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Investigation of structural, morphological, and
electrical conductivity study for understanding

transport mechanisms of perovskite CH;NHzHgCl;

Imen Gharbi, 2 Abderrazek Oueslati, @ *@ Ayten Ates,® Abdelfattah Mahmoud, ©°
Mustapha Zaghrioui® and Mohamed Gargouri®

Along with morphological and structural studies, the temperature and frequency dependence of the
electrical and dielectric properties of the CH3NHsHgCls (MATM) compound was investigated and
analyzed. SEM/EDS and XRPD analyses proved the purity, composition, and perovskite structure of the
MATM. DSC analysis reveals the existence of an order—disorder phase transition of a first-order type at
about 342 + 2 K and 320 + 1 K (heating and cooling, respectively), attributed to the disorder of
[CH3NHz]" ions. The overall results of the electrical study provide arguments for the ferroelectric nature
of this compound and aim to broaden the current knowledge on the thermally activated conduction
mechanisms of the studied compound via impedance spectroscopy. The electrical investigations have
shown the dominant transport mechanisms in different frequency and temperature ranges, proposing
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the CBH model in the ferroelectric phase and the NSPT model in the paraelectric phase. The

temperature dependence of the dielectric study reveals the classic ferroelectric nature of the MATM. As
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1. Introduction

To meet the continuous demands of industrial needs, new
functional materials with tunable properties were created
primarily in organic-inorganic hybrids.! These compounds
present an emerging class of innovative and advanced new
materials that hold significant promises.> Their complex
structure, based on a molecular-scale composite of organic
and inorganic components, allows the combination of the
properties of these two classes of materials to obtain a unique
material. Organic compounds are mainly characterized by
weak interactions, namely van der Waals and hydrogen
bonding. They have high luminescence efficiency potential,
polarizability, plastic mechanical properties, and conductive
behavior in some cases.®* Inorganic compounds, typically
characterized by covalent and ionic interactions, are known
for their thermal stability and interesting properties such as
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for the frequency dependence, it correlates the frequency-dispersive dielectric spectra with the
conduction mechanisms and their relaxation processes.

electronic (high electrical mobility and wide range of band
gap), magnetic, and dielectric properties.?

In the early 21st century (precisely in 2009 by Kojima et al.*),
the use of perovskite belonging to the hybrid organic-inorganic
materials with the AMX; (A = methylammonium, for-
mamidinium, aziridinium, and methylhydrazinium,”” M =
lead and tin, and X = Cl, Br, I)**” formula, in solar cells, leading
the way in the photovoltaic industry.

They have become the domineering type of perovskites in the
field of photovoltaics. In just a few years, the power conversion
efficiency in solar cells, given by hybrid organic-inorganic
perovskites, has rapidly increased by three times the initially
promising value (9%).* In addition to their outstanding
performance, their simple and cost-effective fabrication, ie.,
solution-processing techniques, make them one of the most
desirable and most studied semiconductor materials in the
photovoltaics field.® Other than their application in the field of
photovoltaics, these compounds have been widely used in
lasers, light-emitting  diodes,  photodetectors, and
thermoelectricity.'*** Their extraordinary properties, including
a direct bandgap, high carrier mobilities, a long lifetime of the
carriers, low carrier recombination rates, long-range charge
transport with low trap densities, efficient charge collection at
the contacts, a high absorption factor, and a tunable spectral
absorption range, are attributed to the unique electronic prop-
erties of these materials.®'® Thanks to the scientific commun-
ity's enormous interest, the hybrid organic-inorganic
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perovskites have quickly expanded in terms of types of materials
by substituting one or more of the organic or inorganic ions in
one of the most studied perovskites. Despite recent
rapid advances in conversion efficiency, the understanding of
the fundamental properties of AMX; perovskites remains
limited.

