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Chiral halide perovskites are being extensively studied due to their promising spintronic and optoelec-
tronic properties, where the organic chiral ligands introduce chirality into halide perovskites. Right-handed
and left-handed chiral materials are mirror images of one another and break the inversion symmetry, which
produces ferroelectricity. In this work, we study the dielectric, piezoelectric, and ferroelectric properties
of (R)-(−)-1-cyclohexylethylammonium)PbI3 (R-CYHEAPbI3), a chiral, one-dimensional perovskite. We
performed and analyzed complex impedance spectroscopy; ac conductivity; and the complex electric mod-
ulus using the Maxwell-Wagner equivalent circuit model, the universal power law, the Havrilliak-Negami
(HN) model, and the Kohlrausch-Williams-Watts (KWW) model to understand the transport and relaxation
mechanism in the chiral R-CYHEAPbI3 perovskite over wide temperature (313–473 K) and frequency
(4 Hz–8 MHz) ranges. The dc conductivity is almost constant in the paraelectric-to-ferroelectric phase-
transition region (PTR) but increases below and above this region. The activation energy of this region is
very low, about 0.09 eV, while below the PTR, the activation energy is about 0.85 eV, and above the PTR,
it is about 0.90 eV. We further note that the conduction mechanism changes from overlapped large polaron
tunneling to correlated barrier hopping due to the ferroelectric-to-paraelectric phase transition. The acti-
vation energy derived from the relaxation time (using HN and KWW models) agrees with that obtained
from the dc conductivity. In addition, we measured the saturation polarization of 0.01 μC/cm2 at a 4-
kV/cm applied electric field and a piezoelectric constant (d33) of about 36 pm/V at the maximum applied
bias voltage of 10 V. Finally, we fabricated a polyvinylidene fluoride and 3-wt % R-CYHEAPbI3 chiral
perovskite composite film for the development of high-performance energy-harvesting nanogenerators.
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I. INTRODUCTION

Recently, organic-inorganic halide perovskites have
attracted much attention due to their optoelectronic; fer-
roelectric; piezoelectric; photocatalytic; energy harvest-
ing; and, most importantly, photovoltaic properties [1–
9]. The band gap and electrical behavior are controlled
by the lead and iodine octahedra of hybrid perovskites
and create suitable semiconducting attributes with strong
spin-orbit coupling, whereas the organic groups act as
chemical and structural stabilizers. The variety of organic
groups allows the exploration of functionalities such
as ferroelectricity and chirality, while still ensuring the
desired semiconducting characteristics [10]. Chiral mate-
rials have widespread use in the field of asymmetric
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catalysis [11], optoelectronic devices [12], biology [13],
information communication [14], and many more. The
incorporation of chirality into metal-halide semiconduc-
tors is desired to obtain an alternative class of chiral
semiconducting material, mainly by incorporating chiral
organic molecules into metal-halide lattices. Excitons and
charge carriers in chiral metal halides show a high spin-
polarization response due to inversion-symmetry breaking
and improved spin-orbit coupling [15]. The single crystal
of a chiral metal-halide semiconductor (CMHS) was first
reported by Billing et al. in methyl benzylamine (known
as MBA) [16]. This was followed by a report on a single
crystal of a two-dimensional CMHS [17]. The chiropti-
cal phenomenon in [R(S)-MBA]2PbI4 [R- (S-) refers to
the clockwise or right-handed (counterclockwise or left-
handed) chiral enantiomer], reported by Ahn et al., trig-
gered great interest in CMHSs [18]. Incorporating a chiral
organic molecule into a metal-halide perovskite introduces
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chiral lattice defects [19], the design of chiral metasur-
faces [15,20], and blends with chiral matrices. (R)-(−)-1-
Cyclohexylethylamine (R-CYHEA, C8H15NH2) and (S)-
(+)-1-cyclohexylethylamine (S-CYHEA, C8H15NH2) are
two organic chiral groups that make R-CYHEAPbI3 and S-
CYHEAPbI3 chiral metal-halide perovskites, where R and
S stands for right-handed and left-handed chirality [10].
These R-CYHEAPbI3 and S-CYHEAPbI3 compounds are
electrically switchable photoferroelectric semiconductors
[10]. Here, the organic groups are responsible for chiral-
ity and ferroelectricity by eliminating mirror and inversion
symmetry, respectively, from the PbI6 octahedra, which
control the band structure and transport characteristics of
the material. First-principles calculations, density mea-
surements, and x-ray diffraction (XRD) characterization
indicate that R-CYHEAPbI3 and S-CYHEAPbI3 remain
in the space group P21 with an angle of β = 89.5121°
[10] at room temperature. Hu et al. [10] reported that a
phase transition occurred at around 100 °C, where these
chiral ferroelectric materials entered the paraelectric phase
by switching to the orthorhombic space group P212121.
Cai et al. [21] demonstrated how this R-CYHEAPbI3,
which was a ferroelectric van der Waals halide perovskite,
could be used to simulate synaptic activity. The influence
of ferroelectric polarization switching on the photovoltaic
response of two-terminal photoferroelectric synapses was
also reported by Cai et al. [22].

To increase the effectiveness of electrical and optoelec-
tronic devices, researchers have focused on the synthesis
and optoelectronic characterization of metal-halide per-
ovskite materials [23]. However, a complete understanding
of the electrical transport mechanism and the dielectric
behavior of R-CYHEAPbI3 is still lacking [24]. Con-
sequently, comprehensive knowledge of the frequency-
dependent dielectric properties and conduction mechanism
of R-CYHEAPbI3 is imperative. Dielectric spectroscopy
extensively explores the ac conduction mechanism and
dielectric relaxation over a wide frequency range and at
various temperatures. Various dielectric properties, such
as complex impedance, dielectric permittivity, electrical
modulus, and ac conductivity, can be investigated by
dielectric spectroscopy measurements. The presence or
absence of the relaxation peak in the modulus plots can
distinguish the long-range and short-range conduction pro-
cesses of the materials. The activation energy and the
relaxation behavior often indicate the predominant trans-
port mechanism in the materials. The behavior of the
dielectric parameters was previously investigated for char-
acterizing a diverse set of materials, including conducting
polymers, ceramics, transition-metal oxides, and halide
perovskites, to understand and correlate the conduction
and relaxation mechanisms with their ferroelectric and
piezoelectric properties [25].

