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ABSTRACT

Methylammonium lead iodide (CH3NH3PbI3) is one of the most attractive materials for optoelectronic applications, and it is the most
typical absorber in perovskite solar cells, which are unprecedentedly successful devices in terms of power conversion efficiency. In this work,
the conductivity and capacitance spectra of symmetrically contacted Au/CH3NH3PbI3/Au thick pellets are measured via impedance spectro-
scopy at different temperatures in dark equilibrium. The experimental conductivity spectra are parameterized and showed to follow the
formalism of hopping DC conductivity in the CH3NH3PbI3 bulk. The presence of several regimes for the general Jonscher’s “universal”
conductivity–frequency response is highlighted and associated with the ionic–electronic overlapping conductivities. For the capacitance
spectra, the general features of electrode polarization capacitance at the CH3NH3PbI3/Au interfaces are identified but yet are found to be in
disagreement with some trends of classical ionic conductivity models, unable to separate different contributions. Accordingly, an analytical
model is proposed accounting for hopping processes where the low frequency activation energy is split into ionic and electronic compo-
nents. Our parameterizations and analytical model discern between the bulk/interface and ionic/electronic phenomena and estimate the
multiple activation energies in this hybrid halide perovskite.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020554

I. INTRODUCTION

Methylammonium lead iodide, CH3NH3PbI3 (MAPI), has
received much attention from the research community since its
establishment in 2013 as one of the most promising materials for
photovoltaic applications.1,2 Perovskite solar cells based on
MAPI, or similar hybrid halide perovskites, are already able to
deliver reproducible power conversion efficiencies above 25%
with easy and low cost solution-based fabrication methods.2–6

Furthermore, the optimal optoelectronic properties of MAPI have
also found applications as light-emitting diodes and lasers,7,8 and
several concepts have been proposed for energy storage, such as

solar fuels, perovskite batteries, and perovskites in supercapaci-
tors.9 However, despite the undeniable progress, the understand-
ing of the optoelectronic behavior of this material and devices is
still puzzling. In this regard, the impact of the ionic–electronic
nature of conductivity is one of the most debated subjects, mostly
illustrated in the current–voltage hysteresis phenomena in perov-
skite solar cells.10,11

The electronic conductivity through hopping processes is one
of the possible mechanisms that one could consider in polycrystal-
line semiconductors like solution prepared MAPI. Through this
mechanism of quantum nature, the charge carriers hop between
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allowed hopping sites with a given energy and position separation.
These hops obey given statistics and, as an average, allow net
charge carriers to flow.12 For instance, Slonopas et al.13 proposed
Mott variable range hopping conductivity from their analysis of
conductivity spectra in MAPI. Moreover, Ambrosio et al.14 did ab
initio molecular dynamics simulations and found that the localiza-
tion of the charge carriers and their hopping from one polaronic
state to another occur on a sub-picosecond time scale for MAPI.
They suggested that the localization is induced by thermal vibra-
tions and only moderately perturbed by the disordered field gener-
ated by the organic cations. Furthermore, Yang et al.15 reported
hopping rates for different native effects from their density func-
tional theory calculations.

The ionic conductivity in MAPI has been reported in several
studies, as summarized by Gregori et al.16 who stressed the
long-time/low-frequency effects. The nature of the mobile ions in
MAPI has been reviewed by Yuan et al.17 who suggested that both
MA+ cations and I− anions are predominant transport species,
while the Pb2

+ ions are more difficult to move. Nevertheless,
several subsequent studies have given major importance to iodine
vacancies.18–20 Notably, several authors have calculated dark acti-
vation energies around 0.1–1.0 eV for ion conductivity above
250 K, which can be significantly reduced upon illumination.21–24

The scattering on the reports could be associated with different
fabrication methods and measurement conditions/techniques for
each sample. More importantly, in all cases, the general assump-
tion is to phenomenologically associate “slow” high temperature
phenomena with ions and “fast” response with electronic trans-
port.25,26 However, an updated theoretical framework has not
been provided.

In this article, the conductivity and capacitance spectra
of MAPI is presented as a function of temperature via imped-
ance spectroscopy (IS). The frequency and temperature trends
are parameterized and correlated with hopping processes joint
to ionic conductivity by identifying different conductivity
regimes and activation energies. Specifically, an analytical
model is presented for explaining the electrode polarization
capacitance of MAPI under the effect of hopping conductivity
phenomena.

The samples under consideration here were Au/MAPI/Au
cylindrical pellets of 1.33 cm diameter, MAPI thicknesses ranging
0.3–1.0 mm, and MAPI crystal sizes as large as 400 μm. The fabri-
cation details and structural characterization are as described in
our previous work.27 IS measurements were made in a Quatro
Cryosystem vacuum chamber (2.0 × 10−3 mbar) with a potentio-
stat unit from Novocontrol in equilibrium (0 V bias) dark condi-
tions. The equilibrium condition aims to minimize the ion
migration into the bulk and electron–hole recombination phe-
nomena. The alternating current (AC) mode perturbation was of
100 mV and the linearity condition was automatically checked at
each frequency to be above the 98% of accuracy. The results
described below are the most representative among four different
samples.

The focus here is set on the conductivity and dielectric prop-
erties. From the IS formalism, these are magnitudes mainly related
with the real and imaginary parts of the impedance, energy dissipa-
tion, and storage.

