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|. Introduction

Impact of thermally activated ionic dynamics on
the trap-mediated current—voltage characteristics
of a mixed-halide hybrid perovskitef

*xab

Manoj Singh,® Lokesh Singh Tanwar® and Rupak Banerjee

Organic—inorganic metal halide perovskites (OIMHPs) are at the forefront of leading energy research.
Therefore, it is pivotal to understand the effect of operating conditions like temperature, humidity, light
exposure, etc. on these materials. The transient ionic dynamics and its effect on the steady-state J-V
characteristics of an OIMHP, viz. FAPbBr,l, having a mixed halide composition, were investigated by
temperature-dependent dielectric spectroscopy and temperature-dependent space charge limited cur-
rent (SCLC) measurements in the temperature range of 305-454 K. The contribution of the resistance
and capacitance of grains and grain boundaries to the total impedance at different temperatures has
been interpreted by analyzing the Bode plots using the Maxwell-Wagner equivalent circuit model. The
AC conductivity spectra demonstrate different behaviors in two different temperature regimes. In the
low-temperature (LT) regime (323—-381 K), the temperature response of ionic conductivity is only depen-
dent on hopping frequency (the ionic carrier concentration factor being temperature-independent),
leading to almost similar activation energies of ionic conduction (E,) and hopping migration (E,,), where
E, = E,, = 0.30 £ 0.05 eV. However, in the high temperature (HT) regime (395-454 K), we observed a
difference in E, (0.74 £+ 0.05 eV) and E,, (0.50 4 0.05 eV) values, which is attributed to the activation
energy of mobile charge carrier formation (Ef = £, — E,,, = 0.24 + 0.05 eV). We propose that the trapped
ions in the LT regime are now released by overcoming the barrier E¢ in the HT regime, leading to a sub-
stantial increase in the mobile ion concentration. Furthermore, we have unveiled the effect of these
mobile ions and trapped carriers on the J-V characteristics in both temperature regimes by analyzing
the temperature-dependent SCLC J-V characteristics in the Ag/FAPbBr,I/Ag device configuration. The
AC conductivity and electric modulus loss spectra scale to different master curves in the LT and HT
regimes, further corroborating the observed thermally activated interplay of ionic conduction and
hopping migration. The key findings of this work stimulate more such fundamental investigations of electrical
transport in mixed halide OIMHPs and establish their potential in various energy storage applications like
batteries, integrated PV-battery/supercapacitor systems, and others.

identify the microscopic processes involved and correlate them
with the performance and stability parameters of multifunctional

The intriguing photo-physical and dielectric attributes of
organic-inorganic metal halide perovskites (OIMHPs) have
fascinated the scientific community. Specifically, the under-
lying mechanism of ion transport and relaxation dynamics is
still elusive in such materials and warrants extensive investiga-
tion. Deeper insights into these mechanisms are imperative to
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devices based on halide perovskites, such as solar cells, high
energy radiation (X-ray and y-ray) detectors, piezoelectric nanogen-
erators, field effect transistors, memory devices, photo-catalysts
and so on."™® The OIMHPs exhibit attractive optoelectronic
properties, viz. strong optical absorption, large photolumines-
cence quantum yields, low exciton binding energy, high
mobility and diffusion lengths of charge carriers, etc.">™> The
power conversion efficiencies (PCEs) of thin film-based solar
cell devices of OIMHPs have reached up to ~25.5% in only over
a decade of research.'® However, one of the significant bottle-
necks in the technological deployment of such devices is the
creation of surface defects due to the prompt crystallization and
grain boundary effects."” Several other parameters, such as ion

This journal is © The Royal Society of Chemistry 2025
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migration, carrier lifetime, mobility, etc., are also known to
influence device performance and stability.

Single crystalline materials of these halide perovskites have
been recently explored due to their significantly low trap density
(~10° em™?), higher diffusion length (up to ~1 pum), and higher
carrier mobilities and the absence of grain boundaries.'®'® There-
fore, synthesizing high-quality single crystals (SCs) or highly
epitaxial growth of these perovskite materials is the most feasible
way forward for significant improvement in this field. However,
integrating these SCs in solar cells and other energy-harvesting
devices is still challenging. In the recent past, several approaches
have been adopted to synthesize high-quality, large perovskite-
based SCs, such as inverse temperature crystallization (ITC), anti-
solvent vapor-assisted crystallization (AVC), seed crystal growth,
Bridgeman method, and so on.”*** Among these, the ITC method
is the most common for synthesizing OIMHP-based SCs because
of the fast growth rate of high-quality, shape-controlled, and large-
sized crystals. Saidaminov et al. demonstrated the rapid crystal-
lization (within minutes) of high-quality, size- and shape-
controlled MAPbX; (MA = CH3NH; and X = Br or I) SCs by the ITC
method.”" Consequently, FAPbX; (FA = CH (NH,),, X = CI, Br, I
SCs were also studied, which demonstrated better thermal and
moisture stability than the MA-based perovskite SCs.>* FA-based,
mixed halide perovskite SCs (FAPbBr,I) have been used as a
photodetector with stable performance. The fabricated device
exhibited an excellent photo-response with a responsivity of
~0.8 AW ' and a detectivity of ~1.81 x 10" Jones for a visible
laser (4 ~ 376 nm).*

A formamidinium (FA) based hybrid lead halide perovskite,
like FAPDbI;, has an optimal band gap (~1.48 eV) from the
perspective of perovskite-based device performance and has been
the focus of the scientific community to date.”*® However,
FAPDI; is highly unstable and cannot sustain its photoactive
cubic a-phase at room temperature, degrading immediately to a
photo-inactive §-phase. This degradation is often attributed to
the iodide ion migration in various literature studies.>**° More-
over, FA" also gives more thermal stability to the FA-based
perovskites compared to their methylammonium (MA") based
counterparts.’' The halide substitution, for instance, the substi-
tution of iodide by bromide partially, is also reported to arrest the
ion migration and provide structural stability.*'*> The replace-
ment of iodide by bromide not only increases the bandgap, but
also enhances the structural stability such that the bulk single
crystalline samples could be stable in the cubic o-phase for
months to even years under ambient conditions.**** Hence,
the mixed halide compositions of OIMHPs have proved to be
vital for the application versatility.