The dielectric attributes of chiral perovskites are still
unexplored because quantitative work on this aspect is

relatively scarce. The properties of the localized charge
carriers, the conduction mechanism, the permittivity, the
loss factor, etc. can all be thoroughly explained by the
temperature- and frequency-dependent dielectric analysis
of R-CYHEAPbI3. There have been no extensive stud-
ies of the dielectric relaxation and ac conductivity of
R-CYHEAPbI3 chiral hybrid perovskite. Here, we syn-
thesized R-CYHEAPbI3 using the wet chemical method
and studied its dielectric and piezoelectric properties.
The experimental dielectric spectroscopic data were fit-
ted to different theoretical models, such as the Maxwell-
Wagner equivalent circuit model, the universal power law,
the Havrilliak-Negami (HN) model, and the Kohlrausch-
Williams-Watts (KWW) model. We observed that the dc
conductivity was weakly temperature dependent over the
temperature range 353–373 K, but the dc conductivity
increased with temperature below and above this tem-
perature range. This anomaly in the dc conductivity was
attributed to the ferroelectric-to-paraelectric phase tran-
sition. The activation energy in this region is extremely
low (∼0.09 eV). In contrast, the activation energy is an
order of magnitude higher (∼0.85 eV) below the phase-
transition region (PTR) as well as (∼0.90 eV) above the
PTR. The activation energies calculated using the HN and
KWW models from the relaxation time plots agree well
with the value obtained via dc conductivity plots. The
scaling of temperature-dependent conductivity and electric
modulus spectra into a single master curve demonstrates
the consistency of the ionic conduction and relaxation
phenomena for R-CYHEAPbI3 at different temperatures.
Chiral R-CYHEAPbI3 displays a piezoelectric constant
(d33) of 36 pm/V at the maximum applied bias voltage
of 10 V and a saturation polarization of 0.01 μC/cm2 at
an applied electric field of 4 kV/cm. Finally, we prepared
a composite film by loading 3-wt % R-CYHEAPbI3 chiral
perovskite into polyvinylidene fluoride (PVDF) matrix and
demonstrated its mechanical energy-harvesting properties.

II. EXPERIMENT

A. Chemicals

Lead iodide (PbI2), R-CYHEA, hydriodic acid (HI),
dimethylformamide (DMF), PVDF pellets (Mw approx.
275 000 g/mol) were purchased from Sigma-Aldrich,
USA, and acetone was purchased from Merck Chemicals,
India. All of these chemicals were utilized without further
purification.

B. R-CYHEAPbI3 synthesis

Chiral R-CYHEAPbI3 was synthesized under an ambi-
ent atmosphere. 0.125 mmol of PbI2 and 5 mmol of
R-CYHEA were mixed in a 3 ml aqueous solution of HI
acid in a round-bottomed flask. Next, the entire mixture
was stirred for 2 h at 150 °C using a silicon oil bath. After
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that, the temperature was slowly lowered to room temper-
ature at a cooling rate of 2 °C/h. Then the precipitate was
centrifuged at 7000 rpm with isopropyl alcohol to elimi-
nate excess and impurity materials. Finally, the collected
sample was dried overnight at 90 °C in a vacuum oven.

C. PVDF and R-CYHEAPbI3 composite-film
preparation

0.5 g PVDF pellets were added to the acetone (4 ml) and
DMF (3 ml) mixture. Afterward, 20 mg of as-synthesized
chiral R-CYHEAPbI3 was added to the above solution and
stirred for 2 h at 70 °C. A yellow-colored homogeneous
solution was obtained and then drop cast onto precleaned
glass slides. These coated substrates were kept under vac-
uum at 70 °C overnight. Thereafter, films were peeled off
from the glass slides and used for device fabrication and
various characterization techniques.

III. CHARACTERIZATION

For structural characterization, first, we performed pow-
der XRD using a 9-kW multimode XRD system (Smart-
Lab, Rigaku Corp., Japan). The copper Kα (wavelength,
λ = 1.54 Å) was used as a source with a 2θ range from
5° to 60°. The scan rate was maintained at 1°/min. Field-
emission scanning electron microscopy was employed
for the microstructural and elemental analysis of the as-
prepared sample (JEOL JSM-7900F). X-ray photoelectron
spectroscopic (XPS) analysis was carried out by using a
NEXA base ThermoFisher Scientific XPS instrument to
find the elemental composition and the oxidation states
of the individual elements of the chiral one-dimensional
(1D) R-CYHEAPbI3 perovskite. UV-visible reflectance
spectroscopy was performed by using a QE-R quan-
tum efficiency measurement system (EnliTech, Taiwan).
Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) of R-CYHEAPbI3 were performed
using a Perkin Elmer TGA analyzer and a Perkin Elmer
differential scanning calorimeter, respectively.

To perform the dielectric spectroscopic measurements,
R-CYHEAPbI3 powder was pressed into a pellet and
placed in a two-electrode configuration setup. The dielec-
tric measurements were carried out via an LCR spectrom-
eter (HIOKI, model IM 3536) in the frequency range of
4 Hz–8 MHz with a perturbation potential of 1 V and
a temperature range of 313–473 K. Piezoelectric force
microscopy (PFM) was performed by using an Asylum
Research AFM (MFP-3D BIO) by applying an ac bias volt-
age (10 V) to investigate the local piezoresponse properties
by operating in contact mode. The RADIANT ferroelec-
tric test apparatus (Radiant Technologies Inc.) and Vision
software were used to perform the room-temperature fer-
roelectric measurements. A digital oscilloscope (YOKO-
GAWA, DL 1640) was used to investigate the piezoelectric
characteristics of PVDF and the composite films during

mechanical energy harvesting from biomechanical move-
ments.