The “Methylammonium Trichloro-Mercurate CH3;NH;-
HgCly” (MATM) belonging to the perovskite-type AMX3;, consists
of MA=CH;NH; and HgCl; ions.> The studies carried out by
Seliger et al.'” suggest that the disorder of [CH;NH;]" leads to
the ferro-paraelectric phase transition that acquires at 333 K. At
room temperature, the ferroelectric phase crystallizes in the
trigonal symmetry with P3, space group (a = b = 7.817 A, ¢ =
9.826 A, ¥ = 120°, and Z = 3; hexagonal cell). As for the para-
electric phase, which acquires above the temperature of phase
transition, it crystallizes in the C2 space group of the mono-
clinic system.">* However, the lack of studies that provide an
understanding of the electrical behaviors and the charge
transport mechanism of the MATM, especially when it presents
a ferroelectric nature at room temperature, stirs the need to
carry out a study that unveils the physical behavior of the
studied material. The challenges to a fundamental under-
standing of the MATM perovskite stem from its interesting
chemical and physical properties and their interplay. In this
context, the present paper aims to give an account of the
physicochemical, dielectric, and electrical properties of the
material MATM. For the physicochemical properties, we present
here the results of X-ray powder diffraction, differential scan-
ning calorimetry (DSC) analyses, as well as Raman spectroscopy
and scanning electron microscope (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS) results. Moreover, the
dielectric and electrical properties are investigated in the
current work through impedance spectroscopy measurements
as a function of temperature.

2. Experimental

The MATM crystals were prepared at room temperature through
a slow solvent evaporation method. The MATM crystals were
grown via methylamine hydrochloride CHs;N-HCl (Sangon
Biotech) and mercury(u) chloride HgCl, (Fluka, 99.5%) dis-
solved in methanol. We mixed 2 g of CH;N-HCI and 8.0423 g of
HgCl, (with an equal molecular ratio of CHsN-HCI/HgCl,: n =
0.0296 mol). These precursors were mixed with methanol in
a glass tube, where each of them dissolved immediately without
heating. Finally, we mixed both of the solutions in the same
tube, and in order to ensure the homogeneity of the resulting
solution, the liquid was stirred for a few seconds and then
placed in a Petri dish to facilitate the evaporation of the solvent.
The Petri dish has been placed in a low-ventilated place, and
after 4 days at room temperature without moving or stringing
the solution and after the total evaporation of the solvent,
colorless monocrystals of MATM were formed. This method is
convenient for growing single crystals with high homogeneity
and low cost.

Analysis of the microstructure and chemical composition
was carried out using scanning electron microscopy (SEM) and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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energy dispersive spectroscopy (EDS) (MIRA3 FEG microscope),
coupled with an Oxford Instrument analyzer with different
accelerating voltages.

X-ray powder diffraction (XRD) data were studied at room
temperature using a Bruker D8 diffractometer (Cu K, radiation;
10-90° 26 range; 0.02° step size), to verify the homogeneity and
purity of the MATM compound. The pattern's refinement was
carried out by the Rietveld calculation method, using “Fullprof”
software.”

DSC analysis was performed on a 15 mg sample using the
PerkinElmer DSC-7 at temperatures ranging from 273 K to 373 K
at an average heating rate of 10 K min " during the heating and
cooling processes.

Raman spectra, performed on different crystals, were recor-
ded at room temperature in the wavenumber range of 50-
3500 cm ' using a Renishaw Invia Reflex spectrometer. A
633 nm Ar/Kr laser line was used as the excitation source with
a power of 1 mW. The incident light was focused by an x50 lens
with a spot size of around 24 um in diameter on the surface. In
the backscattering configuration, the scattered and emitted
light was collected.

A small quantity of MATM crystals was ground in an agate
mortar to obtain a fine powder, which was pressed into
pellets (1.1 mm in thickness and 8 mm in diameter) under
a 5-ton per cm”> press. Impedance spectroscopy measure-
ments were performed using two electrode configurations.
These measurements were performed using an impedance/
gain-phase analyzer (Solartron SI-1260), coupled with
a dielectric interface (Solartron 1296), and a temperature
control system (Linkam LTS420). The data were collected at
temperatures between 297 K and 393 K over a wide frequency
range from 10" to 10° Hz.

