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In recent years, inorganic perovskite materials based on metallic halides have attracted significant attention
due to their non-toxicity and ease of synthesis, making them suitable for various applications. This article
describes the slow evaporation approach at room temperature for the fabrication of a non-toxic
inorganic perovskite based on metallic halide Cs,ZnCly. This compound crystallizes in the orthorhombic
phase of the Pnma space group, as confirmed by room temperature X-ray diffraction. Through SEM-EDX
studies, the morphological distribution and grain size of the Cs,ZnCl, crystal were determined. Optical
investigations of our compound in the 200-800 nm wavelength range indicate that the direct band gap
has a value of around 3.80 eV. The photoluminescence analysis reveals the highest emission peak at
around 340 nm. By employing the Cauchy law in ellipsometry spectroscopy, the refractive index (n) and
the extinction coefficient (k) were determined. Moreover, a fluorescence image of Cs,ZnCl, powder was

captured using a confocal microscope. The electrical properties, including the dielectric constant, the
Received 30th June 2024 loss factor, and the electrical modulus, have been determined in the t t f 313 to 433 K
Accepted 20th October 2024 oss factor, and the electrical modulus, have been determined in the temperature range o o .
Utilizing the Maxwell-Wagner effect as proposed by the Koop theory, the thermal variation of

DOI: 10.1039/d4ra04755a permittivity has been interpreted. The Kohlrausch—Williams—Watts equation (KWW) was used to assess
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1 Introduction

The industrial revolution has led to a continuous increase in
energy consumption, climate change related to fossil fuels, and
fluctuations in the pricing of coal, oil, and natural gas. Conse-
quently, the global economy is currently facing a severe crisis
due to the depletion of these conventional energy sources. The
development of sustainable and environmentally friendly
renewable energy technologies is crucial in addressing the
impending energy crisis. One promising avenue of development
in this context is photovoltaics. Indeed, the study of solar energy
through photovoltaics holds significant importance.*>
Numerous ongoing scientific studies aim to create innovative
materials capable of efficient light absorption. Silicon is one of
the most widely used components in solar cell production;
however, its production costs are prohibitively high, and it
requires considerable thickness to effectively absorb sunlight.
Recently, perovskite materials, particularly those based on three-
dimensional lead halides, have garnered increasing interest in
the field of solar cells, demonstrating high efficiency, reaching up
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the asymmetric curves of the electrical modulus.

to 25.6%.> The use of lead halide perovskites in solar cells has
proven to be highly successful due to their excellent photoelectric
properties, such as high carrier mobility, a high light absorption
coefficient, and strong photoluminescence.**

Despite their promising features, three-dimensional lead
halide perovskite materials exhibit instability in the air, limiting
their commercial viability.>® In recent years, two-dimensional
inorganic halide perovskites have shown effectiveness in opto-
electronic applications, thanks to their stability and resistance
to moisture.” Lead-free metals, including halide compounds
based on In, Sn, Sb, Bi, Mn, and Cu, have been identified as
promising materials for LEDs due to their excellent optical
properties, such as tunable emission wavelength, narrow
emission band, high quantum efficiency, and high absorption
coefficient.®**

Using the anion exchange technique, Pan et al. successfully
synthesized copper-based perovskite materials Cs,CuX, (X = Cl,
Br, Br/I) in 2018." By manipulating the precursor CsCl/CuCl,
ratio, Cs,CuCl, nanocrystals exhibited a strong luminescence in
the wavelength range of 394-474 nm.” Edward Booker et al.
developed CsCuCl; and Cs,CuCl, nanocrystals that demon-
strated brilliant, broad band green emission when excited by
radiation below 300 nm,' however, their long-term stability is
limited. Cs,CuCly is sensitive to temperature, light, humidity,
and oxygen,'”'® restricting its applications due to poor long-
term stability.
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To address these issues, we used in this study Zn metal in the
goal to create low-cost, highly stable, and environmentally friendly
2D-perovskite nanocrystals (NCs). Constructing the A,BX, family of
perovskites with the Zn element proved to be a feasible option.
However, optical and dielectric studies of this type of materials
have received little attention. Indeed, to use materials in the field
of optoelectronics, it is necessary to know their optical and
dielectric constants. Additionally, optical and dielectric measure-
ments can provide us with a lot of information about the
composition and quality of materials. In fact, in the present paper,
we conducted structural, optical, and dielectric measurements of
Cs,ZnCl,. XRD and SEM-EDX studies confirming the material
purity and the presence of an orthorhombic phase. In the study,
optical characteristics were evaluated and interpreted based on
UV-visible, Photoluminescence, Ellipsometry, and confocal
microscopy. Additionally, dielectric characteristics were investi-
gated using complex impedance spectroscopy (CIS).