IV. RESULTS AND DISCUSSION

A. Structural study

To confirm the phase purity and crystallinity of the
as-prepared sample, first, we carried out XRD measure-
ments. The XRD profile of as-prepared R-CYHEAPbI3
perovskite is shown in Fig. 1(a), with distinct intense
peaks at 7.66°, 10.60°, 15.25°, 18.91°, 24.14°, 25.72°,
26.94°, 27.87°, and 42.89°, which correspond to the (002),
(101), (004), (005), (−212), (−213), (124), (116), and
(026) planes, respectively. As-prepared R-CYHEAPbI3
belongs to the monoclinic lattice system and chiral P21
space group [10]. We performed the Le Bail profile fitting
using FullProf software and determined the lattice param-
eters of our material, which were a = 8.75 Å, b = 8.44 Å,
c = 23.46 Å, and β = 89.08°. The sample showed remark-
able phase purity, and no impurity peaks were observed.
Hu et al. [10] reported the finer structural details of
R-CYHEAPbI3 using first-principles density-functional-
theory calculations. These calculations show that opposite
rotations of the amine groups on either side of the (001)
plane break the inversion symmetry along the b direc-
tion, giving rise to polarization in the structure [10], due
to which R-CYHEAPbI3 is a chiral ferroelectric at room
temperature. Figure 1(b) shows the time-dependent XRD
data of our synthesized material. We performed the x-ray
diffraction of R-CYHEAPbI3 immediately after synthesiz-
ing the material and after six months of ambient storage.
The XRD patterns in both cases are identical, indicating
that the material is stable for at least six months. The
energy-dispersive spectroscopy (EDX) data demonstrate
that the elemental compositions of the particles constitute
only Pb, I, N, and C [Fig. 1(c)] and no other impurity
elements. From the TGA and derivative thermogravime-
try (DTG) measurements shown in Fig. 1(d), we note
that the R-CYHEAPbI3 sample is thermally stable up to
250 °C. The fastest weight loss happens from 310 °C, as
seen in Fig. 1(d). To demonstrate the phase change, a DSC
measurement was also performed (Fig. S1 within the Sup-
plemental Material [26]). As can be seen, a phase transition
is indicated by a sharp peak in the DSC heating and cool-
ing curves at about 85 and 98 °C, respectively. Hu et al.
reported the DSC peak at 100°C [10], which was quite
close to that observed in our study. The minor difference
may be attributed to the reduced size of the particles in our
case. The peaks in the FTIR spectrum [Fig. 1(e)] show the
formation of N—H bonds and C—H bonds at around 3200
and 2900 cm−1, respectively, in the organic cation group
R-CYHEA. XPS analysis was performed to check the
chemical composition of R-CYHEAPbI3 perovskites and
to assess the oxidation states of constituent elements. UV-
vis spectroscopic measurement was deployed to determine
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FIG. 1. (a) XRD profile along with its refinement, (b) stability for six months, (c) EDX profile, (d) TGA and DTG, (e) FTIR
spectrum, and (f) reflectance spectrum of the R-CYHEAPbI3 1D chiral halide perovskite.

the band-gap energy of the as-synthesized perovskite sam-
ple. The diffuse reflectance spectrum is shown in Fig. 1(f),
where reflectance is plotted as a function of the photon
wavelength, λ (nm), and the estimated band-gap value is
3.23 eV.

In the deconvoluted spectrum of C 1s in Fig. 2(a), two
peaks at 286.05 and 284.5 eV are observed. The higher
binding energy peak of C 1s is from the C—N bond in
the R-CYHEA cation. The lower-binding-energy peak is
attributed to adventitious carbon, and it is not related to the
perovskite itself. The binding energies of carbon peaks are
consistent with previous reports [27,28]. Figure 2(b) shows
the N 1s peak at 400.6 eV [29]. XPS spectra of Pb and I
are presented in Figs. 2(c) and 2(d). Pb 4f and I 3d both
exhibit typical doublet features of Pb and I, respectively.
The peaks corresponding to Pb 4f5/2 and Pb 4f7/2 states are
at about 142.7 and 137.8 eV, respectively [30]. The peaks
ascribed to I 3d3/2 and I 3d5/2 states are positioned at about
630.5 and 619.05 eV, respectively. Figure S2 within the
Supplemental Material [26] shows the XPS survey spectra
of carbon (C), nitrogen (N), lead (Pb), and iodine (I).

B. Impedance analysis

Complex impedance spectroscopy is a significant and
well-recognized technique for examining the electrical

response of materials. It provides ionic mobilities, relax-
ation time, electrical conductivity, etc. inside the material.
We measured the impedance spectra over the tempera-
ture range of 313–473 K to investigate the charge-carrier
transport processes and dielectric relaxation mechanism
in the chiral R-CYHEAPbI3 perovskites. The impedance
spectroscopic measurement was performed over the range
of 4 Hz–8 MHz. Figure 3(a) shows the variation of
the real component of impedance [Z′(ω)] with frequency
(ω) over the temperature range 313–473 K. The correla-
tion between the real part of impedance with frequency
reveals that, as frequency increases, the impedance value
decreases because grain boundaries contribute less to the
total impedance at higher frequencies. We noticed that, in
low-frequency regions, resistance decreased as tempera-
ture and frequency increased, indicating a negative temper-
ature coefficient [31]. The conductance thus increases with
temperature due to an increase in charge-carrier mobility
and a decrease in the trapped-charge density inside the
perovskites.

It is interesting to note that Z′(ω) showed a nega-
tive coefficient for dZ′/dT below a certain frequency and
a positive coefficient for dZ ′/dT beyond this frequency.
Figure 3(b) shows the variation of the imaginary part
of impedance [Z′′(ω)] with frequency over the temper-
ature range 313–473 K, which is also known as the
“loss spectrum.” These plots are essential for an in-depth
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FIG. 2. XPS results for (a) C 1s, (b) N 1s, (c) Pb 4f7/2 and Pb 4f5/2, and (d) I 3d5/2 and I 3d3/2 of R-CYHEAPbI3 1D chiral halide
perovskite.

understanding of the charge-transport mechanism and
relaxation behavior of R-CYHEAPbI3 perovskites as a
function of temperature. Every spectrum has a clearly
defined distinctive peak, which is referred to as the “relax-
ation frequency.” This relaxation peak appears when the
applied-field frequency matches the hopping frequency of
the charge carriers. It is also noteworthy that the broad-
ness in the peaks indicates deviation from the ideal Debye
nature. The charge carriers exhibit long-range motion
below the relaxation frequency and undergo short-range
motion above the same. The shifting of relaxation peaks
towards high frequency with increasing temperature sug-
gests a thermally activated relaxation mechanism. More-
over, the reduction in the peak value of relaxation fre-
quency with rising temperature indicates a decrease in the
grain and grain-boundary resistances and an increase in
charge-storage capacity or capacitance [32,33]. The relax-
ation frequency and relaxation time versus temperature are
plotted in Fig. 3(c). The relaxation time decreases and
the relaxation frequency increases with rising tempera-
ture, suggesting the thermally activated relaxation mech-
anism of R-CYHEAPbI3 perovskites [34]. Additionally,
we observed three distinct regions, the first below 353 K,

defined as the LTR, and the last above 373 K, defined as
the HTR, separated by an intermediate (353–373 K range),
which was identified as the PTR. Our DSC results cor-
roborate this phase transition, which was also observed
earlier by Hu et al. [10]. These three distinct temperature
regions are also identifiable in the rest of the plots. Further-
more, we calculated the activation energy of charge-carrier
relaxation following the Arrhenius equation

τ = τ0 exp
(

Ea

kBT

)
, (1)

where τ0 is defined as the relaxation time, Ea is defined
as the activation energy, and kB is the Boltzmann con-
stant. The activation energies estimated from the slopes in
Fig. 3(d) are 0.85(±0.04) eV below 353 K in the LTR,
0.1(±0.04) eV in the PTR, and 0.95(±0.04) eV beyond
373 K in the HTR. These values of activation energy play
a significant role in the hopping mechanism of charge car-
riers in the lattice sites, which we elucidate later in the ac
conductivity section (Sec. IV D).