The OIMHPs are mixed ionic-electronic conducting materi-
als, and the understanding of ionic transport and the strength
of electron-lattice interaction related to the polaronic trans-
port, ionic polarization strength, and defect tolerance®*>7® is
crucial for the efficient design of multifunctional energy storage
and conversion devices based on such materials.*>*° Dielectric
spectroscopy is an efficient, non-destructive, and reliable tech-
nique that is widely used to probe the ionic conduction,
relaxation mechanisms, polaron dynamics, etc., in the OIMHPs.

This journal is © The Royal Society of Chemistry 2025
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Several other techniques, such as blocking electrodes, Hall
effect, and permeation studies, have also been employed to this
end.”

Here, we report the synthesis of an FA-based mixed halide
FAPbBr,I single crystal by the ITC method. The synthesized
FAPbBr,I single crystal is characterized by X-ray diffraction
(XRD), which establishes its cubic crystal structure with the Pm3m
space group. The in situ temperature-dependent XRD, thermogra-
vimetric analysis (TGA), and differential scanning calorimetry
(DSC) demonstrate that there are no thermally induced structural
changes in the FAPbBr,I SC up to 200 °C (473 K). Furthermore, the
temperature-dependent (305-454 K) dielectric spectra of the FAPb-
Br,I sample have been investigated in a wide frequency range of 20
Hz to 10 MHz. The contribution of the resistance and capacitance
of grains and the grain boundaries to the impedance is discussed
quantitatively by fitting the Bode plots. The analysis of electric
modulus loss spectra using the Havriliak-Negami (HN) and
Kohlrausch-Williams-Watts (KWW) models and the AC conduc-
tivity spectra using the modified Jonscher’s power law model at
various temperatures indicates two different types of ionic con-
duction and hopping migration mechanisms in high-temperature
(HT) and low-temperature (LT) regimes. In the LT regime (305-
381 K), the DC ionic conductivity is exclusively dependent on the
hopping frequency, resulting in almost similar activation energies
(AEs) of ionic conduction (E, = 0.28 + 0.05 eV) and hopping
migration (Ey, = 0.29 £ 0.05 eV), whereas in the HT regime (395-
454 K), we observed differences in both the AEs (E, = 0.73 +
0.05 eV and E,, = 0.49 £ 0.05 eV), which is attributed to the
formation of mobile carriers, justified by the orders of magnitude
increase in the carrier concentration factor. This difference in the
AEs corresponds to the energy expended in forming these mobile
carriers (Ef = E; — En, = 0.24 £ 0.05 eV). The role of traps and the
influence of mobile ions in the expected changes in the steady-
state J-V characteristics is corroborated by the temperature-
dependent space charge limited current (SCLC) measurements.
The differences observed in the scaling behavior of the electric
modulus and the AC conductivity spectra at different temperatures
also justify the prevalence of different conduction mechanisms in
both temperature regimes. These results offer vital insights into
the dielectric attributes of the FAPbBr,I halide perovskite and
assess its suitability for applications in optoelectronic and energy
harvesting devices.

ll. Experimental
A. Chemicals

Formamidinium iodide (FAI) and lead(u) bromide (PbBr,) were
procured from Sigma Aldrich. Gamma-butyrolactone (GBL) and
N,N-dimethyl formamide (DMF) were purchased from Alfa-
Aesar. All these analytical-grade reagents were used without
any further purification.

B. Synthesis of FAPbBr,I single crystals

The FAPbBr,I SCs were grown using the ITC synthesis techni-
que. 1 mmol FAI and 1 mmol PbBr, were dissolved in GBL at
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60 °C. When the precursors are dissolved completely, a clear
solution is formed. After that, the temperature is increased to
115 °C and kept as it is until the crystallization starts. The
single crystals of FAPbBr,I then start to grow bigger within
hours. The synthesis procedure and images of SCs are shown in
Fig. S1(a) and (b) in the ESL}

C. Characterization of physicochemical properties of single
crystals

The powder XRD patterns of the pulverized SCs of FAPbBr,I were
measured using a 9 kW Multimode XRD system (SmartLab,
Rigaku Corp., Japan) for structural analysis. The X-ray source
used was copper K, (1 = 1.54 A), and the scan rate was maintained
at 1° min~" with a 20 scan range of 10° to 45°. UV-visible
reflectance spectroscopy was performed using a QE-R quantum
efficiency measurement system (EnliTech, Taiwan) using an
integrating sphere in the reflectance measurement module. The
reflectance was calibrated using a reference barium sulphite
standard sample. The bandgap of the synthesized samples was
deduced from the reflectance data using the Tauc plots. The
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) of the pulverized FAPbBr,I sample were per-
formed using the PerkinElmer TG analyzer and PerkinElmer
differential scanning calorimeter, respectively. The temperature-
dependent space charge limited current-voltage measurements
on the Ag/FAPbBr,I SC/Ag device were carried out in an in-house
temperature-controlled setup using the electrical source meter
provided by Keithley Instruments Inc., Model: 2601B.

D. Dielectric spectroscopy

For studying the dielectric response of the FAPbBr,I perovskite
material, the electroding of the top and bottom surfaces of the
FAPDBTr,]I pellet (pressed from the as-synthesized SCs) was done
by the application of silver paste to achieve the Ag/FAPbBr,I/Ag
device configuration. The Keysight Impedance Analyzer E4990
was utilized to acquire the conductance and capacitance at
different temperatures in the frequency range 20 Hz-10 MHz
under a 0 V DC potential with a small AC perturbation potential
of 0.1 V. The conductance and capacitance data were used to
extract the complex impedance Z*(w), AC conductivity ¢'(w),
complex dielectric constant ¢*(w), and complex electric mod-
ulus M*(w). The digital image of the impedance analyzer with a
PID temperature controller is also presented in Fig. S2 in the
ESL. 7

[1l. Results and discussion

Fig. 1(a) depicts the XRD profile of the FAPbBr,I single crystal
perovskite at room temperature (RT) and various other tem-
peratures up to 473 K. The XRD profiles of the FAPbBr,I single
crystal show diffraction peaks at 20 = 14.69°, 20.81°, 25.54°,
29.57° 33.19° 36.46° and 42.35° corresponding to the (001),
(110), (111), (002), (210), (211) and (220) lattice planes, respec-
tively. The peak profile indicates that FAPbBr,I crystallizes in a
cubic crystal system with the Pm3m space group and is in
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agreement with previous reports on the FAPbX; (where X = Cl,
Br, I, or a mixed halide) crystal structure.>**** The in situ
temperature-dependent XRD of FAPbBr,I SC was also performed
from RT to 200 °C (473 K) to examine the temperature-induced
structural changes (if any) within the said temperature range.
We do not observe any changes in the shape, size and number
of diffraction peaks. Therefore, we conclude that there are no
structural changes in the measured temperature range.