3. Results and discussion

3.1. SEM/EDS analysis

The SEM analysis of the MATM compound was performed on
crystals to check the surface morphology of the crystal. The
obtained micrographs are represented in Fig. 1(a)-(c), with
different magnitudes. The SEM images (a), (b), and (c) confirm
the crystalline nature of the crystals of the title compound, and
the flat surfaces of the crystals indicate their good quality.**
Indeed, for many different materials, it was shown that the flat
(faceted) surface of the microcrystals is a robust indicator of
excellent crystallinity.”*® In combination with EDS analysis,
which was investigated in different spots as well as for
different crystals, the obtained results of the atomic
percentage of elements (inset of the EDS (Fig. 2)) indicate that
the compound consists of mercury and chloride. Quantitative
analysis suggests a surface coverage with atomic ratios Hg/Cl
of 27:73 for MATM/perovskite. EDS mapping indicates that
the observed ratios are very close to the value of 1: 3, which
indicates successful deposition of stoichiometric CH3;NH;-
HgCl; perovskite. These ratios indicate that the mercury-to-
chlor ratio is almost 1:3, as one would expect for an ABX;
perovskite.

RSC Adv, 2023, 13, 10036-10050 | 10037


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00671a

Open Access Article. Published on 29 March 2023. Downloaded on 5/17/2023 4:01:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

WD 14.60 mm
Det: SE

SEM HV. 50KV
SEM MAG: 975 X Det: SE

WD. 1471 mm

Fig. 1 SEM images of MATM compound.

3.2. X-ray powder diffraction and structure description

To check the crystallinity and purity of the prepared
compound, the grown crystals were ground together and
underwent an X-ray powder diffraction analysis. Fig. 3 shows
the X-ray powder diffraction pattern of the synthesized
compound at room temperature. The present phase was fully
indexed in the P3, space group of the trigonal unit cell

a 72.39
Hg 27.61

Total: 100.00

| | Spectre 11

Specter 11
cl 72.97

Hg 27.03

Total: 100.00

Hg

— B SEa_—_ z u A\
R R B S N O R R R S B I SRR B SR B

View Article Online

Paper

SEM HV: 5.0 KV WD 14,60 mm
SEM MAG: 5.29 kx Det: SE

MIRA3 TESCAN|
1UT de Blols|

(hexagonal cell) with a = b = 7.832(6) A, c = 9.844 (2) A,and Z =
3. These findings are in good agreement with those reported
previously,'®* which confirms the perovskite structure of the
studied compound. The reliability factors evidenced the
goodness of fit, where R, = 16.1%, Ry, = 14.6%, Rexp = 10.2%,
and x> = 2.076, indicating the high purity of the synthesized
sample.
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Fig. 2 EDS profile of MATM compound for different crystals with a table of the atomic % of elements (inset figures).
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Fig. 3 Rietveld's refinement at room temperature of the X-ray powder diffraction pattern of MATM compound.

It was reported previously”’* that the crystal structure of
MATM at room temperature was first determined without any
consideration of the ferroelectric domains. Close inspection
revealed the presence of three-twofold pseudoaxes perpendic-
ular to the threefold axis of the P3, space group.'® A decrease in
the crystal symmetry, from the trigonal P3, to the monoclinic C2
space group, was detected and linked to a ferro-paraelectric
phase transition. This transition is characterized by a loss of the
threefold axis in the high-temperature structure. Simulta-
neously one of the three pseudo-two-fold axes becomes real in
the paraelectric phase.'®*%*”

3.3. Raman spectroscopy

The Raman spectra of MATM's different crystals have been
measured in random orientation to ensure the good crystal-
linity of the material. The spectra were collected at room
temperature in the spectral range of 60 to 3500 cm ' and pre-
sented in Fig. 4. Observed bands have been interpreted in terms
of internal and external vibration modes of [CH;NH;]" and
[HgCl;]™ ions. These modes are assigned by comparison to the
observed bands of similar compounds***° (see Table 1).

3.4. DSC analysis

The DSC measurement was conducted for the MATM in its
crystal form in the temperature range of 273 K to 373 K upon the
heating and cooling process at a rate of 10 K min~". The data
show, in Fig. 5, the existence of a reversible peak at 342 + 2 K
and 320 + 1 K (heating and cooling, respectively). The onset

© 2023 The Author(s). Published by the Royal Society of Chemistry

point of the peak on heating and cooling was taken as the phase
transition temperature, as schematically shown. This peak is
intense and exhibits the characteristics of a first-order phase
transition, which was also indicated by the thermal hysteresis
AT = T, — T, (see Fig. 5) associated with the transition. The
latter is in good agreement with the crystallographic data, where
the observed transition does not compromise the group-
subgroup relation confirming the first-order type. It has been
reported previously that phase transitions are classified into two
types, namely order-disorder and displacive transitions. If the
entropy value is above 2 J mol™' K™, the phase transition is
mainly considered an order-disorder type.***