Figures 4(a)–4(c) display the real part of complex
impedance [Z′(ω)] versus the imaginary component of
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FIG. 3. (a) Frequency-dependent real part of impedance (Z ′) and (b) frequency-dependent imaginary part of impedance (Z ′′) over the
temperature range 313–473 K. (c) Variation in the peak position of frequency (ωmax) for Z ′′ and relaxation time (τ ) with temperature.
(d) Arrhenius plots in the low-temperature region (LTR), phase transition region (PTR), and the high-temperature region (HTR). The
LTR, PTR, and HTR are shown in different shades.

impedance [Z ′′(ω)] at various temperatures. This curve is
frequently referred to as the Nyquist plot or the Cole-
Cole plot. In the Nyquist diagram, any dielectric material
will usually have three different semicircles that repre-
sent the contribution of the grain, grain boundary, and
electrode-material interface to the total impedance of the
dielectric material. The grain contributes to the semicir-
cles that appear in the high-frequency region, whereas the
material’s grain boundaries contribute to those in the low-
frequency region. Finally, the semicircle in the ultralow-
frequency zone is the contribution from the sample-
electrode interface [35]. The entire impedance spectra of
the sample over the temperature range of 313–473 K are
shown in Figs. 4(a)–4(c), and each of them essentially
exhibits a semicircular arc. These arcs consist of three
semicircles emanating from the grain, grain boundary, and
the sample-electrode surface, and it is nontrivial to differ-
entiate the actual contribution from each. To estimate the
contribution of these grain and grain boundaries distinctly
from the semicircular arc, we invoke the Maxwell-Wagner

equivalent circuit model, which consists of three parallel
combinations [shown in insets of Figs. 4(a)–4(c)] of resis-
tance (R) and constant phase element (CPE), which is
defined by the following relationship [36]:

ZCPE = 1
A(j ω)n (2)

Here, A stands for a proportionality factor; ω indi-
cates the applied angular frequency; and n is an exponent
between 0 and 1, when the CPE shifts from being an
ideal resistor (n = 0) to a perfect capacitor (n = 1) [37].
The Nyquist plots indicate that the radius of the semicir-
cle decreases with increasing temperature. A decrease in
the real axis intercept implies conductivity enhancement
with increasing temperature. The complex impedance is
given by

Z(ω) = Z ′(ω) − jZ ′′(ω). (3)
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FIG. 4. Complex plane Nyquist plots of R-CYHEAPbI3 nanoparticles in the range (a) 313–333 K, (b) 343–383 K, and (c)
393–473 K. Insets show the equivalent circuit model used to fit data. (d) Variations in the resistances Rg and RGB over the whole
temperature range are extracted from fitting the data. Shaded region is the phase-transition region.

Z′(ω) and Z ′′(ω) may be expressed as

Z ′(ω) = Rg

[1 + (ωRgCg )2]
+ RGB

[1 + (ωRGBCGB)2]
, (4)

Z ′′(ω) = ωCgRg
2

[1 + (ωRgCg )2]
+ ωCGBRGB

2

[1 + (ωRGBCGB)2]
, (5)

where Rg stands for grain resistance, Cg is the grain
capacitance, RGB is the grain-boundary resistance, and
CGB is the grain-boundary capacitance. All of the resis-
tance and capacitance values obtained from Nyquist-plot
fitting for various temperatures are listed in Table S1
within the Supplemental Material [26]. The variation in
Rg and RGB over the whole temperature range is shown
in Fig. 4(d). It is observed that the resistance of the grain
and the grain boundary decreases with temperature ini-
tially; then remains constant, forming a plateau region;
and, after crossing this plateau region, it decreases again
with temperature. This implies that the plateau region
[shown as the shaded region in Fig. 4(d)] is indeed the

phase-transition region, wherein the R-CYHEAPbI3 per-
ovskites transit from the monoclinic ferroelectric to the
orthorhombic paraelectric phase.

C. Analysis of dielectric properties

The dielectric response of any material is given by the
complex dielectric constant:

ε(ω) = ε′(ω) − j ε′′(ω), (6)

where ε′(ω) corresponds to the real component of the
dielectric constant, representing the stored energy, and
ε′′(ω) corresponds to the imaginary part of the dielectric
constant, indicating energy dissipation in the material. Fur-
thermore, the real and imaginary parts of the dielectric
constant can be expressed as

ε′(ω) = Z ′

ωC0(Z ′2 + Z ′′2)
, (7)

ε′′(ω) = Z ′′

ωC0(Z ′2 + Z ′′2)
, (8)
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FIG. 5. Frequency-dependent real part of (a) dielectric constant (ε′) over the temperature range 313–473 K; (b) temperature-
dependent dielectric constant at fixed frequencies of 100 kHz, 500 kHz, and 1 MHz; and (c) frequency-dependent dielectric loss
(ε′′) and (d) loss tangent (tanδ) at different temperatures for the R-CYHEAPbI3 nanoparticles.

tan δ = ε′′

ε′ = Z ′′

Z ′ , (9)

where C0 = ε0A/d; C0 represents the capacitance of free
space, ε0 represents the permittivity of free space, A is the
area of the electrode, and d is the thickness of the pellet.
The variation of ε′(ω), ε′′(ω), and tan δ with frequency
is investigated over the temperature range of 313–473 K.
Figure 5(a) shows the frequency-dependent real part of the
dielectric constant over a temperature range of 313–473 K.
The value of ε′(ω) is higher at low-frequency regions and
decreases gradually with an increase in frequency. ε′(ω)
plays a crucial role in ionic conductivity, as it depends on
one or more of the four main types of polarization, namely,
ionic, electronic, orientational, and interfacial polarization.
While the orientational and interfacial polarizations are
represented by the relaxation component of polarizabil-
ity, the ionic and electronic polarizations correspond to the
deformational component of polarizability [38].