2 Material and methods

Zinc chloride ZnCl, (Sigma-Aldrich, 99.99% trace metals base)
and cesium chloride CsCl (Sigma-Aldrich, =98.0%) were used
without further purification.

Zinc chloride (0.576 g, 0.0042 mol) and cesium chloride
(1.423 g, 0.0084 mol) were mixed in an aqueous solution. After
stirring, this solution was gradually evaporated at room
temperature, allowing the single crystal to be formed. The slow
evaporation rate allows the ions to reorganize and form well-
ordered crystals. This method generally produces higher
quality crystals by promoting slower and more controlled
growth compared to rapid evaporation.

An X-ray powder scattering is recorded over a wide range of
Bragg angles, from 5° to 90°, using a monochromatic CuKa. radi-
ation (g, = 1.5406 A). The morphological characteristics were
analyzed using an EVO LS10 (Zeiss) scanning electron microscope
fitted with an INCA-X (Oxford Instruments) energy-dispersive
system. A scanning spectrophotometer (UV-1800; Shimadzu) was
used to measure optical parameters across a broad wavelength
range of 200 nm to 800 nm. Using a Shimadzu RF-6000 mono-
chromator, the photoluminescence (PL) spectrum was transferred
at ambient temperature. A phase-modulated spectroscopic ellips-
ometer (UV-vis-NIR; Horiba Jobin-Yvon) was used to examine the
ellipsometry properties of this material at an incidence angle of 70°
and 10 nm intervals throughout a spectral range of 300 nm to
800 nm. The Leica TCS SP8 confocal microscope was used to
capture fluorescence spectra. It is equipped with multiple lasers,
including 405 nm, 488 nm, and 552 nm, allowing for the simul-
taneous excitation of various fluorophores. Furthermore, dielectric
properties and electric modulus were investigated in the frequency
range of 10-10° Hz and the temperature range of 313-433 K using
the TH2828A impedance analyzer.

3 Experimental results
3.1 PXRD

The X-ray powder diffraction (PXRD) method of the compound
Cs,ZnCl; has been used to study the composition of this
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material and to confirm its purity.” Fig. S1t depicts the Cs,-
ZnCl, diffractogram at room temperature. Using the Full Proof
software, it was discovered that the Cs,ZnCl, compound crys-
tallizes in the orthorhombic phase of the Pnma space group,
with the following parameters: a = 9.765(4) A, b = 7.411(9) A, c =
12.991(2) A and V = 940.160(9) A®.

The absence of impurity peaks and secondary phases in this
compound suggests that it is pure with a high quality. The
theoretical profiles (represented by the black solid line) and
experimental profiles (indicated by red dots) align quite well, as
evidenced by the quality factor x> = 3.9. Table 1 offers an
overview of the lattice characteristics and reliability factors that
were determined.

Using the Debye-Scherrer method, the crystallite size has
been calculated from the most intense diffraction peakish the
following equation:*®

092
B cos(d)

where ¢ is the diffraction angle, ¢ is the full width at half
maximum (FWHM), D is the crystallite size (nm), and A is the
wavelength of the radiation X (Cu-Ko. = 0.1541 nm). The average
crystallite size is about 70 £+ 5 nm.

3.2 SEM-EDX investigation

We employed the SEM-EDX technique due to its significant
advantages for analyzing the size and morphological distribu-
tion of the material's crystal grains. In Fig. S2(a),t we present
high-resolution SEM images of Cs,ZnCl,, with a scale bar
indicating 2 pm. These micrographs clearly illustrate a well-
defined collection of grains that are uniformly distributed
throughout the compound, indicating a consistent micro-
structure. Fig. S2(b)} complements this by displaying histo-
grams that plot the number of grains against their respective
particle sizes, providing a detailed view of the grain size distri-
bution. The data from these figures collectively suggest that the
material exhibits a dense and compacted structure. To conduct
the analysis, we utilized the FIJI program to manually count the
grains in the SEM images, leading to an estimated average
particle size of approximately 3.92 um.