Furthermore, to probe the thermal stability of FAPbBr,I SCs,
we performed the TGA and DSC measurements from RT to
473 K. The TGA and DSC plots of FAPbBr,I are shown in
Fig. 1(b) and (c). The TGA trace shows no significant weight
loss up to 473 K, implying that the perovskite is thermally
stable in this temperature range. The DSC trace also does not
show any exothermic or endothermic anomalies, confirming
the thermal stability of FAPbBr,I SCs. The optical absorption of
FAPDbBr,I SCs is explored by UV-visible spectroscopy in the
wavelength range of 300 to 1100 nm. The absorbance versus
wavelength plot is shown in Fig. 1(d), and its inset shows the
Tauc plot. The Tauc plot between [F(R)av]"" and hv (where F(R)
is known as the Kubelka-Munk function, Av is the energy of the
incident photon, and # is a parameter determining the type of
bandgap transition) is obtained from the reflectance data
according to the following equation

(1-R?

FR) =S,

1)
where R is the percentage reflectance from the sample at each
wavelength. The optical band gap of ~1.97 eV is estimated
from the Tauc plot considering a direct band transition, i.e., n =
1/2 in the FAPbBI,I SC. The obtained bandgap value is also in
agreement with previous reports.>®

Complex impedance spectroscopy (CIS) has proven to be a
remarkable technique for investigating ion dynamics and
relaxation mechanisms in dielectric materials. The halide per-
ovskites, being highly dielectric in nature, have been recently
probed extensively using the CIS technique to understand the
underlying phenomena behind the dynamics of ion migration,
trap states, and recombination of ions inside the bulk as well as
the surface of the materials.** Generally, the complex impe-
dance spectra of dielectric materials can be understood by
analyzing the individual contributions from grains, grain
boundaries, and sample-electrode interfaces associated respec-
tively with the high-frequency (HF), low to mid-frequency (MF),
and ultra low-frequency (ULF) regions.*>*> The temperature-
dependent CIS measurements of the Ag/FAPbBr,I/Ag device are
manifested in the Bode plots expressed as frequency versus real
(Z'(w)) and imaginary (Z"(w)) parts of CI. The Bode plots of
Z"(w) vs. o at different temperatures (305-454 K) are shown in
Fig. 2(a)-(d), and the equivalent circuit model to fit the data is
shown in the insets. In our measurement configuration of the
Ag/perovskite/Ag device, we have the perovskite in the polycrys-
talline pellet form composed of grains and grain boundaries
(GBs). Hence, we can represent this system by a Maxwell-
Wagner equivalent electrical circuit having two parallel RC
circuits connected in series, each corresponding to a physical

This journal is © The Royal Society of Chemistry 2025
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(a) In situ temperature-dependent XRD profiles of pulverized FAPbBr,| SCs at different temperatures, (b) the TGA trace, (c) the DSC heating and

cooling traces in the temperature range of RT to 473 K, and (d) the UV-vis absorption profile of FAPbBr,| SCs with the inset showing the Tauc plot for

energy bandgap calculation.

process happening in the grain and GBs. The real (Z'(w)) and
imaginary (Z"(w)) parts of impedance for such a model are given
by246

R R,

Z'(w) = 2

© =17 D RECE 1T 0P RECE ®
Rlzwcl R22COC2

z" — _ 3

(@) (1 T PRACE T 1+ P R2CY 2

where both the RC elements will exhibit the respective time
constants:

1
=— =R 4
7 o 1Cy (4)
B e 5)
2= =RG

where R; and C; are the resistance and capacitance of grains
and R, and C, are the resistance and capacitance of GBs. It is
known that a parallel RC circuit represents a relaxation process,
and we associate these with space charge relaxations in grains
and GBs. Furthermore, it is also established that the space
charge relaxation, ie., the reorganization of space charges,

This journal is © The Royal Society of Chemistry 2025

happens slowly in the GBs (or at any interface for that matter)
compared to the grains because GBs are the area of discontin-
uous electrical changes while grains have a continuous isotropic
electrical environment, which facilitates faster reorganization of
charges. Hence, the dynamics at GBs will correspond to the
relaxation at lower frequencies (slower reorganization) and the
dynamics at grains will correspond to the relaxation at slightly
higher frequencies (comparatively faster reorganization than that
happening at the GBs). The frequency dependence of Z’(w) for
the Ag/FAPDBr,I/Ag device at different temperatures demon-
strates broad relaxation peaks. This broadening observed in the
relaxation peaks is due to the distribution of relaxation times and
suggests a non-Debye relaxation behavior in FAPbBr,I.*"*

Fig. S3(a—j) (ESIY) also presents the fitted Bode plots of the
real part of CI: Z'(w) vs. w at various temperatures. The values of
Z'(w) decrease with increasing temperature, indicating that
FAPDbBr,I follows a negative temperature coefficient of resis-
tance, typical of semiconductors. At low frequencies (o — 0),
the impedance is very high (Z'(w) — (R; + R,), according to
eqn (2)), and at high frequencies (w — o0), the circuit offers
very low impedance (Z'(w) — 0). Physically, inside our system,
at LFs, the free ions are able to follow the applied AC field and
move inside the system from grains towards GBs; hence, they

J. Mater. Chem. C, 2025, 13, 15168-15184 | 15171
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Fig. 2 Bode plots of the imaginary part of impedance fitted by a Maxwell-Wagner equivalent circuit at different temperatures: (a) 305-334 K, (b) 343—
381 K, (c) 395-412 K, and (d) 421-454 K. Insets depict the equivalent circuit model. Arrhenius plots of (e) DC ionic conductivity and (f) hopping

frequencies of space charge relaxation obtained from impedance data.

experience a very high impedance contribution from both
grains and GBs. Usually, at LFs, the resistors act as the short
circuit path, and capacitors block DC; hence, the effective
impedance is primarily the resistive contribution of grains
and GBs. While at high frequencies, we know that resistances
block AC field and capacitors act as short circuits and pass the
AC signal; hence, the impedance falls significantly at higher
frequencies with an inverse dependence on the frequency of the
AC field (Z'(w) ~ 1/w). This transition from high to low
impedance should occur at the effective relaxation frequency
(wg) of the equivalent circuit. With the increment in temperature,

15172 | J. Mater. Chem. C, 2025, 13, 15168-15184

this transition occurs at larger effective relaxation frequency,
which is natural because the ionic movement is temperature
activated and long-range motion persists more at higher
temperatures.