The Maxwell-Wagner interfacial polarization helps us
to understand the variation in the real component of
permittivity with frequency, which is consistent with

Koop’s phenomenological theory [39,40]. In this model,
it is assumed that, in the material, the grain with a lower
resistance is separated by the grain boundary with a higher
resistance. The charge carriers are trapped in the inter-
face of the grain boundary to reduce their flow so that
dielectric loss is lowered [41]. The interfacial polariza-
tion process involves an exchange of electrons between
ions of the same molecules. However, the position and
distribution of positive and negative space charges are
altered due to deformities and flaws in the material. When
the electric field is applied to the material, positive and
negative charges shift towards the negative and positive
poles of the applied electric field, respectively, and create
a large number of dipoles [40,42]. The material has a high
dielectric constant at low frequencies (ω � 1/τ ) because
the dipoles can easily follow the quasistatic field at these
frequencies. The dielectric constants gradually decrease
in the high-frequency region as the dipoles lose their
ability to follow the electric field at higher frequencies.
Thus, the electronic and ionic polarizations dominate in
the high-frequency domain, whereas the orientational and
interfacial polarizations contribute more (to the real part
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of the dielectric constant) in the low-frequency domain,
accounting for the lower values of ε′(ω). Additionally,
at a particular frequency, the values of ε′(ω) increase
as the temperature is raised, indicating the presence of
thermally activated charge carriers in this phenomenon.
Figure 5(b) shows the change of ε′(ω) with the temper-
ature at three different frequencies (100 kHz, 500 kHz,
and 1 MHz). The entire ε′(ω)-T pattern has three promi-
nent features: (i) LTR (313–343 K), which is below the
phase-transition region; (ii) PTR (353–373 K), where the
ferroelectric-to-paraelectric phase transition occurs; and
(iii) HTR (383–473 K), which is above the phase-transition
region. In the LTR, ε′(ω) increases with temperature, while
in the PTR ε′(ω) becomes almost temperature independent
[as observed in the shaded part in Fig. 5(b)]; this may be
because of the high entropy associated with the system in
the phase-transition regime [43]. The entropy enhancement
decreases the dipole’s capability to orient along the applied
field. In the HTR, ε′(ω) again starts to rise with tempera-
ture. Additionally, we investigate the frequency-dependent
behavior of dielectric loss [ε′′(ω)] over the temperature
range of 313–473 K, which is shown in Fig. 5(c). For a
particular temperature, it is noted that the dielectric loss
factor decreases with increasing frequency. According to
Koop’s theory, any impurity or defect in a material can act
as a barrier to the movement of charge carriers [39]. The
space-charge polarization prevents the partial conduction
of charges until they get blocked at a potential barrier or
grain boundary. The effect of the grain boundary is dom-
inant in the low-frequency region, reducing the ability of
electrons to hop and enhancing the dielectric loss. At high
frequencies, the less-resistive grains become prominent,
and the hopping electrons are unable to follow the applied
electric field. Thus, a small amount of energy is needed to
transfer electrons between the ions of the same molecules,
resulting in low dielectric losses. As mentioned earlier,
while all four different types of polarization occur in the
low-frequency region, only ionic and electronic polariza-
tions dominate in the high-frequency region. This reduces
the dielectric loss factor in the high-frequency region over
the temperature range of 313–473 K [44,45]. The value of
dielectric loss rises as temperature increases because it is a
thermally activated process.

The loss tangent represents the ratio of the imaginary to
the real part of the dielectric constant. The variation in the
loss tangent with frequency over the temperature range of
313–473 K is shown in Fig. 5(d). The loss tangent at a par-
ticular temperature shows two zones: first, the loss tangent
increases with frequency until it reaches a maximum value,
and second, beyond the maximum value, it decreases with
an increase in frequency. The loss peak appears when the
hopping frequency matches the frequency of the applied
external ac field. In the LTR, the loss peaks appear in
the low-frequency region due to the predominant dipolar
polarization. As the temperature increases, the loss-tangent

value rises, and the peaks shift towards the high-frequency
region, demonstrating that dipolar polarization is a ther-
mally controlled process.

D. Frequency-dependent ac conductivity

The variation of ac conductivity as a function of fre-
quency over the temperature range of 313–473 K is
depicted in Fig. 6(a). It is observed that the ac conductiv-
ity is frequency independent up to a particular frequency
(called the “hopping frequency”), and beyond this fre-
quency, the conductivity increases with frequency. The
conductivity estimated in the low-frequency region, which
is mainly frequency independent, is attributed to the dc
conductivity. At high frequencies, however, the conduc-
tivity follows a frequency dispersion mainly attributed to
the ac conductivity. At low frequencies, activated hop-
ping results in random diffusion of charge carriers, cre-
ating the dc conductivity (σ dc), while, in the frequency-
dispersive region, ions move in a correlated forward-
backward motion.

This frequency-independent dc and frequency-
dependent ac conductivity can be interpreted by the jump-
relaxation model proposed by Funke and Hoppe [46]. Once
an ion hops out and leaves its stable configuration, it does
not necessarily revert to an equilibrium position with its
neighbors. If the neighboring ions reconfigure to accom-
modate this ion in a stable position, it is termed “successful
hopping.” However, if the ion assumes a nonequilibrium
position with respect to its neighbors, it goes back to its
initial configuration to salvage a partially relaxed arrange-
ment, thus exhibiting a “forward-backward jump” or an
“unsuccessful hopping” [37]. The conductivity at low fre-
quencies is mainly attributed to successful hops, which
facilitate long-range ionic translational motion. The ratio
of successful-to-unsuccessful hopping determines the dis-
persion in the conductivity spectra. The high-frequency
region depicts more unsuccessful hops and, consequently,
higher dispersion. The ac conductivity curve is fitted using
the Jonscher power law [47–49]:

σac(ω) = σdc + Aωs, (10)

where σdc is the dc conductivity of the material; A is the
preexponential factor; ω represents the angular frequency;
and s is the power-law exponent, which is representative of
how the mobile ions interact with their surrounding lattices
(0 < s < 1) [50].

σdc is obtained from the fitting of the Jonscher power
law for all temperatures and is observed to follow the
Arrhenius relationship:

σdc = σ0exp
(

− E′
a

kBT

)
, (11)
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FIG. 6. (a) Frequency-dependent ac conductivity at different temperatures (313–473 K); (b) σ dc versus 1000/T plot; (c) σ dc versus
1000/T plot obtained from the complex impedance plot, showing Arrhenius behavior in the LTR, PTR, and HTR shown in different
shades. (d) Frequency exponent (s) as a function of temperature. Dashed lines are fits corresponding to the OLPT model in the LTR
and PTR but the CBH model in the HTR.

where σ0 is the preexponential factor, E′
a represents the

activation energy, kB is the Boltzmann constant, and
T is the absolute temperature. To find the activation
energy of the conduction process, we plot σdc versus
1000/T, as shown in Fig. 6(b). We obtain three activa-
tion energies using straight-line fits, which correspond to
0.85(±0.04), 0.09(±0.04), and 0.90(±0.04) eV for the
LTR, PTR, and LTR, respectively. These values are close
to the activation energies obtained from the imaginary
part of the impedance (Z ′′) curve. We have also calcu-
lated the dc conductivity (σdc) of the material at differ-
ent temperatures from the fitted Nyquist plots by using
the relationship σdc = t/RA, where R is the total resis-
tance (R = Rg+ RGB + Re), t is the thickness, and A is the
sample area. The dc conductivity measured from the com-
plex impedance at various temperatures is displayed in
Fig. 6(c). It is worth mentioning that the value of σdc
derived from power-law fits of the ac conductivity, and the
calculated activation energies precisely match the values
estimated from complex impedance data.