Table 1 Crystallographic parameters of the Cs,ZnCly

Crystal system Orthorhombic

Pnma

a =7.4100(4) A
b =9.7640(9) A
¢ =12.9915(2) A

Space group
Unit cell dimensions

Volume 939.9459(9) A®
z 4

Ry 4.912

Ry 3.224

R, (%) 16.2

Ryp (%) 15.5

Rexp (%) 12.57

X 3.9

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Additionally, Fig. S31 presents the EDX spectrum, which
confirms the presence of key elements: cesium, zinc, and chlorine.
The inset of Fig. S31 details the percentage composition of these
elements in Cs,ZnCl,, which reflects the expected stoichiometry of
the compound. The elemental percentages are consistent with the
theoretical values, further validating the integrity of the synthe-
sized material. This comprehensive analysis highlights the
uniformity and structural characteristics of Cs,ZnCl,, emphasizing
its potential applications in various fields.

4 Optical properties
4.1 UV-vis study

The study of the optical properties of perovskites plays
a significant role in the field of photovoltaic (PV) technology. In
actuality, UV-vis spectroscopy is a precise and practical method
for determining the various optical parameters.”* With the use
of optical absorption studies, these characteristics may be easily
determined. The optical absorbance of the compound Cs,ZnCl,
was measured using a UV-vis spectrophotometer within the
wavelength range of 200-800 nm. Fig. 1(a) presents the
compound absorption spectrum. Generally, the optical gap
energy in semi-conducting materials is determined experi-
mentally by applying the Tauc relation. The following relation-
ship is established between E, and the absorption coefficient a:

ahv = B(hv — E,)"

a the optical absorption coefficient is determined using the
2.303 x A
e
bandgap, n stands for the power factor that displays the tran-
sition mode, and g is a constant that illustrates the degree of

disorder.

To verify the chosen transition mode, we plotted the varia-
tion of In(ahv) as a function of In(hv — E,) as illustrated in
Fig. 1(b). The slope of the linear part shown in Fig. 5 shows that

Beer-Lambert law (a = ) E, denotes the optical
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the value of n is equal to 0.52, demonstrating the direct mode of
transition. Indeed, the power factor represents the transition
mode, tending towards two values, 2 or 1/2, depending on
whether the forbidden band is indirect or direct and therefore
prohibited or authorized. For direct semiconductors (n = 1/2),
absorption and emission of photons occur via allowed transi-
tions, but for indirect semiconductors (n = 2), photons and
phonons are produced during absorption and recombination.
The value of the band gap E, can be calculated by linear
extrapolation to a = 0; E,; is then equal to 3.80 eV. The Cs,ZnCl,
band gap value E, = 3.8 eV indicates that this material is
a semiconductor with a band gap that is appropriate for both
visible and near-infrared light emission and absorption.

The empirical link between the absorption coefficient («)
and the energy (Av), which was obtained by the following
equation, may be used to determine the disorder in the chem-
ical in accordance with Urbach's law:**

exp(’”)
o = 0y —
Ey

where (7w) is the photon energy (eV), Ey is the Urbach energy
(eV), and «y is a constant.

Therefore, using the following equation, we plotted the vari-
ation of In(«) as a function of (4») in order to determine the value
of the Urbach parameter. The Ey, is inferred from the reciprocal of
the linear part slope (Fig. 2). The value of the calculated Urbach
energy is Ey = 0.55 eV. This value of Urbach energy indicates an
intermediate level of disorder or defects in the material. It is
higher than the value for CH;NH;SnCl; (0.25 eV)* and CsPbBr;
(0.019 eV),* indicating that Cs,ZnCl, has a slightly higher
disorder. However, it is significantly lower than the value for
CH;3NH;CdCl; (1.97 eV),” implying that Cs,ZnCl, has better
crystalline quality and fewer defects compared to CH;NH;CdCl.