As for the MATM, the enthalpy AH is determined after
measuring the peak's area, and the entropy AS is deduced from
the obtained enthalpy.>® These two factors were determined by
the exothermic peak (heating process). Their values are 6.9 K J
mol " and 20.53 ] K" mol ™', respectively. So, the observed
phase transition at 342 £+ 2 K would be related to the pure
order-disorder type.” Mainly, the phase transition between
distinct crystal structures is due to the organic cations that have
a disordered dynamic at high temperatures and freeze at low
temperatures.” We may conclude that the disorder of
[CH;NH;]" is responsible for the ferro-paraelectric nature of the
phase transition.'”'%*”

3.5. Impedance spectroscopy

3.5.1. Electrical properties. The impedance spectroscopy
analysis is a well-established method that is critical in

RSC Adv, 2023, 13, 10036-10050 | 10039
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Fig. 4 Raman spectra recorded, at room temperature in the wavenumber 50-3500 cm™2, for different crystals.

Table 1 Assignment of Raman bands for MATM compound®

Raman (cm™%) Assignments

83 m [CH;NH;]" lattice mode

112 m [HgCl;]™ bending mode

140 w

301 vs [HgCl;]™ asymmetrical stretching mode
345w C-N-C symmetrical bending mode
977 w C-N symmetrical stretching mode
2832 vw CHj; symmetrical stretching mode
2902 vw

2971 m CHj; symmetrical stretching mode
3034 vw CHj; asymmetrical stretching mode
3135 vww NH; asymmetrical stretching mode
3198 vw

“ vw: very weak; w: weak; m: medium; vs: very strong.

understanding the electrical response of the material under
study. It provides information about the motion of ions inside
the material, as well as the relaxation time and electrical
conductivity.*

To suggest a proper equivalent circuit model that well
interprets the electrical behavior of the MATM material, we
chose to express the experimental data in terms of complex
impedances.

Fig. 6(a) and (b) show Nyquist plots, also known as Cole-Cole
plots (—Z" versus Z'), of the MATM compound over a wide range
of temperature and frequency, demonstrating a single
depressed semicircle whose center lies below the real axis (Z'
axis). The latter is attributed to the existence of single electrical
relaxation phenomena® and indicates a non-Debye type of
relaxation.*” The presence of a single semicircular arc suggests

10040 | RSC Adv, 2023, 13, 10036-10050

the dominance of the grain's contribution. The spectra were
adequately modeled by a one-cell circuit model, formed by
a parallel combination of resistance (R), capacitance (C), and
a constant phase element (CPE) (inset Fig. 6(a)). However,
interfacial polarization occurs in the spectra even at the
temperature of the phase transition (T, = 343 K). For this
reason, we have added a constant phase element (CPE) to the
equivalent circuit (inset Fig. 6(b)). The exchange of electrons
between the ions of the same molecules takes place. The
deformities and imperfections present in the material are
responsible for altering the position and distribution of positive
and negative space charges. This behavior is caused by the
orientation of the methylammonium [CH;NH;]" cations. Under
the influence of the applied electric field, positive and negative
charges move toward the negative and positive poles of the
applied field, respectively. As a result, a large number of dipoles
are formed.**** The latter can explain the appearance of the
interfacial polarization above Ti,.

The resistance of the MATM at each temperature can be
determined from the intercept of the semicircular arcs with the
real axis (Z'). We may notice that the resistance values decrease
with the increase in temperature (inset Fig. 7), accounting for
the negative temperature coefficient of the resistances (NTCR).
This behavior reveals that the conduction mechanism is ther-
mally activated and the sample presents a semiconductor
character.®-%*

The D. C. conductivity (opc) was determined using the
following relation:

t

A X R (1)

opc =

where “¢” and “A” are respectively the thickness and the area of
the pellet, and “R” is the grain's resistance.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DSC measurement conducted for the MATM in its crystal form upon heating and cooling process.

The variation of D. C. conductivity as a function of the
inverse of temperature is presented in Fig. 7. Its evolution
marks an increment with the increase in temperature, obeying
Arrhenius' law:

Ea(a)> @)

g =0 exp(f Tl

where o, is the pre-exponential factor, E, is the activation
energy, kg is the Boltzmann constant, and T is the
temperature.