Notably, the dc conductivity in the PTR does not vary
too much with increasing temperature. We observe a much
lower activation energy (1 order of magnitude less than the

activation energies in the LTR and the HTR) required for
conduction. The charge carriers consequently move in the
lattice more efficiently. In the PTR, the ions break bonds
spontaneously, increasing the disorder and entropy in the
transition region, which reduces the activation energy. The
material reaches the paraelectric phase at higher tempera-
tures, resulting in a higher symmetric phase. Consequently,
it needs more energy to delocalize charge carriers or break
bonds to create charge carriers. The activation energy is,
therefore, larger in the HTR than the activation energy of
the ferroelectric phase in the LTR.

We invoke theoretical models that describe the temper-
ature dependence of the frequency exponent (s) to under-
stand the ac conduction mechanism in the chiral material
R-CYHEAPbI3 [51,52]. Although halide perovskites are
mixed ionic and electronic conductors [35], the inher-
ent lattice distortions induce polaronic behavior of elec-
trons, as indicated in Fig. 6(d), which demonstrates the
change in the frequency exponent (s) with temperature.
The four models, which have been used predominantly to
describe the ac conduction mechanism in different classes
of materials, are (i) the correlated barrier-hopping (CBH)
model, (ii) the nonoverlapping small-polaron tunneling
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(NSPT) model, (iii) the overlapping large-polaron tun-
neling (OLPT) model, and (iv) the quantum mechanical
tunneling (QMT) model. We have identified the relevant
model(s) applicable to our chiral perovskite material based
on the frequency-exponent (s) behavior with temperature.
While for the CBH model s decreases with increasing tem-
perature, for the NSPT model, s increases with increasing
temperature. Furthermore, for the OLPT model, the expo-
nent s drops with temperature to a minimal value and then
slowly increases, and finally, for the QMT model, the value
of the exponent parameter, s, is about 0.81, and it is tem-
perature independent. In our case, exponent s decreases
initially with temperature and then increases to a certain
value (313–373 K); however, after the phase transition,
it decreases with temperature. In the ferroelectric phase,
it follows the OLPT model (in the temperature range of
313–373 K), and in the paraelectric phase, it follows the
CBH model (in the temperature range of 383–473 K)
[51,53–55].

The polaron-tunneling mechanism in the OLPT model
assumes overlapping of the polaron distortion clouds. The
spatial extent of the large polaronic clouds is essentially
larger than the interatomic distance spacing, often lead-
ing to the overlap of adjacent potential wells. As a result,
the polaron-hopping energy decreases, since the activa-
tion energy associated with the motion of charge carriers
between sites follows [54,55]

WH = WH0

(
1 − rp

R

)
, (12)

where rp is the polaron radius, R is the distance between
interstitial sites, and WH is the polaron-hopping energy
[53,54]. WH0 is expressed as

WH0 = e2

4εprp
. (13)

εp is the effective dielectric constant, and, for the OLPT
model, WH0 is expected to be a constant for all sites. The
ac conductivity can then be written as

σac = π4e2kB
2T2ωN (EF)2Rω

4

12(2αkBT + WH0rp/Rω
2)

, (14)

where T is the temperature, kB is the Boltzmann constant,
N (EF) is the density of states at the Fermi level, and α−1

denotes the spatial extension of the polaron wave function.
The hopping length (Rω) is calculated as follows:

R′2
ω + (βWH0 + ln(ωτ0))R′

ω − βWH0r′
p = 0, (15)

where Rω
′ = 2αRω, β = 1/kBT, and rp

′ = 2αrp . The fre-
quency exponent for s in the OLPT model thus becomes

[51,53–55]

s = 1 − 8αRω + (6WH0rp/RωkBT)

[2αRω + (WH0rp/RωkBT)]2 . (16)

The theoretical approach of the OLPT model fits well
with the experimental data, as shown in Fig. 6(d). The fit-
ting parameters are calculated using Eqs. (12), (13), (15),
and (16) and presented in Table S2 within the Supplemen-
tal Material [26].

In the CBH model, the ac conductivity over a narrow
energy-range limit is expressed as

σ(ω) = π3

12
N 2εε0ωRω

6, (17)

where N is the concentration of pair sites and Rω is the
hopping distance given by

Rω = 2e2

πεε0[WM + kBT ln(ωτ0)]
, (18)

with WM being the height of binding energy, and τ0 being
the characteristic relaxation time.

The frequency exponent, s, for this model is evaluated
as [50]

s = 1 − 6kBT
WM + kBT ln(ωτ0)

, (19)

which, to a first approximation, reduces to the simple
expression

s = 1 − 6kBT
WM

. (20)

It should be mentioned that, for the single-electron
CBH model, Eqs. (17) and (18) are multiplied by 1/2.
Equation (19), however, remains unaltered. The fitting
parameters calculated using Eqs. (18) and (19) are shown
in Table S3 within the Supplemental Material [26].

E. Complex modulus spectroscopy

We have investigated the relaxation mechanism of R-
CYHEAPbI3 perovskites by analyzing the electric modu-
lus spectra. The complex electric modulus is represented
as M*(ω), which is the reciprocal of complex dielectric
permittivity, ε*(ω) [56]:

M ∗(ω) = 1
ε∗(ω)

= 1
ε′ − j ε′′ = ε′

ε′2 + ε′′2 + j
ε′′

ε′2 − ε′′2

= M ′(ω) + jM ′′(ω), (21)

where M′(ω) and M ′′(ω) are the real and imaginary parts,
respectively, of complex electric modulus spectra, M*(ω).
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FIG. 7. Variation of (a) real part of the complex electric modulus [M ′(ω)] and (b) imaginary part of the complex electric modulus
[M ′′(ω)] with frequency (ω). (c) Relaxation time and reciprocal of the sample temperature show Arrhenius-type behavior with three
different slopes, corresponding to the LTR, PTR, and HTR. (d) Variation of αHN and γ HN for the R-CYHEAPbI3 nanoparticles at
different temperatures.