4.2 Photoluminescence spectroscopy

An effective optical method for assessing semiconductor and

insulator materials is photoluminescence. The
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Fig.1 (a) Absorbance spectrum of Cs,ZnCl,. The inset presents the Tauc plot for Cs,ZnCly, (b) plot of In(ahv) on y-axis against In(hy — Eg) on x-

axis.
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Fig. 2 Ln(a) vs. photon energy (eV) of Cs,ZnCl,.

photoluminescence (PL) experiment is used to examine semi-
conductor compounds in photocatalysis as well as the photo-
chemistry and photo-physics of dielectric materials. Moreover,
the PL offers the following details: the isolation and recombi-
nation of the photons produced by the load carrier; lattice
defects; grain boundaries; and surface oxygen gaps.*

Fig. 3 displays the PL spectra of the Cs,ZnCl, sample at
ambient temperature. The photoluminescence spectrum of
Cs,ZnCl, reveals a main emission peak centered around
340 nm, visible for excitation at 260 nm, 273 nm and 280 nm.
Among these excitations, the 280 nm one produces the highest
intensity, indicating an optimal efficiency to excite the electrons
in the material, while the 260 nm excitation shows the lowest
intensity, suggesting a lower efficiency. The peak at 340 nm
corresponds to near ultraviolet light and results from electronic
transitions of electrons from the conduction band to the
valence band, emitting light at this specific wavelength when
they return to their ground state.”” The wavelength of 340 nm
corresponds to 3.65 eV (using the relationship E = hc/A). This
value of E; agrees well with that found by the absorption data for
the UV-visible results (£, = 3.80 eV). The curves show a rapid

0.7 4

0.6

0.5 4

0.4 4

0.3+

Intensity (a.u)

0.2 4

0.1+

0.0 4

T T T T
300 350 400 450 500
A (nm)

Fig. 3 PL spectra of the Cs,ZnCly sample.
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rise to the main peak followed by a more gradual decline, which
is typical of photoluminescence spectra and reflects a strong
and efficient electronic transition. This asymmetrical shape of
the curves indicates that the relaxation process of excited elec-
trons is progressive. These observations are essential to
understand the optical properties of Cs,ZnCl, and optimize its
use in optoelectronic devices such as UV LEDs and UV sensors.

4.3 Ellipsometry study

The ellipsometry spectroscopy is a technique that accurately
determines the optical properties of thin layers by observing the
polarization state change of the reflected light. The linearly
polarized light beam interacts with the surface, changing from
linear to elliptical in polarization. The ellipsometry is an
extremely useful tool for determining optical parameters like
the refractive index (n) and extinction coefficient (k). Using
ellipsometry spectroscopy, the Cs,ZnCl, sample refractive index
was determined.

Fig. 4(a) show the variation of the index of refraction (n) as
a function of wavelength. It is obvious that the refractive index
(n) drops as the wavelength increases, consistent with the
Cauchy dispersion relation. This relationship is expressed as:*®

n(/\) =ny + % + /.\E;

where, n, is a dimensionless parameter and A and B are the
Cauchy parameters affecting the curvature and intensity of the
refractive index for both visible and UV wavelengths, respec-
tively. The adjusted values for these parameters are grouped in
Table 2. For Cs,ZnCly,, the refractive index n, = 1.52, which is
similar to that of glass and lower than those of lead-based
perovskite compounds CsPbl; (n, = 2.46), CH;NH;PbCl; (1, =
2.40), CH3NH;3PbBr; (1o = 2.45) and CH3;NH3PbI; (1, = 2.30),
[DMA],CoCl, (no = 4.32).>>*° The index n, is of the same order of
magnitude as that of glasses (like the crown and the flint),
which shows the transparency of this material. The percentage
of light lost as a result of absorption and dispersion per unit
distance of the involved intermediate is known as the extinction
coefficient (k). The variation of the coefficient of extinction (k) as
a function of wavelength length is displayed in Fig. 4(b).

In addition, the extinction coefficient (k) decreases in the UV
region, reaching extremely low levels in the visible spectrum.
This behavior suggests that Cs,ZnCl, may be useful as a UV
sensor. The variation of the extinction coefficient (k) as a func-
tion of wavelength follows the Cauchy law, expressed as:

k(A) = ko + % + %
With C and D as the Cauchy parameters. The adjusted values for
the extinction parameter are shown in Table 2. The extinction
coefficient k, = 0.075 for Cs,ZnCl, is lower than that of CsPbl;
(ko = 0.90), CH;NH;PbCl; (ko = 0.70), CH;NH;PbBr; (ko = 0.28)
and CH3;NH;PbI; (k, = 0.37), indicating reduced light absorp-
tion, which is favorable for optical and photovoltaic
applications.>**°

In optical communications and optical device design, the
dispersion of a material's refractive index is essential.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Variation of the refractive index vs. 4, (b) variation of the extinction coefficient vs. A.

Cauchy parameters no ko A (um?)

B (um?)