A change in the slope of the D. C. conductivity curve is
observed at T = 343 K, which is very close to the temperature of
the phase transition detected by DSC analysis. The activation
energy values of charge transport resulting from the linear fit
are E; = 0.475 £ 0.03 eV at low temperatures and E, = 0.454 +
0.01 eV at higher ones. According to DFT calculations per-
formed by Yang et al.,*® as well as results obtained from similar
studies,” the values of activation energies stand out for the
interstitial [CH;NH;]" ions. The distinct activation energies
indicate how the orientation of the dipole interacts with the
charge carriers, activating the mobility of ions and their diffu-
sion as the temperature increases.>®

The A. C. conductivity of the sample under study was
determined, using the impedance's real Z' and imaginary Z’
measured values, by applying the following relation:

D) )

The evolution of A. C. conductivity (oac), as a function of
frequency and in the studied temperature range, is presented in
Fig. 8. Two regions can be identified in these spectra. The first,

TAC =

© 2023 The Author(s). Published by the Royal Society of Chemistry

located in the low frequencies, appears as a plateau, which is
attributed to the conductivity behavior, namely D. C. conduc-
tivity. The second, located at higher frequencies, is known as
the “conductivity scattered area”, where the conductivity
increases due to the mobility of charge carriers with the
increase in frequency.*® This behavior can be described by
Jonscher's universal power law:*

OAC — 0ODC + B(:JX(T) [4)

where “B” is the temperature-dependent factor and s(7) is the
power exponent that represents the degree of interaction
between mobile ions and the surrounding environment (0 < s <
2).34,38

In previous works, diverse conduction models were reported,
mainly classified into two distinct processes: the classical
hopping over a barrier and the quantum tunneling effect.
However, over the years, some modifications were performed.
The final proposed models are quantum mechanical tunneling
(QMT), correlated barrier hopping (CBH), non-overlapping
small polaron tunneling (NSPT), and overlapping large
polaron tunneling (OLPT).**

These models were proposed to correlate the conduction
mechanism of the A. C. conductivity with the behavior of s(7) as
a function of temperature.

The thermal variation of s(7) is provided in the inset of Fig. 8.
It is worth noting that s(7) decreases with increasing tempera-
ture before increasing again after the phase transition temper-
ature. This behavior coincides with the CBH model for T < T,
(ferroelectric phase) and with the NSPT model for T > Ty,
(paraelectric phase).

RSC Adv, 2023, 13, 10036-10050 | 10041
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Fig. 6 Nyquist plot of MATM compound, at different temperatures, (a) before and (b) after the temperature of phase transition.

3.5.2. Dielectric properties. Fig. 9(a) and (b) show the
temperature dependence of the real &’ and imaginary ¢” parts of
the complex electric permittivity, respectively. The measure-
ments were made at various frequencies in the temperature
range 313-393 K. The real part's curve (Fig. 9(a)) shows
a prominent dielectric peak around 343 K, which is associated
with the ferro-paraelectric phase transition. In addition, the
curve of the imaginary part ¢” (Fig. 9(b)) reveals that the values
of ¢” are almost constant for T < 343 K. This behavior can be
interpreted by the halting of the atomic motion, induced by the
low thermal energy of the charge carriers, leaving them unable
to follow the direction of the electric field. However, above 343
K, the values of ¢ start to increase with the increase in

10042 | RSC Adv, 2023, 13, 10036-10050

temperature, indicating that the charge carriers have gained
sufficient thermal energy to follow the direction of the electric
field.**** As the MATM was reported previously as a ferroelectric
material, this fact triggers the need to investigate whether it is
a classic ferroelectric or a relaxor one. It is evident in Fig. 9(a)
that the ferro-paraelectric transition temperature (7¢ = 343 K)
is independent of frequency, revealing that the MATM is
a classic ferroelectric.*>** The broadened peak that appears in
the real part ¢’ indicates that the transition is of the diffuse type,
which is an important feature of a disordered perovskite
structure.* Fig. 10 represents the plot of Curie-Weiss (1/¢’;) as
a function of temperature at a fixed frequency of 1.25 MHz. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Variation of D. C. conductivity of the grains as a function of (1000/7), and variation of grains resistance as a function of temperature (inset).

latter appears as a straight line just above the temperature of the
phase transition.

