked frequency
dispersion phenomenon. This phenomenon primarily stems
from the substantial influence of AC conductivity. The
frequency at which this conductivity transition takes place is
termed “frequency hopping” (wp). Notably, as the temperature
increases, this wp parameter shifts towards higher frequencies
in the spectrum. The concept known as the jump relaxation
model (JRM), originally formulated by Funke, provides insights
into the observed frequency-dependent AC conductivity and the
concurrent frequency-independent DC conductivity.*> This
theoretical framework suggests that at lower frequencies, ions
can effectively undergo hopping transitions to neighboring
sites. The DC conductivity arises from sustained availability of
successful jumps at lower frequencies, leading to long-range
translational ion motion. In contrast, at higher frequencies,
the conductivity dynamics involve a combination of both
successful and unsuccessful hopping behaviors, contributing to
the observed behavior.** Unsuccessful ion hopping arises when
the ion attempting to jump retraces its path, effectively moving
forward, then backward, and forward once more to its initial
location. Conversely, successful hopping entails the excited

(26)
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jumping ion relocating to a new site and attaining stability in
this fresh position, while the neighboring ions relax in concert
with the stationary ion. In the high-frequency domain, an
increase in the ratio between unsuccessful and successful ion
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Table 6 The values for the parameters a and b were determined
through a fitting process, aligning M”(w) with the modified KWW
function

Temperature (K) a b

303 0.556 0.463
313 0.579 0.486
323 0.603 0.568
333 0.634 0.603
343 0.662 0.669
353 0.685 0.699
363 0.749 0.720
373 0.790 0.749
383 0.822 0.771

hopping is evident, leading to dispersive conductivity in this
particular range. The recorded electrical conductivity can be
attributed to Jonscher's power law, commonly referred to as the
Universal Dielectric Response (UDR) model, which was origi-
nally formulated by Jonscher. This model is expressed by the
next equation:"’

oac(w) = opc + aof’ (27)
where oac and opc pertain to the alternating current (AC) and
direct current (DC) components contributing to the overall
conductivity, respectively. o, represents a fixed constant, while S
is characterized as the frequency exponent, with its range
confined between 0 and 1. Fundamentally, S reflects the inter-
play between charge carriers and the lattice structure within the
sample.

The frequency-dependent conductivity data for the sample
has been utilized to perform a fitting procedure employing the
Universal Dielectric Response (UDR) model. This process is
illustrated in Fig. 9(a).

Nonetheless, employing the UDR model, we have computed
opc values at different temperatures. This calculation involved
non-linear curve fitting applied to the g,¢ data. By constructing
a plot correlating In opc with 1000/T (as depicted in Fig. 9(b)),
we have determined the activation energy (E,) for Cs,TiBrg using
the Arrhenius equation:

—E,
opc = 0y eksT

(28)

The resulting activation energy for Cs,TiBrg, which closely
aligns with the value obtained from the M” spectra, stands at
0.294 eV.

The assessment of s(7), with its capability to identify the
model type, constitutes a valuable approach for probing the AC
conduction mechanism inherent in the material.** Following
the NSPT model, the exponent s shows an elevation as
temperature increases, signifying the dominance of small
polaron hopping mechanisms within the compound
(Fig. 9(c)).* Specifically, Cs,TiBrs contains negatively charged
[TiBre]>~ ions within the presence of Cs* ions. However, these
charge centers do not align perfectly, resulting in the material's

© 2024 The Author(s). Published by the Royal Society of Chemistry
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partially polar characteristics. The formation of a polaron
occurs when the localized charge approaches the compound
and subsequently transitions to the closest neighboring posi-
tions. The polaron exhibits two possible behaviors upon its
movement: it can stabilize in its current position, termed
a “successful hop,” or it may reverse its direction and aim for
a partially relaxed state, referred to as an “unsuccessful hop.”
Successful polaron hopping results in the emergence of non-
dispersive AC conductivity behavior, particularly at low
frequencies." However, as the hopping frequency increases,
a greater number of hops fail to succeed. Consequently, higher
frequencies lead to dispersive conductivity. This behavior is
often linked to lattice distortion, a factor typically overlooked in
the quantum mechanical electron tunneling process observed
in most inorganic halide perovskite materials.'® Polarons, upon
their creation through the introduction of a charge carrier to
a site, are responsible for inducing substantial local lattice
distortions. These distortions, associated with small polarons,
exhibit a non-overlapping nature due to their spatial confine-
ment. The AC conductivity observed at elevated temperatures
can be attributed to the tunneling behavior of polarons or
carriers that are confined within structural defects.”* Calcu-
lating the exponent “s” in the NSPT model involves using the
next equation:"’

4kg T

=1
=

(29)

To determine the value of W,, which is approximately
0.09 eV according to eqn (29), curve fitting is employed, as
illustrated in Fig. 9(c). Given that small polarons possess
confined cloud distortions that do not overlap, the activation
energy associated with polaron transfer (W,,) remains unaltered
by variations in intersite separation. The expression for AC
conductivity within the NSPT model is provided by eqn (26).