C (um?) D (um*) Eo (V) Ea (V)

Cs,ZnCly 1.52 0.075 0.023

Therefore, figuring out a material dispersion property is
important. A valid oscillator model may be seen in Fig. 5, which
displays the variation of refractive index with photons. In order
to ascertain the dispersion parameters for the thin film, we
employed the Wemple and Di-Domenico model as follows.*

EyE4

2
nP-1= ="
E’—E

where E4 stands for dispersion energy, E, for single oscillator
energy, and E = hv for photon energy. The average intensity of
the inter-band optical transitions is represented by parameter
Eq4, whereas the distance between the valence and conduction
band centers of gravity is represented by parameter E,.

By fitting the linear portion of the curve (n> — 1) vs. ()?, Eq
and E, were calculated from the intercept (Eo/Eq) and slope (E,
Eq)"" on the vertical axis (Fig. 5). The values of E, and Eq4 are
shown in Table 2. The cohesive energy, or the material's
medium bonding force, is connected to the single oscillator
energy (E,). The difference between the average energy of atoms
in a crystal and the one of free atoms is known as cohesive
energy. In addition, it has been empirically estimated that the
energy of the oscillator is related to the energy gap by the
following relation, E, = 1.4E,.*>*® The Eo/E, = 1.4 ratio obtained
for Cs,ZnCl, using the Wemple-Di-Domenico model positions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0.033 —0.003 7.02 9.62

potions this material in an intermediate category compared to
other perovskites. For instance, lead-based perovskites like
CH;NH;PbI; typically exhibit a lower ratio, around 1.2 to 1.3,
indicating stronger photon-electron interactions and highly
favorable optical properties, particularly for solar cell applica-
tions. On the other hand, more disordered perovskites, such as
CH;NH;CdCl;, show higher Ey/E, ratios, often exceeding 1.6,
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Fig. 5 Wemple-Di-Domenico model plot of Cs,ZnCly.
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reflecting a higher defect density and poorer crystalline quality.
In comparison, Cs,ZnCl;, with a ratio 1.4, demonstrates
a moderate photon-electron interaction while maintaining
relatively good crystalline order. This makes it an interesting
material, potentially less efficient than lead-based perovskites
for applications like solar cells but more stable and less toxic,
providing an advantage for optoelectronic applications.

4.4 Confocal microscopy investigation

With its rapid scanning capabilities and the ability to define
regions of interest (ROIs), the TCS SP8 optimizes imaging while
minimizing background noise, enabling the study of the fluo-
rescent characteristics of samples with remarkable precision.

The confocal white light microscope often uses many
simultaneous rays, allowing for the simultaneous observation
of multiple sample locations and the creation of real-time
pictures. Confocal microscopy has several benefits over typical
optical microscopy, including higher contrast and greater
resolution, which enable a thorough examination of the crys-
tals' internal structure.** The Fig. 6(a) shows a graph of fluo-
rescence spectra (or light intensity) for different regions of
interest (ROIs) on the sample taken at a resolution scale of 50
pm. The ROI 01 curve, which has a strong peak at 450 nm, has
the best emission efficiency. This may point to an area with the
ideal concentration of Cs,ZnCl, or an area free of large flaws.
Different ROIs exhibit different intensities, indicating that
fluorescence emission efficiency may vary in different locations.
There is a unique electronic transition of Cs,ZnCl, that is
responsible for the primary peak at 450 nm. Multiple electronic
transitions may be indicated by the existence of secondary
peaks. The Fig. 6(b) shows a map of the analyzed areas of the
material Cs,ZnCl,. Fig. 6(b) demonstrate the spatial distribu-
tion of optical properties, revealing significant local variations.
These observations are important to understand the efficiency
of this material in optoelectronic applications.
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5 Dielectric properties

The dielectric behavior of materials can be described by the
following relationship:

e(w) = & (w) + i (w) (1)

where, ¢ is the capacity of the material to store energy and ¢’ is
the loss factor or the dissipation of energy in the material. The
following equations can be used to express the real and imag-
inary parts of the electrical constant.

1"

! Z

ez ) @
, A
S Az ) i

where Cy = ¢, x A/d; C, is the vacuum capacitance, ¢, is the
vacuum dielectric constant, A and d are respectively the surface
and the thickness of the pad, Z' and Z" are respectively the real
and the imaginary parts of the impedance and w is the angular
frequency.