The values of these parameters (R;, C;, and R,, C,) obtained
by fitting the Bode plots of Z"(w) and Z'(w) at all the measure-
ment temperatures are presented in Table S1 in the ESL{ The
resistance of GBs and grains and their difference (R, — R,) is
observed to decrease with the increment in temperature
(Fig. S3(k) in the ESIt). The variation of grain and GB-capacitance
with temperature is also shown in Fig. S3(1) in the ESL¥

This journal is © The Royal Society of Chemistry 2025
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We have calculated the DC conductivity (o4.) at different
temperatures from the impedance data by using the relation:

Od4c = where ¢ is the thickness, A is the area of the sample,

t
ﬁy
and R is the total resistance offered by the sample. Here, the
total resistance is a sum of grain and grain-boundary resis-
tance, i.e., R=R, + R,, t = 0.8 mm, and A = 8 mm?>. The o4,
obtained from impedance data as a function of 1000/T follows
the Arrhenius relation shown in Fig. 2(e), and we observe two
different activation energies (AEs) of ion conduction (E,)
obtained from the Arrhenius plots in two different temperature
regions, which we designate as the low and high-temperature
regions (LTR and HTR). The obtained values of activation
energies in the LTR and HTR are 0.31 £ 0.05 eV and 0.74 +
0.05 eV. Furthermore, we also calculated the effective relaxation
frequencies (wg) at all the measured temperatures from the
impedance data. The expression of wy is derived in the Note S1
(ESIY). Typically, wg is the frequency value at which the imaginary
impedance (Z"(w); representing relaxation) becomes maximum.
The simplified expression of effective relaxation frequency is

wR = 0103 /+/ (@12 + ®7%), where w; and w, are the relaxation
frequencies corresponding to the grains (1/R;C;) and GBs (1/
R,C,) using eqn (4) and (5). It is noteworthy that the term
“effective relaxation frequency” should not be taken analogous
to the single RC component, nor it is intended to imply a single
relaxation mechanism. It arises from a combination of grain and
GB relaxations and is used solely for plotting an Arrhenius
relation to estimate activation energy. The plot of log(wg) vs.
1000/T also follows the Arrhenius behavior since hopping is a
temperature-activated phenomenon. The AEs of hopping migra-
tion (Ey,) in the LTR and HTR were estimated as 0.28 £+ 0.05 eV
and 0.53 £ 0.05 eV, respectively. The plausible reasons and the
implications of observing two different AEs in LTR and HTR as
well as differences in E, and E,,, in the HTR are discussed later in
the AC conductivity section.

The coupled ionic-electronic behavior forms a complex
problem in the halide perovskite materials because of the multi-
ple physical processes manifesting in different types of dielectric
polarization.>*° While the impedance spectra help us understand
how the system impedes the charge transport, the permittivity
spectra shed light on the different polarization contributions in
the system. The various physical processes include electronic,
ionic, dipolar or orientational, and space charge (resulting from
redistribution of free ions and electrons) polarizations, which
contribute to the relative permittivity. All these components, due
to the respective physical processes, occur at a diverse range of
time scales ranging from femtoseconds to seconds. The real and
imaginary parts of the frequency-dependent complex dielectric
constant can be expressed as:

, Z/I
&(w) = _COCo(Z/z + Z//Z) (6)
Z/
"
[ — 7
& (w LOC()(le +Z"2) ( )

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Temperature-dependent (305-454 K) dielectric (a) relative per-
mittivity and (b) loss spectra of the FAPbBr,| perovskite.

The real part of the dielectric constant (¢') vs. w for the
FAPDBr,I perovskite is plotted at various temperatures (305-
454 K), shown in Fig. 3(a). The value of the dielectric constant is
higher at LFs, as expected, due to the Maxwell-Wagner space
charge effects.” The ionic movement is a slow process, and at
lower frequencies, the slow switching of the AC field does not
affect the long-range ionic movements, and thus the ions move
across long distances. Hence, they accumulate at the GB inter-
faces and contribute to the space charge polarization. That is
why we observe high relative permittivity values at LFs, which
fall off as the frequency is increased because long-range ionic
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motion is less significant as the frequency is increased. Typi-
cally, after the resonant frequency (corresponding to the relaxa-
tion of space charges), other contributions, viz. dipolar, atomic,
and electronic polarizations, take over. Hence, physically, in
our system, the ionic movement (at LFs) from grain towards
GBs experiences the impedance from both grains and GBs and
forms a space-charge layer at GB interfaces, which primarily
contributes to the space charge polarization and hence the
dielectric permittivity. Furthermore, the dielectric permittivity
is observed to increase at LFs as we increase the temperature,
further confirming the Maxwell-Wagner space charge polariza-
tion effect, which corresponds to the temperature activated
ionic conduction and hopping transport.

The room temperature (RT) value of ¢’ for FAPbBr,I varies
from 52 to 56 in the kHz to MHz frequency range and agrees
with the reported values on various FAPbX; perovskites.>® The
temperature variation of ¢’ in the HFs (1 kHz to 1.32 MHz) is
also presented in the inset of Fig. 3(a). The &¢'-T curve at HFs
also shows temperature dependence (weaker dependence as
compared to that at the LFs) and can be attributed to the dipolar
relaxation of the reorienting FA" dipoles. S. Govinda et al.>" also
reported strong evidence of the MA" dipole orientation in the
tetragonal phase of MAPbX; by observing a strong temperature
dependence of ¢ compared to temperature-independent ¢’ in
CsPbBr; at the kilohertz to megahertz frequencies. They also
quantified the large contribution of MA" dipoles and almost a
negligible effect of Maxwell-Wagner space-charge polarization in
this frequency range. Therefore, the temperature-dependency of
¢ (inset of Fig. 3(a)) in the case of the FAPbBr,I perovskite clearly
suggests the role of FA" dipolar contribution. Notably, the &'-T
dependency in our case is also observed to change with frequency
but is not as strong as in the reported MAPbX; perovskites, which
were measured at temperatures lower than RT. Our range of
temperatures are much higher (305-454 K), which induces
extrinsic effects other than mere dipolar contributions.>® Addi-
tionally, FAPbBr,I exhibits the cubic phase, and FA" possesses a
lower dipole moment compared to MA".>*> The nature of the
frequency-dependent dielectric loss ¢’(w) spectra is shown in
Fig. 3(b). The dielectric loss spectra are defined as'”">