Figures 7(a) and 7(b) display the variation of M ′(ω) and
M"(ω), respectively, with frequency over the temperature
range of 313–473 K. Figure 7(a) demonstrates that, for
all temperatures, the value of M ′(ω) is very small at low
frequency, gradually rises with frequency, and exhibits a
plateaulike characteristic at high frequency. The value of
M ′(ω) is close to zero at low frequency, since the elec-
tric field is insufficient for charge flow. After the transition
frequency, the hopping of ions takes place with the fre-
quency rise and the value of M ′(ω) increases. As the
temperature increases, the M ′(ω) curve shifts towards high
frequency, which indicates more instances of ion hopping
with temperature [57]. The M ′′(ω) spectra exhibit distinct
prominent peaks at all temperatures; this is attributed to
the material’s relaxation frequency. The value of M ′′(ω)
increases with frequency and reaches the relaxation fre-
quency. The long-range motion of ions is represented at
the left (low-frequency region) and short-range localized
motion is represented at the right (high-frequency region)
side of the M ′′(ω) versus ω curve. This long-range motion
takes place when the frequency is low, as the ion gets
enough time to hop in the lattice, but, after a particular

frequency, when the time is too short to continue long-
range hopping, the ion relaxes and the short-range motion
takes over.

When temperature increases, the peaks shift toward high
temperatures because of their thermally activated relax-
ation behavior. The asymmetric relaxation peaks indicate
that the relaxation nature of the material is of non-Debye
type. To explain the asymmetric nature of peaks, the com-
plex modulus spectra [M ′(ω) and M"(ω)] are analyzed
using the HN model [58], which is expressed as

M ∗(ω) = M∞ +
(

MS − M∞
[1 + (j ωτHN)αHN]γHN

)
, (22)

where Ms and M∞ are the low- and high-frequency limit-
ing values, respectively, of the M ′(ω); τHN is the relaxation
time; αHN and γ HN are the shape parameters with limit-
ing conditions 0 < αHN or γ HN ≤ 1 and 0 < αHN γ HN ≤ 1
and represent the symmetric and asymmetric broadening of
relaxation peaks. The complex modulus impedance spectra
of R-CYHEAPbI3 at different temperatures are fitted to the
real and imaginary parts of Eq. (22) in Figs. 7(a) and 7(b),
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respectively. Figure 7(c) shows the plot of relaxation time,
τHN, as a function of the reciprocal of temperature, which
obeys Arrhenius behavior:

τHN = τ0 exp
(

EHN

kBT

)
. (23)

Similar to previous observations, we also observe three
distinct regions in this plot, namely, the LTR, PTR, and
HTR. The activation energy calculated from the linear fit
in the LTR (313–343 K) is EHN1 ∼ 0.81(±0.04) eV, in the
PTR (353–373 K) is EHN2 ∼ 0.08(±0.04) eV, and in the
HTR (483–473 K) is EHN3 ∼ 0.94(±0.04) eV; these val-
ues are similar to the activation energies calculated from
the dc conductivity plots. Figure 7(d) shows the varia-
tion of the shape parameters αHN and γ HN as a function
of temperature obtained from the best fits of the complex
modulus spectra. It indicates that the values of αHN are
nearly independent of temperature, whereas the values of
γ HN increase slowly with an increase in temperature. The
complex modulus spectra are also studied by using the
KWW formalism given by [59]

M ∗(ω) = M∞

(
1 −

∫ ∞

0

(
−dφ

dt

)
e−j ωtdt

)
, (24)

where the relaxation function, φ(t), describes the decay of
the applied electric field, E(t), in the time domain. The

relaxation function, φ(t), can be expressed by the KWW
relaxation function:

φ(t) = exp

(
−

(
t

τKWW

)β
)

, (25)

where τKWW is the KWW relaxation time and β

(0 <β ≤ 1) is the stretched exponent [60]. The relax-
ation function, φ(t), is calculated from the inverse Fourier
transform of Eq. (24) given by [61]

φ(t) = 2
π

∫ ∞

0

M ′′

ωM∞
cos(ωt)dω. (26)

Figure 8(a) shows the relaxation function, φ(t), derived
from the best fit of Eq. (26) to modulus data for R-
CYHEAPbI3 at various temperatures. Figure 8(b) shows
the reciprocal temperature dependence of the KWW
relaxation time (1/τKWW) derived from the best fit,
which follows the Arrhenius relationship [62]. This
Arrhenius relationship also gives activation energies of
0.81(±0.04) eV in the LTR, 0.08(±0.04) eV in the PTR,
and 0.94(±0.04) eV in the HTR.

F. Scaling of conductivity and electric modulus spectra

The temperature dependence of the conduction and
relaxation mechanism in R-CYHEAPbI3 is investigated

(a) (b)

(c) (d)

FIG. 8. (a) Plot of time and temperature dependence of φ(t). (b) Reciprocal temperature dependence (1000/T) of the KWW relaxation
time (τKWW), showing three distinct Arrhenius-type behaviors in the LTR, PTR, and HTR. Scaling of (c) the ac conductivity spectra,
σ ′(ω), and (d) the electric modulus loss, M ′′(ω), at different temperatures for R-CYHEAPbI3 perovskites.
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using the scaling behavior of the conductivity and complex
modulus spectra, as shown in Figs. 8(c) and 8(d). Scaling
has been performed based on the formalism reported ear-
lier [63]. The conductivity scaling relationship is given by
the scaling formalism: σ ′(ω)/σdc = F(ω/ωs), where F is
the temperature-independent scaling factor and ωs is the
scaling parameter [63]. The scaling results of conductiv-
ity at several temperatures for R-CYHEAPbI3 are shown
in Fig. 8(c).

It is observed that all the conductivity spectra at differ-
ent temperatures merge into a single master curve. This
scaling behavior of the conductivity spectra reveals that
R-CYHEAPbI3 follows the time-temperature superposi-
tion principle. The scaling curve of the electric modulus
for this R-CYHEAPbI3 is shown in Fig. 8(d), where each

frequency is scaled by the relaxation frequency, ωmax, and
M ′′(ω) is scaled by M ′′

max(ω) [maximum value of M ′′(ω)].
It is observed that the modulus spectra for different tem-
peratures scale on a single master curve, indicating that the
dynamic processes are independent of temperature in the
R-CYHEAPbI3 sample.