Fig. 7(a) shows the variation of the real part of the complex
dielectric constant as a function of the angular frequency. This
variation demonstrates two distinct regions: in the low
frequency region, the behavior of the dielectric constant is
governed by principal types of polarization: ionic, electronic,
interfacial and orientational polarization. The Maxwell-Wagner
interfacial polarization theory might explain the variation in the
real permittivity component with frequency, in agreement with
Koop's phenomenological theory.** In this model, the material
should contain conducting grains separated by poorly con-
ducting grain boundaries.

Hence, in order to restrict their flow, charge carriers are
effectively trapped at the grain boundary interface.**** Electrons

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exchange between the ions of the same molecules takes place
during the polarization process at the interface. The adjustment
of the position and distribution of the positive and negative
charges of space is caused by the deformations and flaws
present in our material. When an electric field is applied,
positive and negative charges are affected and move, respec-
tively, towards the applied field's positive and negative poles.**
As a result, a large number of dipoles are formed. In the low
frequency domain, electrons can hop to the grain boundary
regime, but because of the strong grain boundary resistance,
they are collected at the grain boundary position and contribute
to polarization. However, as electrons are unable to follow the
alternation of the applied field at high frequency, further
accumulation of electrons can be prevented even if they have
the potential to shift in the other direction. So, the dielectric
constant gradually decreases as the frequency rises and as
a consequence, electrons have a reduced chance of crossing the
grain boundary, which lessens polarization. Therefore, the
behavior of the real portion of the electrical response in the
region of low frequencies is controlled by orientational and
interfacial polarizations which are highly temperature depen-
dent.*” The tendency for ¢'(w) to increase with temperature, as
seen in Fig. 7(a), is primarily caused by the presence of load
carriers that are activated thermally and the molecular dipole
moment.*®

The variation of the imaginary part of the dielectric permit-
tivity is plotted on the Fig. 7(b). For this variation, because grain

10
Space charge polarization a)| o
o
)
Dipolar polarization
%o} o
c
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-
)
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o
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(a) The variation of (¢/) as a function of the angular frequency (w), (b) the variation of (¢”) as a function of the angular frequency (w).

boundaries predominate in the low-frequency region, more
energy is needed for electrons to carry out jumps, leading to
a high electrical loss (¢”). In addition, in the high frequency
region, the dielectric loss decreases progressively because the
exchange of electrons between the ions of the same molecules
requires a very small amount of energy. This variation implies
that at low frequencies all four types of polarization are present;
ionic, electronic, interfacial and orientational polarizations,
whereas at high frequencies only ionic and electronic polari-
zations play a very important role in the reduction of the
dielectric loss.”” The dielectric loss tan(é) as a function of
frequency is depicted in Fig. 8(a). Two peaks are noticed on the
dielectric loss curve, one at low frequency which corresponds to
the space charge effect and the other at high frequency (between
10" and 10° Hz) which is due to the dipolar polarization. The
large dielectric permittivity value and low dielectric loss value
(between 10 and 10) at room temperature of the Cs,ZnCl,
compound imply that this compound has a strong ability to
store electrical energy while minimizing energy dissipation as
heat. This suggests efficient charge storage with minimal losses,
which is advantageous for optoelectronic applications like
capacitors or energy storage devices. The low dielectric loss
means that the material can retain its electrical energy without
significant leakage, making it suitable for applications
requiring high energy efficiency. Indeed, materials with a high
dielectric constant can be used as a dielectric gate or active
channel in FET devices.***

b)
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(a) Frequency-dependent dielectric loss (tan 6) of Cs,ZnCly, (b) variation of In(es,) versus 1000/T.
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The Cole-Cole modified model with DC conductivity has
been used among other popular theoretical models in the goal
to study the fluctuation of the dielectric constant and the
dielectric loss as a function of frequency at various tempera-
tures.” According to the modified Cole-Cole model, the
complex permittivity may be expressed as follows:

e = ¢(w) — je'() (@

The following equations can also be used to represent the
real (¢') and imaginary (¢”) parts of the dielectric constant:

, (& — sw){l + (wr)“cos(%)} L

£ T 1 + 2(wr)"cos (%) + (wm)® fot” ?
I N ) P
S - 2((1)1)%05(%) + (wm)" g™

where, (oy,) is the conductivity of space charges, (og) the
conductivity of free charges, ¢ is the low frequency limit of
permittivity, and e. denotes the high frequency limit of
permittivity, m refers to the frequency exposing element, while
a is the modified Cole-Cole parameter and 7 is the relaxation
time.