_d'(w)
T 2ngyw

&'() (8

In accordance with the Jonscher power law (JPL), identified
by ¢’ = 64c + Aw’ (04 is the DC ionic-conductivity, A is a
prefactor, and s is an exponent; 0 < s < 1),°* the expression
(8) becomes:

Odc A

&' (w) =

T 2megw | 2megw! S

©)

. 1. .
The ¢’(w) varies as ~ — in the LFs corresponding to the DC
)

ionic conductivity and as ~ —— in the dispersive or JPL region.
o=

1

In the LFs, we observed the DC region (w —) at all tempera-
)

tures, implying the long-range ionic conductivity of space
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charges. However, the dispersive region (kilohertz to mega-
hertz) exhibits nearly constant loss (NCL) in the LTR (regions
with almost constant ¢”), corresponding to s ~ 1, and decreas-
ing loss in the HTR (¢” decreases faster with w as temperature
increases), corresponding to a strongly decaying s with tem-
perature. The s-values at different temperatures are also quan-
tified in the analysis of the AC conductivity in a later section.
The dielectric loss in a material decreases with an increment in
the frequency of the applied AC field, because the contribution
of space charge and dipolar polarization decreases
significantly.>® In our observation of loss spectra of FAPbBI,],
in the LT and dispersive region (kHz-MHz), where we can find a
region with s ~ 1, the FA'-dipoles are able to reorient and
dipolar polarization is still stronger to contribute to the NCL,
whereas the Maxwell-Wagner polarization (MWP) will not be
significant because the space charges will not have enough
time to accumulate at the interfaces. In the HT and dispersive
regions, where s decreases strongly with temperature, the
contributions from both MWP and FA'-dipolar reorientation
will be more insignificant and hence implies the faster decay of
loss spectra as we increase the temperature.

The AC conductivity spectra of the Ag/FAPbBr,I/Ag device are
also studied in detail to gain critical insights into the mechan-
isms behind thermally activated ionic conduction and hopping
migration. The conductivity spectra ¢’(w) of FAPbBr,I at various
temperatures (305-454 K) and the corresponding fits using the
Almond-West model (a modified form of JPL) in terms of DC
conductivity (o4c), hopping frequency (wy) and power law
exponent (s) with a limiting value of 0 < s < 1 are displayed
in Fig. 4(a) and are given as>*>°

o= (2

The fitting parameters (o4, oy and s) at different tempera-
tures are compiled in Table SII in the ESL.{ Generally, in a
dielectric material, the LF region is dominated by the long-
range transport of ions,*”*>” which results in the successful
hopping of these ions from one lattice site to another.’® We,
therefore, observe a frequency-independent DC conductivity
(o4c) in the LF region. The DC conductivity region then crosses
over (at w = wy) to a frequency-dependent dispersive region at
the HF region. The dispersive nature of conductivity at high
frequencies can be explained by the time-evolution of corre-
lated forward-backward hopping of ions, as formulated in
Funke’s Jump-Relaxation Model.”®

The ionic conduction and hopping migration follow the
Arrhenius law because they are thermally activated processes:

E,
Odc = 00 €XPp (_kB—T)

(10)

(11)

oy = wgexp| — Em (12)
kg T

where g, and w, are the Arrhenius prefactors and E, and E,, are
the AEs of ionic conduction and hopping migration. The
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conductivity and (c) hopping frequency obtained from power-law fits of AC conductivity, temperature dependence of (d) the ionic carrier concentration

factor, and (e) power-law exponent of the FAPbBr,| perovskite.

obtained value of log(o4.) from power law fits is plotted with
1000/T and is shown in Fig. 4(b). The Arrhenius plot exhibits
two distinct regions of temperature, viz. the low-temperature
region (LTR) from 305 K to 381 K and the high-temperature
region (HTR) from 395 K to 454 K. The estimated values of AEs
and E, from the slopes of Arrhenius plot in the LTR and HTR
are 0.28 £ 0.05 eV and 0.73 + 0.05 eV, respectively. We also
plotted log(wy) vs. 1000/T as shown in Fig. 4(c) and obtained
the AE of hopping migration E,, in the LTR and HTR respec-
tively to be 0.29 £ 0.05 eV and 0.49 + 0.05 eV. We observed that
the AEs of ionic conduction and hopping migration have
similar values (E, ~ En,) in the LTR, whereas the differences

This journal is © The Royal Society of Chemistry 2025

in the AEs (E, — Ey, & 0.24 + 0.05 eV) in the HTR indicate a
temperature-triggered interplay of ionic conduction and hop-
ping migration.

The general expression of the DC ionic conductivity of any
given material is given as:*°

Z2F? 2
Ode = C oy @
de ke T Ny WH

(13)

where c¢ is the concentration of mobile ions, z is the charge of
each ion, F is the Faraday constant, kg is the Boltzmann
constant, n is the geometric factor, and o, is the hopping
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distance.®® We introduce a new constant C, which represents
the relative carrier concentration of ions and is given as:

2F2
c:cC )m& (19)
kg
Therefore, the expression for DC conductivity becomes:
04cT = Coy (15)

Generally, if the mobile carriers are not thermally activated, the
carrier concentration factor C is independent of temperature,
and the temperature response of ionic conductivity is only
dependent on hopping frequency (E, = Er,)°° and they follow
a common conduction and relaxation mechanism. However,
when the mobile carriers are thermally activated, the factor C
itself is temperature-dependent and follows an Arrhenius rela-
tionship:

Eq
C=Cyexp| ——= 16
vewn( ) (16)
where the prefactor C, is the effective carrier concentration and
E:is the AE for the formation of free carriers. Therefore, in light
of eqn (16), the Arrhenius relation of g4, becomes:

(Em + Ef))

T (17)

Gdc = 0 €Xp (—
and therefore, the AE of ionic conduction in the case of
thermally activated carrier formation has two components:

E,=E, +E; (18)

In the case of FAPbBr,I, we calculated the values of the carrier
concentration factor C at all temperatures using eqn (15) and fitted
parameters (oq4., @wy)- The C vs. T plot in the temperature range
(305-454 K) is presented in Fig. 4(d). From the C-T plot, we clearly
observe that C is almost constant in the LTR (305-381 K), justifying
the similar values of AEs (E, ~ E,,) obtained in this temperature
regime. However, C increases by orders of magnitude in the HTR
(395-454 K) and confirms the thermally activated mechanism
where the concentration of mobile ions has increased substantially
by overcoming the barrier E{E, — E, ~ 0.24 + 0.05 eV) and is
responsible for the difference in the observed AEs.