The degree of disorder in the ferroelectric MATM was eval-
uated using an empirical formula developed by Uchino and
Nomura:*

1 1

_ (T _CTC)V (5)

!
&y € r max

107

where ¢ is the relative dielectric constant at temperature T,
€'t max i the maximum value at Curie-Weiss temperature T, C is
the Curie-Weiss constant, and v is the factor of diffuseness (1<
v <2). When the 1 and 2 limiting values of v are used, the Curie-
Weiss equation is reduced, yielding the classical ferroelectric
and the ideal relaxer ferroelectric.** In our case, the y values
determined for different frequencies were found to be close to
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Fig. 9

the unit. So, we may conclude that the MATM compound is
a classical ferroelectric.

The temperature dependence of dielectric responses
revealed the presence of anomalous dielectric behavior at 343 K
(identified as a ferro-paraelectric phase transition), which is
normally the temperature at which dielectric relaxation occurs.
Thus, we now report the frequency dependence of the dielectric

response at different temperatures, which is expressed in the
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(a) Real and (b) imaginary parts of permittivity vs. temperature at selected frequencies.

form of the complex dielectric constant e*(w) that can be
expressed as the following:

e*(w) = &(w) — je'(w) (6)
where ¢(w) is the real part of the complex permittivity that
represents the stored energy, and ¢”(w) is the imaginary part of
the complex permittivity as well as the energy dissipation of the
applied electric field as polarization.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Curie-Weiss plot (1/¢’;), as a function of temperature at a fixed

Fig. 11(a) and (b) depict the investigation and demonstration
of the variation of the dielectric constant's real and imaginary
parts as a function of frequency. We may notice that the
dielectric constant is large (reaching 8 x 10° for ¢(w) and 3.7 x
10° for ¢’(w)) in the low-frequency region and decreases grad-
ually with the increase of frequency to remain constant at
a higher frequency. Such behavior indicates a large dielectric
dispersion behavior and a thermally activated nature of the
dielectric relaxation.*** Each of ¢'(w) and ¢’(w) plays a note-
worthy role in defining the ionic conduction process, which is
mainly ruled by ionic, electronic, orientational, and interfacial
polarization. The behavior of the dielectric response in the low-
frequency region was found to be governed by orientational
polarization and interfacial polarization, which confirms the
non-Debye behavior.*® As for the high-frequency region, the
ionic and electronic polarizations are responsible for lowering
the value of the dielectric constant.’>***

To study the variation of the dielectric constant versus
frequency in the studied temperature range, the modified Cole-
Cole model with D. C. conductivity was used, where a correction
term has been added. According to the modified Cole-Cole
model, the complex permittivity can be stated as:>**%*°

.+ _ (& — ew)a o )
1 +j(wr) W™

where ¢* is the complex conductivity, &is the static and €., is
the infinite frequency dielectric constants, w is the angular
frequency, 7 is a time constant, § is the modified Cole-Cole
parameter, and m is the frequency exponent.

From the previous relation, the complex permittivity can be
decomposed into the real ¢'(w) and ¢"(w) imaginary parts can be
expressed as the following:

© 2023 The Author(s). Published by the Royal Society of Chemistry

frequency (1.25 MHz).

U

€Tt g RS (8)
1 +2(w1)” cos (7> + (w1)* 0
(& — £ ) (w1)” sin (ﬁ—n)
" 2 Ofc
&= & wlﬂ (9)
0

1+ 2(wt)’ cos (%T) + (w)*

where o, is the conductivity due to the free charge carrier
(known by D. C. conductivity) and o, is the conductivity due to
the space charges (localized charges).

The experimental data of real and imaginary parts were fitted
with the modified Cole-Cole equation using the previous
equations.

To gain insight into the relaxation procedure in MATM,
detailed complex modulus (M* = M + jM") spectra have been
studied. The imaginary part M” of the electric modulus as
a function of angular frequencies in the studied temperature
range is illustrated in Fig. 12(a). These spectra reveal a single
peak's presence, confirming the studied material's single
relaxation phenomenon. These findings are in good agreement
with those of the Nyquist plots.