The Cole-Cole modified equation is used to adjust the
experimental data of ¢ and ¢”. The calculated adjustment
parameters are listed in Table 2. It is obvious that when the
temperature rises, the value of both space charge conductivity
(0sp) and free charge conductivity (o) increases as demon-
strated in Table 2. The value of « is in the range 0.245-0.821.
This result further supports the non-Debye nature of the
material. The relaxation time decreases when the temperature
increases.

The average activation energy of space charge could be
determined based on the Arrhenius law as illustrated in the
following equation:

E,
Ty = 09 exp( % T)
B

The estimated value of the activation energy is 1.16 eV
calculated from the slope derivative of the adjustment of In(o,)
vs. 1000/T (Fig. 8(b)).

6 Analysis of the modulus spectra

In order to get an idea about the relaxation procedure in Cs,-
ZnCly, the detailed complex modulus spectra were studied. The
complex electrical modulus, in turn, is an extremely easy tech-
nique of searching for the electrical relaxation mechanism of
the space charge distribution in halting the change generated
by the electrodes. This is exactly the reciprocity of the complex
permittivity that has been suggested by Macedo. Once the
dielectric displacement is continuous, the electric modulus
primarily displays the relaxation of the electric field in the
material. The formula of the complex modulus is as follows:*~**
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where, M', M" represent the real and imaginary parts respec-
tively of the electrical modulus (M*).

Fig. 9 represents the variation of the real part of the complex
modulus (M) as a function of frequency. The figure demon-
strates that for low frequencies M’ is almost zero for all
temperatures. This characteristic caused by the elimination of
the electrode effects and the charge carriers which are distin-
guished by their long-distance movement. At higher frequencies
M decreases as temperature rises, indicating the short-range
mobility of the charge carriers inside the Cs,ZnCl, material.

The variation of the imaginary part of the complex modulus
(M") as a function of frequency at different temperatures is
shown in the Fig. 10(a). M" reaches almost zero at low
frequencies, demonstrating that the effects of electrode polari-
zation are here negligible. As the frequency is increased, M”
increases until it reaches an asymptotically maximum value,
indicating a relaxation process in Cs,ZnCl,. It is clear that with
the increase of temperature, the relaxation peaks are shifted to
higher frequencies as a consequence of the temperature
dependence of the relaxation mechanism. The asymmetric
nature of the peaks demonstrates the non-Debye nature of the
material. Besides, the variation of M” with frequency is divided
into two regions: the left side (i.e., below fi,,,) is related to long-
distance movement of the active charge carrier inside the
compound Cs,ZnCl,, while the right side (i.e., above f,.,) is
related to localized movement. Hence, the peak of relaxation
denotes the change of the mobility of the charge carriers from
long-distance to short-distance. In order to clarify the asym-
metric character of the peaks in the imaginary portion of the
modulus, Bergman proposed a general function that considers
a modified Kohlrausch-Williams-Watts (KWW) function with
two independently defined form parameters for the low
frequencies:**>°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where, M., . is the maximum value of the imaginary part of the
complex modulus, fyax is the corresponding maximum
frequency, a and b are respectively the shape parameters for low
and high frequency, ¢ is the smoothing parameter. f a =b =1
and ¢ = 0 then the eqn (8) is simplified to the eqn (9), which
refers to the ideal Debye behavior. The adjustment of the
Bergmann function (KWW) is confirmed by the continuous line
drawn in the curve (Fig. 10(a)). The values of various parameters
are displayed in Table 3. As the temperature rises, the values of
the parameters a and b increase, suggesting that M"(w) is going
to approach the ideal Debye response (Table 4).

p M
M (w) =

RS B

Table 3 Estimated values of the parameters t, a, m, o, and oy ob-
tained from the fitting of the modified Cole—Cole model