We propose a plausible mechanism in which the traps play a
crucial role in the thermally activated ionic conduction and
hopping process. The traps formed in the MHPs are attributable
to the presence of vacancies, interstitial, anti-site substitution
defects, etc.®" The additional mobile ions might be generated via
defect dissociation, ionization of neutral species, or any other
relevant process. In other words, these ions were earlier trapped
in the LTR because of insufficient thermal energy to overcome
the potential well, whereas in the HTR, the thermal energy is
sufficient to dissociate and make them free.”*** The substantial
increase in the ionic carrier concentration factor C with tem-
perature (Fig. 4(d)) also indicates the crucial role of traps in
ionic conduction. The barrier E; for overcoming the formation
of mobile ions corresponds here to the trap potential. Hence,
the increase of ionic concentration leads to different activation
barriers (E, and Ey,) in the HTR (395-454 K).
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Additionally, another pertinent question arises as to why Ey,
itself would increase from 0.28 eV (in the LTR) to 0.49 eV (in the
HTR). This can be addressed as follows: since the ion concen-
tration is temperature-independent in the LTR, it suggests that
the system has a constant defect population (e.g, intrinsic
vacancies), which is synthetically created and cannot be avoided.
This would predominantly lead to independent hopping of ions.
However, when the ion concentration is temperature-dependent
(as observed in the HTR), it suggests thermal generation of
additional mobile ions. This would lead to increased ion-ion
interactions and possibly enhanced correlated ionic hopping
(rather than independent hopping across barriers), thus increas-
ing the activation barrier. This idea is also supported by the
observed temperature-dependent changes in the frequency expo-
nent (s) as depicted in Fig. 4(e). In the LTR (305-381 K), the
exponent (s) varies slightly from 0.96 (at 305 K) to 0.81 (at 381 K)
and is close to 1, which indicates a nearly constant loss (NCL) or
the hopping of each ion is independent of each other between
localized sites,*® whereas in the HTR (395-454 K), s decreases
significantly to lower values from 0.66 (at 395 K) to 0.46 (at 454 K)
and a sudden jump from 0.81 (at 381 K) to 0.66 (at 395 K) is
observed. This indicates that the ion hopping is no longer
independent; rather, it is a correlated hopping of ions between
localized sites®* due to enhanced ion-ion interactions via gen-
eration of additional free ions. This correlated ion transport
would, more often than not, increase the energy barrier for
hopping. Hence, the variation of s with temperature clearly
indicates a sudden change of AEs in two different temperature
regimes and direct implications can be made to correlate differ-
ent kinds of ionic transport in different regions of temperature.
For the broader context, we have also compared the activation
energies associated with the hopping migration of various spe-
cies (ions/vacancies) in the OIMHPs, estimated via a wide variety
of experimental techniques (see Table 1).

To gain further insights into the role of trap states and trapped
carriers in understanding the thermally activated ion conduction
and hopping in FAPbBr,I perovskites, we have investigated the
temperature-dependent space charge limited current-voltage char-
acteristics. We have discussed the effect of mobile carrier formation
at HT on influencing the corresponding steady-state SCLC char-
acteristics. The presence of localized states in the sub-bandgap
region, known as traps, is commonly observed due to the high
degree of energetic and spatial disorders in the MHPs.®”* Due to
the presence of these trap-states, there is accumulation (or trap-
ping) of charge species, and the current due to the free carriers is
limited by these space charges. Usually, in a trap-free device, there
are two regions, namely an ohmic region (/-V) at very low voltages
dominated by background carrier density,’>”> followed by the
space charge limited current (SCLC) region (J~ V?) after crossing
a certain threshold voltage. The SCLC region occurs due to
increased carrier density (due to the injection of charges after
crossing the threshold voltage) compared to the background carrier
density. The SCLC follows the Mott-Gurney Law:”®

V2
J = g ti—

8 L2 (19)
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Table 1 Comparison of the activation energies associated with the hopping migration in the OIMHPs, estimated using a wide variety of experimental

techniques

S. Material

No. composition Migrating species Activation energy (eV) Technique Ref.

1 MAPbDI; I 0.17 Nuclear quadrupole resonance (NQR) 65

2 MAPDI; I 0.29 + 0.06 Transient ion drift 66

3 MASnNI; Todide vacancy (Vi) 0.37 Density functional theory (DFT) 67
Iodide interstitial (I;) 0.65

4 MASNBr; Br- 0.44 Solid-state nuclear magnetic resonance (NMR) 68

5 MAPDI; _,Cl, I 0.55 Impedance and intensity modulated 69

photovoltage spectroscopy (IMVS)

6 FAPDI; I 0.222 + 0.015 Temperature-dependent /-V 70

7 MAy sFAysPbl; 1™ 0.296 + 0.015 Temperature-dependent J-V 70

8 FAPDBTr, oCly ¢ Br— 0.58 Temperature-dependent J-V 71

9 FAPbBI; Bromide vacancy (Vg,) 0.33 Density functional theory (DFT) 72
Bromide interstitial (Is;)  0.24
FA vacancy (Vga) 0.39
FA interstitial (Ig,) 0.34

10 FAPDbBr,I Halide (Br/I) 0.30 £ 0.05 (low temperature Temperature-dependent impedance spectroscopy  This

(305-381 K)) work

Not conclusive

which halide (395-454 K))

where ¢, &, and u are the permittivity of free space, the dielectric
constant of the material and charge carrier mobility, respectively. J,
V, and L are the current density, applied voltage, and thickness of
the device. Now, if we introduce the traps and consider the trapped
charge carrier density in the current density calculations from
Poisson’s equation,”>”” a third region due to the filling of trap
states, commonly known as the trap-filled limited (TFL) region, is
also introduced in between the ohmic and SCLC regions. The
current density in the TFL region is sharply increased (J~ V¥, with
B > 2) after crossing an onset voltage (Vons),”® expressed as:

el’hLz
VOnS ~
2e0&r

(20)

where n, is the density of trapped carriers.