G. Piezoelectric and ferroelectric properties

R-CYHEAPbI3 is an established ferroelectric mate-
rial [10], so we perform PFM to observe its piezoelec-
tric behavior. The performance of piezoelectric devices
strongly depends on their capability to convert mechan-
ical deformation into electricity, which is determined by
the value of its piezoelectric coefficient (d33). Figure 9

(a)

(b)

(c)

(d)

(e)

(f)

4 μm

4 μm

4 μm

FIG. 9. Piezoelectric force microscopy response: (a) amplitude, (b) phase, (c) topographic image, (d) amplitude butterfly loop, (e)
phase hysteresis loop, and (f) polarization versus electric field (P-E) loop of the R-CYHEAPbI3 perovskites thin film.
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illustrates the obtained images of (a) amplitude (A), (b)
phase (°), and (c) topography of the R-CYHEAPbI3 per-
ovskites with an active area of 20 × 20 μm2. Figures 9(d)
and 9(e) show the butterfly-shaped amplitude loop and
phase-angle-derived hysteresis loop of the material. In
the measurement process, the amplitude and phase loops
are obtained under a bias voltage of ±10 V. The max-
imum amplitude of the butterfly loop is about 506 pm.
This demonstrates that the sample experiences localized
strains (deformations) due to the applied electric field.
Similarly, during the applied-bias range of 10 V, the phase
changes from 54° to 240°, confirming domain switching
under the applied electric field. The piezoelectric coef-
ficient is calculated from the equation Adeflection = d33Eac
[64]. The calculated value of d33 of the R-CYHEAPbI3
perovskites is approximately 36 pm/V, which is com-
parable to the d33 value of other halide perovskites.
The piezoresponse hysteresis loop is calculated using
the equation Pr(E) = A(E)cos[ϕ(E)] [65,66]. The result-
ing piezoresponse hysteresis loop of R-CYHEAPbI3 per-
ovskites is asymmetric and demonstrated in Fig. S3 within
the Supplemental Material [26]. A shift of the loop towards
positive bias along the electric field axis suggests that
the R-CYHEAPbI3 perovskites already have a built-in
field that encourages polarization in a particular way. The
polarization-electric field (P-E) hysteresis loop is obtained
in Fig. 9(f) using a Sawyer-Tower circuit, which displays
a remanent polarization of about 0.01 μC/cm2. To judge

the figure of merit of the synthesized sample, its piezore-
sponse is compared with other reported values [64,66–71]
in Table S4 within the Supplemental Material [26].

H. Nanogenerator application

In this group of halide perovskites, the ferroelectric-
ity and piezoelectricity emanate due to the large chiral
organic group, which removes the mirror and inversion
symmetry. To demonstrate the application of this piezo-
electric material as a flexible mechanical energy harvester,
we prepared a composite film of PVDF and loaded it
with 3-wt % R-CYHEAPbI3 perovskites. Next, we fabri-
cated two nanogenerator devices, (i) bare PVDF and (ii)
PVDF and chiral R-CYHEAPbI3 composite, with dimen-
sions of 5 × 2 cm2 to compare the piezoelectric output
voltage. The fabrication and encapsulation processes were
detailed in our previous work [66]. The nanogenerator fab-
ricated using pristine PVDF is referred to as RNG. The
other composite with 3-wt % halide perovskite is referred
to as PNG. Figures 10(a) and 10(b) show the instantaneous
output voltage and current of two devices fabricated by
hand hammering. Here, the PNG shows an output voltage
and current of about 65 V and about 2.74 μA, respec-
tively, whereas the RNG shows an output voltage and
current of about 25 V and about 0.76 μA, respectively.
The higher voltage and current obtained in the PNG may
be because of the combined effect of piezoelectricity in

(a) (b) (c)

(d) (e) (f)

FIG. 10. (a) Output voltage and (b) current from RNG and PNG due to hand hammering. (c) Long cycle performance up to 90 s of
PNG due to hand hammering. (d) Schematic diagram of capacitor-charging process using a bridge rectifier. (e) Charging process and
(f) corresponding accumulated charges in the four different capacitors.
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R-CYHEAPbI3 and the activated beta-phase of PVDF by
the addition of perovskite. The output voltage across the
PNG up to 90 s is shown in Fig. 10(c), which shows the
long-cycle performance of the fabricated nanogenerator.
Many devices require high instantaneous output in addition
to quick charging-discharging with a high output voltage
over a short period of time. In this context, the PNG was
connected to a capacitor via a bridge rectifier and sub-
jected to biomechanical action. Figure 10(d) illustrates the
capacitor-charging circuit. Figure 10(e) shows the charg-
ing of four different capacitors, 4.7, 10, 22, and 33 μF, as
a function of time. This figure also demonstrates that the
4.7-μF capacitor can be fully charged (1.8 V) within 30 s
of continuous pressure applied by hand.

The power stored in the capacitor is determined by

Pout = 1
2t

CV2, (27)

where Pout stands for the power stored; C is the capaci-
tance of the capacitor. The saturation voltage is V, and the
time it takes to reach that value is t. So, the power obtained
in the 4.7-μF capacitor is about 0.25 μW. Figure 10(f)
shows the calculated charge stored in the 4.7-, 10-, 22-, and
33-μF capacitors. These results suggest that the mechani-
cal energy harvester is a potentially useful power source
for low-power microelectronic devices. The performance
of other nanogenerators is listed in Table S5 within the
Supplemental Material [26] for comparison [72–77].

V. CONCLUSION

We synthesized (using a solid-solution approach) and
investigated the dielectric and piezoelectric properties of
the chiral perovskite R-CYHEAPbI3. Different theoretical
models, including the Maxwell-Wagner equivalent circuit
model, the universal power law, the Havrilliak-Negami
model, and the Kohlrausch-Williams-Watts model, were
used to fit experimental results from dielectric spec-
troscopy. We observed that the dc conductivity was nearly
constant between 353 and 373 K, while the dc conduc-
tivity increased with temperature below and above this
range. A phase change from ferroelectric to paraelectric
might be ascribed to this anomaly in the dc conductiv-
ity. Remarkably, we found that the activation energy was
0.85(±0.04) eV in the low-temperature region (below the
phase transition region) and 0.90(±0.04) eV in the high-
temperature region (above the phase transition region), but
the phase transition region exhibited a very low activation
energy of 0.09(±0.04) eV. The activation energy derived
from the relaxation time using the HN and KWW models
was consistent with the values obtained using dc conduc-
tivity. The consistency of ionic conduction and relaxation
phenomena for R-CYHEAPbI3 at various temperatures
was shown by the scaling of temperature-dependent con-
ductivity and electric modulus spectra into a single master

curve. Chiral R-CYHEAPbI3 exhibited a saturation polar-
ization of 0.01 μC/cm2 under an applied electric field of
4 kV/cm and a piezoelectric constant (d33) of 36 pm/V
under the maximum applied bias voltage of 10 V. Finally,
we fabricated a composite film of PVDF and 3-wt % R-
CYHEAPbI3 chiral perovskite loaded in the PVDF matrix
film to demonstrate its utility as a mechanical energy
harvester from biomechanical motion.
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