(me)’kgTa o [N(Ep)]’R,*
12

1 1 Wi
e d b5

-1

Toc = (30)

where

(31)

In this equation, the parameter o~ represents the spatial
span of the polaron, N(Eg) stands for the density of states in
proximity to the Fermi level, and R, is indicative of the
tunneling distance.

To validate the suitability of the fit with respect to experi-
mental data, we present the temperature-dependent In(o,c) at
various frequencies in Fig. 9(d), revealing a strong agreement
between the two. Table 7 presents the various parameters ob-
tained for the NSPT model. These N(Eg) values, indicative of
localized states, are deemed adequate."” Table 7 visually depicts
the frequency-dependent variations in the parameters « and
N(Eg). The upward trends observed in both « and N(Eg) with
increasing frequency are consistent with prior research find-
ings."* Table 7 provides an overview of the R, values, as
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Table 7 Variation of AC conductivity parameters across different
frequencies within the NSPT model

Frequency (Hz) a(A™h N(Eg) eV ' em™?) R, (A)
10> 0.79 9.87 x 10%*° 3.733
10* 0.84 2.54 x 10** 3.714
10° 0.88 5.06 x 10** 3.695

elucidated through eqn (30). This relationship between R,, and
frequency is graphically represented in Fig. 9(e). It's worth
noting that the tunneling distances align closely with the
interatomic spacing for Cs-Br (~3.74 A).** Additionally, with the
increase in frequency, the tunneling distance experiences
a more pronounced decrease. This observation suggests a shift
of charge carriers from long-distance tunneling to short-
distance tunneling. This phenomenon could account for the
increase in N(Ep) (approximately 10" eV™' cm™>) as the
frequency rises.'* The proximity of the Cs-Br distances (~3.74 A)
to the values of R,, (ranging from 3.695 to 3.733 A) suggests that
the AC conductivity is facilitated by the mobility of Cs" ions
within the compound, facilitating the motion of small polarons.

4. Conclusions

To provide a concise overview, we have employed a controlled
gradual cooling method to synthesize Cs,TiBrs and subse-
quently conducted a thorough examination of its structural,
optical, and extensive dielectric properties. The utilization of
XRD analysis has unequivocally verified the successful genera-
tion of polycrystalline Cs,TiBrs. The examination of
morphology reveals the existence of nanoparticles measuring
approximately 40 nanometers in size. Cs,TiBrs demonstrates
outstanding macroscopic photodetection capabilities. The
perovskite under investigation exhibits an intriguing set of
properties, characterized by a notably high dielectric constant
in conjunction with minimal dielectric loss when exposed to
high-frequency conditions. The perovskite's high dielectric
constant enhances charge separation in solar cells, improving
energy conversion. Its minimal dielectric loss under high-
frequency conditions ensures stable electrical properties,
reducing energy dissipation for consistent performance. These
properties collectively make this material promising for effi-
cient and reliable application in solar cells. Our analytical
approach, centered around the utilization of a modified Cole-
Cole plot, enables us to effectively quantify two distinct forms of
conductivity: space charge conductivity and free charge
conductivity. Intriguingly, as the temperature escalates, both of
these conductivity components exhibit a noticeable augmenta-
tion in their respective magnitudes. The investigation into AC
conductivity has been conducted extensively, with a specific
emphasis on elucidating the NSPT conduction mechanism.
This comprehensive study not only imparts a thorough under-
standing of the material's behavior but also highlights its
potential suitability for various practical applications. Further-
more, a meticulous analysis of dielectric properties has been
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undertaken, offering valuable insights into the distinct roles
played by grain and grain boundary components in shaping the
overall impedance characteristics. The assessment of the elec-
tric modulus curve reveals its asymmetrical nature, which
necessitates an examination through the KWW equation. It is
worth noting that the departure from Debye-type behavior in
the imaginary part of the electric modulus progressively
diminishes with increasing temperature. The determination of
activation energy has been performed using data obtained from
both the modulus spectra and DC conductivity measurements.
The remarkably close values of activation energy indicate
a striking similarity between the relaxation behavior and the
conduction mechanism within the material. The straightfor-
wardness of its structure and the simplicity of the fabrication
process may position this material as an appealing candidate
for the development of multilayered energy harvesting devices.
The deduced advantageous energy bandgap, the determined
dielectric constant, the assessed relaxation time, and most
significantly, the measured conductivity collectively indicate the
potential of this material as a novel and promising perovskite,
suitable for utilization in energy harvesting systems.
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