The experimentally determined log-log plots of j-V charac-
teristics for the Ag/FAPbBr,I SC/Ag device configuration at
different temperatures such as 100 °C (373 K), 120 °C (393 K),
140 °C (413 K) and 160 °C (433 K) are presented in Fig. 5. The
digital images of the lateral device architecture of the Ag/
FAPDbBr,I SC/Ag device are presented in Fig. S4(a and b) in
the ESIL.{ In the log-log plot, all the regions, viz. ohmic, TFL,
and SCLC, are fitted separately in accordance with the generic
scaling law of J-V, i.e., J~V’ in the respective regions. Several
reports”’?%" have demonstrated by the drift-diffusion (DD)
simulation studies that mobile ions can strongly influence the
typical SCLC characteristics because they can screen/negate the
charge of trapped carriers (e~ or h"). Hence the density of
trapped carriers expressed by eqn (20) can be underestimated
by orders of magnitude depending on the difference between
mobile ion density and trapped carrier density. Duijnstee
et al.”® showed that if the mobile ions are introduced then V,
shifts to lower values and when the value of ion density
outnumbers the trapped carrier density, then the effect of traps
is eventually overshadowed and we cannot observe the TFL
region. In effect, if traps dominate, then the TFL region can be

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Temperature-dependent space charge limited current-voltage
(J-V) characteristics of the Ag/FAPbBr,l SC/Ag device configuration at
temperature T = 373 K, 393 K, 413 K, and 433 K.

observed and if mobile ion density dominates the traps, then
the TFL region could no longer be observed.

Remarkably, from our observations of the ionic carrier
concentration factor vs. temperature in the conductivity sec-
tion, the value of C has increased significantly in the HTR
(Fig. 4(d)). Moreover, this increase is also justified by the
observance of an AE barrier of forming these carriers, as
indicated in the Arrhenius plots of DC conductivity and hop-
ping frequency (Fig. 4(b) and (c)). The onset voltage (Vons) is
determined from the crossover point of the ohmic to the TFL
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region. The values of V,,s at 100 °C (373 K) and 120 °C (393 K)
from the J-V plots are found to be 1.57 V and 1.24 V, respectively.
Notably, we cannot use Vs in eqn (20) for extracting trap density
because the ion migration would lead to the hysteresis effect®>®!
and this value of V., would be different for forward and reverse
scans. In this context, researchers have also introduced the pulsed-
voltage SCLC technique for halide perovskites””**° where one can
measure the hysteresis-free /-V characteristics and extract these
device parameters more reliably. Therefore, we only consider the
forward scan J-V characteristics at all temperatures for extract-
ing Vo for a qualitative comparison. In addition, our primary
focus is on observing the changes in the nature of j-V char-
acteristics from the LTR to the HTR, which would help us to
interpret the effect of mobile ion dynamics on the nature of
steady state J-V characteristics.

The values of V,,s decrease as expected because the ion
density increases with temperature, negating the charge of
trapped carriers. Eventually, the ion density might have out-
numbered the traps beyond a critical temperature of 395 K and
hence we conclude that the large number of mobile carriers
formed in the HTR by the temperature triggered mechanism is
responsible for the absence of the TFL region at 413 K and
433 K. The slope of the TFL regime was also observed to
increase from ~2.84 at 373 K to ~5.67 at 393 K. In this way,
we have demonstrated that the effect of transient ionic mechan-
isms, viz. thermally activated formation of mobile ions and
differences in the AEs of ionic conduction and hopping migra-
tion, is very well manifested in the nature of steady-state SCL j-
V characteristics. In addition to the observation of the influence
of mobile ions on the expected changes of the nature of J-V
characteristics, the observed changes in the -V characteristics
also corroborate the role of traps in understanding the ther-
mally activated interplay of ionic conduction and hopping
migration in the mixed halide FAPbBr,I perovskite.

In order to investigate the relaxation mechanisms involved
in the FAPbBr,I perovskites, the electric modulus loss spectra
M’(w) are investigated in the temperature range of 305 K to
454 K. The electric modulus is expressed as the reciprocal of
complex dielectric permittivity M*(w) = 1/¢¥(w). The CEMS
serves as a powerful tool to analyze relaxation phenomena,
specifically in materials where electrode polarization or large
DC conductivity may obscure bulk features in the permittivity
or impedance spectra.’? As evident from the mathematical
expression or formalism of electric modulus (reciprocal of
complex permittivity), it suppresses the effects of large capaci-
tance contributions (such as from interfacial regions of grain
boundaries or electrodes) and emphasizes the bulk relaxation
dynamics of charge carriers.®>® In contrast to the impedance
formalism, which highlights regions of high resistance (like
grain boundaries), the modulus spectrum is more sensitive to
regions of low capacitance, such as the grains or bulk.

The frequency dependence of M"(w) at different tempera-
tures, presented in Fig. 6(a), shows distinctive relaxation peaks
and is ascribed to the relaxation of space charges at the
characteristic frequency of the material. These peaks are also
indicative of the transition from long-range ionic motion at the
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LF region to localized, short-range motion at the HF region. The
M’'(w) peaks also shift towards the HF side, suggesting the
thermally activated relaxation process. The M”(w) spectra of the
FAPDbBr,I perovskite show asymmetric relaxation peaks char-
acteristic of the non-Debye type of relaxation.”” The imaginary
part of the Havriliak-Nigami (HN) model is used to fit the
asymmetric curves of M”(w) spectra observed for FAPbBr,I:**

M, — Mo
. (21)

M (w) = My + - =
( ) [1 + (/(UTHN) HN]",'HN

where M; and M, are the limiting values respectively at LF and
HF and 1y is the relaxation time in the HN model. The HN
shape parameters are defined by oy and yyn, with 0 < (ot OF
7an) < 1 as the limiting conditions.®” The fitted plots of M"(w)
spectra, using the imaginary part of eqn (21), at different
temperatures are shown in Fig. 6(a), and the parameters
obtained from the best fits are listed in Table SIII in the ESI.}
The relaxation time 74y calculated using the HN model for both
the LTR and the HTR obeys the Arrhenius equation,

Eun
T = To €Xp kBiT

The plot of log;ot vs. reciprocal temperature is shown in
Fig. 6(b), and the activation energies obtained in the LTR and
HTR are Eyng = 0.29 + 0.05 eV and Funy = 0.49 £ 0.05 eV
respectively. These values are coherent with the AEs of hopping
migration in the LTR and HTR, obtained from the Arrhenius
plots of hopping frequency, validating different hopping
mechanisms in LTR and HTR regions. The shape parameters
are also plotted as a function of temperature in Fig. 6(c) and
observed to follow complementary variations with temperature.