The observed peaks are slightly asymmetric at each
temperature, and they are rather wider than the peaks of Debye.
The enlargement points out the spread of relaxation with
different meantime constants, confirming the non-Debye
relaxation of the MATM.***%° In addition, with the increase in
temperature, the position of the peaks marks a shift toward the
higher frequencies. These observations were confirmed by the
analysis of the single peak characteristic using the Bergman
equation, which is stated as follows:
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Fig. 11 (a) Real and (b) imaginary parts of permittivity vs. frequency at selected temperatures.
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Fig. 12 Variation of (a) modulus spectra (M”) vs. frequency and (b) parameters (M” 1. 8) as a function of temperature.

"
M max

<(1 ~8)+(8/(1+ 8)) 5(%) + <w:)ﬂ])

where M" .« is the modulus maximum associated with the
frequency noted by wmax, B is known by the Kohlrausch
parameter (0 < 8’ < 1).

Fig. 12(b) represents the variation of each M"y, and g
values, as a function of temperature. The variation of these two
parameters reveals the existence of two distinct regions with
a change in slope around the same temperature as the detected
phase transition. The behavior of these factors reveals that the

M/l —

(10)

/

© 2023 The Author(s). Published by the Royal Society of Chemistry

mechanism of the observed phase transition may be described
as an order-disorder transition, and the movement of
[CH3;NH;] cations is at least between two energetically equiva-
lent positions.** These findings are in good agreement with
those of the DSC analysis.

4. Conclusions

Methylammonium Trichloro-Mercurate (MATM) crystals were
grown through a slow evaporation method. Several comple-
mentary techniques, along with the XRPD analysis, were
brought together to investigate the surface morphology,
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stoichiometry, and purity of the MATM in its crystal and powder
forms. SEM analysis confirmed the crystalline nature and the flat
surfaces of the crystals, indicating the good quality of the MATM
crystals. EDS analysis revealed a surface coverage with Hg/Cl
atomic ratios of 27:73, indicating a successful deposition of
stoichiometric MATM perovskite. These ratios show that the
mercury-to-chlorine ratio is almost 1: 3, as expected for an ABX;
perovskite. As for the vibrational analysis, Raman spectra recor-
ded at room temperature have given information about the
internal and external vibration modes of [CH;NH;]" and [HgCl;]~
ions. As for thermal analysis, the DSC revealed the existence of
areversible peak at 342 + 2 Kand 320 + 1 K upon the heating and
cooling processes, respectively. The latter is associated with
a first-order phase transition of an order-disorder nature,
produced from the disorder of [CH;NH;]™ ions. The electrical,
dielectric, and relaxation properties of the MATM hybrid perov-
skite are studied using impedance spectroscopy to characterize
the material's intrinsic electrical behavior. Following the struc-
tural aspects, this behavior is interpreted, establishing a link
between the nature of the migrating species and their impact on
the macroscopic properties. The Nyquist plots revealed the exis-
tence of single electrical relaxation phenomena, indicating a non-
Debye type relaxation, and the presence of a single semicircular
arc suggests the dominance of the grain's contribution. These
plots were satisfactorily fitted with the one-cell R/C/CPE circuit
model, with the exception of adding a CPE element in series from
the temperature of phase transition. The latter was interpreted by
the formation of a significant number of dipoles, creating an
interfacial polarization. A change in the slope of the D. C.
conductivity curve is observed around the same temperature of
the phase transition detected by DSC analysis. The activation
energy values of charge transport are E; = 0.475 + 0.03 eV (T <
Tira) and E, = 0.454 £ 0.01 eV (T > Ty)- These values were found
to stand out for the interstitial [CH;NH;]" ions. In addition, the A.
C. conductivity was successfully described through Jonscher's
power law. The variation of the deduced s(7) indicates that the
CBH model interprets the charge transport mechanism in the
MATM well (for T < Ty.), but switches to an NSPT model above
Tira- As for the dielectric study, as a function of temperature, it
provides arguments for the existence of ferroelectricity, revealing
the classic ferroelectric nature of the studied material. However,
it confirms the findings of the electrical study as a function of
frequency, where the space charge and free charge conductivity
were determined through the modified Cole-Cole plot.

The presented results provide insights into the correlation
between the properties of this material, leading us to conclude
that MATM is a feasible perovskite that could be used in energy-
harvesting systems.
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