Parameter

Temperature (K) < o m Osp Ot

313 0.41895 0.245 0.525 1.12 x 1077 5.78 x 10°°
323 0.29834 0.298 0.587 6.58 x 107 9.14 x 10 °
333 0.2508  0.367 0.632 2.25 x 10°° 3.57 x 10~°
343 0.16936 0.399 0.678 5.78 x 10°° 8.02 x 10™°
353 0.09866 0.425 0.714 9.07 X 10°° 9.89 x 10>
363 0.06458 0.487 0.765 3.68 x 10°° 2.54 x 10™*
373 0.05127 0.524 0.825 8.11 x 10°° 6.78 x 10+
383 0.02227 0.599 0.865 2.98 x 10°* 1.36 x 10°
393 0.01517 0.645 0.898 7.49 x 10°* 4.74 x 10°
403 0.01081 0.677 0.914 1.66 x 10> 8.65 x 10>
413 0.00391 0.742 0.932 5.87 x 107° 2.22 x 1072
423 0.00198 0.784 0.945 8.08 x 10> 5.07 x 10>
433 0.00148 0.821 0.968 2.64 x 107> 8.61 x 107>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Estimated values of the parameters a and b found by the
fitting of M”"(w) with the modified KWW function

Temperature (K) a b

313 0.278 0.325
323 0.354 0.398
333 0.421 0.411
343 0.487 0.458
353 0.501 0.477
363 0.534 0.532
373 0.598 0.574
383 0.612 0.608
393 0.635 0.625
403 0.678 0.654
413 0.744 0.688
423 0.784 0.721
433 0.855 0.744

The following expression was used to calculate the relaxation
time:

1
fmax

T (10)

The average activation energy of the load carriers can be
estimated from the Arrhenius equation;

E,
T = Tp EXp _k—T
B

with, T is the measurement temperature, kg is the Boltzmann
constant, E, is the activation energy, and 7, is the relaxation
time at infinite temperature. The activation energy value is
0.56 eV calculated from the slope derivative of the adjustment of
In(z) vs. 1000/T (Fig. 10(b)). It can be noted that the value of E,
evaluated from the conductivity of the space charge oy, is the
twice the activation energy calculated from the slope derivative
of the In(t) adjustment vs. 1000/7. This double value confirms

(11)
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that load carriers are moving from long-range tunnel effect to
short-range.

These results suggest that Cs,ZnCl, exhibits thermally acti-
vated relaxation behavior. As temperature increases, charge
carriers or dipoles become more mobile, allowing for a quicker
response to electric fields at higher frequencies. These proper-
ties are important for electronic and optoelectronic applica-
tions, where the material needs to respond efficiently to varying
signals, particularly at different temperatures.

7 Conclusion

In conclusion, the Cs,ZnCl, sample was obtained using the
slow-evaporation technique at ambient temperature. The XRD
characterization shows that the elaborate compound belongs to
the orthorhombic Pnma space group with the following
parameters: a = 9.765(4) A, b = 7.411(9) A, c = 12.991(2) Aand v
= 940.160(9) A®. Afterwards, optical analysis demonstrates that
the gap and Urbach energy are respectively 3.8 eV and 0.55 eV.
The Cs,ZnCl, photoluminescence spectrum analysis shows that
this compound has a main emission peak at 340 nm, with
a maximum excitation intensity at 280 nm. These characteris-
tics are crucial to optimize the practical applications of this
material in various optoelectronic devices. The refractive index
(n) and the extinction coefficient (k) are founds by ellipsometry
spectroscopy and obey to the Cauchy law. The refractive index n,
(1.52) and the extinction coefficient K, (0.075) are lower than
those of lead-based perovskite compounds. These adequate
results in turn determined the exploitation of these samples in
photovoltaic devices. The confocal fluorescence image shows
slight variations in intensity which is due to the local inhomo-
geneity of our sample. The dielectric constant ¢ and the
dielectric loss ¢” increase with temperature and decrease with
frequency. Two peaks are noted on the dielectric loss curve, one
at low frequency which corresponds to the space charge effect
and the other at high frequency which is due to dipolar polar-
ization. The large dielectric permittivity value and low dielectric
loss value at room temperature imply that this compound could
be a candidate in energy devices. We found that the value of E,
evaluated from the conductivity of the space charge o, (1.16 €V)
is twice the activation energy calculated from the relaxations
time (t). This value confirms that the charge carriers move from
long range to short range tunneling. Utilizing its notable
optical, electrical, and structural properties, Cs,ZnCl, shows
significant promise for advancing various technological appli-
cations. Studies suggest the Cs,ZnCl, could play a valuable role
in fields such as optoelectronics and photovoltaic technologies.
For instance, its stability and lower toxicity compared to lead-
based perovskites make it an attractive candidate for solar cell
applications and other optoelectronic devices.

Data availability

All data supporting the findings of this study are included with
in the manuscript.
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