The experimentally observed relaxation behavior in the
FAPDbBr,I perovskite is also analyzed by the well-known time
domain relaxation model, Kohlrausch-Williams-Watts (KWW)
function, given by®®*”

p(1) =~ exp (— (TK;WYKWW)

The KWW function, ¢(t), represents the decay of the applied
electric field E(¢) inside the material. The Tgww is the KWW
relaxation time, and fxww (0 < fxww < 1) is the stretched
exponent, typically used for the materials obeying slow relaxa-
tion dynamics.®® fiww is a very useful parameter that distin-
guishes the Debye- and non-Debye-types of relaxation of mobile
ions. The Debye-type relaxation is indicated when Syww obtains
or tends to the value of 1. The values 0 < fxww < 1 suggest the
non-Debye relaxation, and fxww = 0 for maximum dipole-
dipole interaction.** The values of fyww for the FAPbBr,I
perovskite were observed to vary from ~0.61 at 305 K to
~0.58 at 454 K with random increment or decrement in
between the temperature range without any specific trend.
The KWW relaxation function is calculated by using the M"(w)

spectra, as”’
00 "
o) = %J (AZA/([w)) cos(wt)dw
0 00

(22)

(23)

(24)
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Fig. 6 (a) Electric modulus loss spectra fitted using the Havriliak—Negami (HN) model at different temperatures (305-454 K), (b) Arrhenius plot of

relaxation time obtained from the HN fit and (c) temperature dependence of the HN-shape parameters, (d) time-domain analysis of electric modulus loss
spectra by the KWW relaxation function at different temperatures (305-454 K), (e) Arrhenius plot of KWW relaxation time vs. inverse temperature, and (f)

compliance of relation between the HN and KWW fitting parameters.

which is the inverse Fourier transformation of the complex
electric modulus, M*(w), represented in the following form®”

- [ ():7a)

The KWW relaxation function for the FAPbBr,I perovskite in
the temperature range 305-454 K was then calculated using the
experimentally observed M"(w) data in eqn (24) and fitted by
the KWW relaxation function defined in eqn (23). The fitted
KWW function at various temperatures is shown in Fig. 6(d).
The fitting parameters, txww and fxww, obtained at all

(25)

This journal is © The Royal Society of Chemistry 2025

temperatures (305-454 K), are summarized in Table SIV in
the ESL.f The KWW relaxation time also obeys the Arrhenius
Exww
kgT
The Arrhenius plot of the KWW relaxation time, shown in
Fig. 6(e), also demonstrated the two activation energies,
Exwwi = 0.29 £ 0.05 eV and Exwws = 0.50 £ 0.05 eV in the
LTR and HTR, respectively, further corroborating the values of
AE of hopping migration obtained from the hopping frequency
Arrhenius plot in both temperature regimes. Furthermore, we
also verified the compliance of fitting the observed electric

relation: txww = 7o exp( ) with the inverse temperature.
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modulus data at various temperatures using both the HN and
KWW formalisms. For this, the parameters of both HN and
KWW models must obey the following relation:%®

1
(ouNTHN) T2 = Brww (26)

The plotted values of both fxww and Pyy vs. T are shown in
Fig. 6(f) and demonstrate the compliance of KWW and HN in
fitting the CEM spectra.

The scaling process of a physical quantity is employed to
probe whether the dynamical processes associated with that
quantity are affected by the external parameters, viz. tempera-
ture, composition, and others. The scaling of the AC conduc-
tivity and electric modulus loss spectra acquired at different
temperatures to a master curve suggests the distinct physical
mechanisms behind the ionic conduction and relaxation
processes.’’ Several parameters have been previously used to
scale the AC conductivity and modulus loss spectra.”’ ™ For the
FAPDBT,I perovskite, the temperature-dependent AC conductiv-
ity is scaled by scaling the conductivity (¢’) and frequency (o)
axes by o4. and wy and is presented in Fig. 7(a). The electric
modulus loss spectra are also scaled similarly, by scaling the
modulus (M”) and frequency (w) axes by M".« and ®max
respectively, as displayed in Fig. 7(b). The AC conductivity
scaling plot (Fig. 7(a)) performed using the Pan and Ghosh
model® depicts a common master curve in the LTR (305-
381 K, shown by green scatter plots), and a slightly different
master-curve at the HTR (395-454 K, shown by red scatter
plots). Additionally, the scaling plot of modulus loss spectra
(Fig. 7(b)) also shows slightly different master curves in the
LTR and HTR. The scaling of 64, and wy thus are also indicative
of two different ionic conduction and hopping relaxation
mechanisms in the low-temperature and the high-temperature
regimes.

15180 | J Mater. Chem. C, 2025, 13, 15168-15184

IV. Conclusions

In summary, we have grown single crystals of FA-based mixed
halide FAPbBr,I using the inverse temperature crystallization
method. The structural and optical characterization was per-
formed using XRD and UV-vis techniques. The XRD analysis
rendered the cubic crystal structure of FAPbBr,I with the Pm3m
space group. The ion conduction and relaxation dynamics at
different temperatures (305-454 K) were probed by complex
impedance spectroscopy, complex electric modulus spectroscopy,
and AC conductivity. These spectra were analyzed using various
theoretical models, viz. the Maxwell-Wagner equivalent circuit
model, Havriliak-Negami (HN) and Kohlrausch-Williams-Watts
(KWW) model, and modified Jonscher power law. The Nyquist
plots obtained from the fits to the Maxwell-Wagner model were
used to interpret the contributions of grains and grain bound-
aries to the total impedance. The HN model and JPL confirmed
the presence of two regions of ionic conductivity. In the LTR
(305-381 K), we observed almost similar values of AE of ionic
conduction and hopping migration (E, = E,;, = 0.30 = 0.05 eV)
since the temperature response of ionic conduction in this
temperature range is dependent only on the hopping frequency.
On the other hand, in the HTR, we observed a substantial
increase in the number of mobile ions, facilitated by overcoming
an activation energy barrier, Ef = 0.24 £+ 0.05 eV of forming
mobile ions, as evidenced by the differences in activation ener-
gies (E, = 0.74 £ 0.05 eV and E,, = 0.50 = 0.05 eV). The
temperature-dependent SCLC measurements on the Ag/FAPbBr,I
SC/Ag device revealed that these mobile ions can significantly
influence the nature of steady-state j-V characteristics and reaf-
firm the role of traps and mobile ions in understanding the
observed thermally activated mechanism of ionic conduction and
hopping migration. Lastly, the temperature scaling of the AC
conductivity and complex electric modulus also validates the
existence of different conduction and hopping mechanisms in
low-temperature and high-temperature regions.

This journal is © The Royal Society of Chemistry 2025
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