II. CONDUCTIVITY AND CAPACITANCE SPECTRA FROM
IMPEDANCE SPECTROSCOPY

The direct current (DC) mode conductivity σdc of MAPI has
been reported by several authors by means of four probe contact
measurements28 or two electrode contacts, in the DC mode,29–31 or
from the low frequency limit of IS measurements.23 On the other
hand, the AC conductivity has been only described by Sheikh
et al.32,33 who identified up to two main regimes at intermediate
and higher frequencies, above σdc.

The conductivity spectra are shown in Fig. 1(a), with a strong
thermal dependency within the tetragonal phase range and up to
three power law frequency regimes. The experimental data were
parameterized [dots and lines in Fig. 1(a)] to the general Jonscher’s
“universal” dielectric frequency response,12,34,35

σ ¼ σdc 1þ ω

ωσ

� �δ
 !

, (1)

FIG. 1. AC conductivity of a MAPI pellet as a function of temperature in a dark
equilibrium. (a) Conductivity experimental spectra (dots) and allometric fittings
(lines) for each region. (b) Parameterized DC conductivities and respective activa-
tion frequencies, left and right axes, respectively, vs temperature (dots), and
Arrhenius fitting (lines) with an activation energy Eσ � 629meV. Adapted with
permission from Almora, Ph.D. thesis, Friedrich-Alexander Universität
Erlangen-Nürnberg & Universitat Jaume I, 2020. Copyright Author 2020, licensed
under a Creative Commons Attribution-NonCommercial-NoDerivs license.
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where ωσ is a characteristic conductivity activation frequency and,
well-known in disordered solids,36–38 the power parameter is pre-
dicted to be 0:5 � δ by several hopping models39–42 in ionic con-
ducting glasses, while the diffusion-controlled relaxation model for
ionic transport in glasses predicts 0 , δ , 0:5.43 This could corre-
late the concentrations of mobile ions and hopping sites.

At the lowest frequencies, the DC conductivity in the hopping
theory is expected to behave as35,45

σdc ¼ Nq2λ2σ
6 kBT

ωσ , (2)

where λσ is the hopping distance, N is the ionized defect density
that establishes the electron concentration, q is the elementary
charge, kB is the Boltzmann constant, T is the temperature, and the
effective jump rate ωσ depends on whether the electron–phonon
coupling is strong or weak. In the case of strong coupling,45

ωσ ¼ ωσ0exp � Eσ
kBT

� �
, (3)

where ωσ0 is the effective attempt-to-jump frequency and Eσ is
the effective hopping activation energy. The latter parameter is
composed at the same time by several contributions as the energy
difference between hopping sites,45 and the free energies of crea-
tion and migration of charge carriers.35 The fitted σdc values are
shown to follow (2) with (3) and Eσ � 629meV in Fig. 1(b).
Note that this activation energy approaches theoretical predic-
tions for methylammonium vacancies.15 Other similar analyses
on σdc in MAPI have shown Eσ in the range 390–430 meV,23,29

which most likely relates with iodide vacancies and/or interstitial
methylammonium.15

At the largest frequencies, the conductivity spectra seem to
converge to δ ¼ 2, presented with dotted–dashed lines in Fig. 1(a).
At intermediate and lower frequencies, the conductivity behaves as
δ2 ¼ 0:35 and δ1 ¼ 0:7, as illustrated with the dashed and solid
lines in Fig. 1(a), respectively. Correspondingly, the activation fre-
quencies ωσ1 and ωσ2 are presented in Fig. 1(f ), showing a clear
proportionality with ωσ as (3) with Eσ � 629meV too. It is then
remarked that the correlation between DC conductivity and
hopping rate is accomplished.

Importantly, we stress the fact that Eqs. (2) and (3) characterize
the dissipative processes associated with hopping DC conductivities
and experimentally obtained from the real part of the impedance.
This is most likely the electrical response from the MAPI bulk, pre-
sumably through the grain boundaries where the higher surface
defect concentration may increase both electronic and ionic conduc-
tivity, rather than originated within the perovskite crystals. In an
alternative approach, one can inspect the displacement currents asso-
ciated with the ionic charge accumulation at the interfaces27,46,47 and
the electrode polarization response by measuring the capacitance,
from the imaginary part of the impedance spectra.

The equilibrium capacitance spectra of a MAPI pellet in the
range 190–295 K are shown in Fig. 2(a). At frequencies below
10 Hz, a clear temperature activated process occurs, most likely

related with electrode polarization. The experimental data [dots in
Fig. 1(c)] were fitted to

C ¼ Cg þ CωT , (4)

FIG. 2. Capacitance of a MAPI pellet as a function of temperature in a dark
equilibrium. (a) Capacitance experimental spectra (dots) and fittings (lines) to
(4) and (5). The inset in (a) is the dielectric constant behavior with temperature.
(b) Activation frequencies and electrode polarization capacitances, in left and
right axes, vs temperature (dots), and Arrhenius fittings (lines) with Eω ffi
159meV and EC ffi 384meV, respectively. (c) Schemed drifting–hopping pro-
cesses of a charge moving from point A to B under AC perturbation in the vicin-
ity to the electrodes. (a) and (b) adapted with permission from Almora, Ph.D.
thesis, Friedrich-Alexander Universität Erlangen-Nürnberg & Universitat Jaume
I, 2020. Copyright Author 2020, licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs license.
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where Cg is the geometrical capacitance,48 nearly frequency inde-
pendent above 1 kHz, and for lower frequencies,

CωT ¼ Cel 1þ ω

ωel

� �2
 !�1

, (5)

where Cel is the electrode polarization capacitance, ωel is a charac-
teristic activation frequency, and ω is the angular frequency of the
voltage perturbation ~V ¼ V0 exp[�iωt] in time t with an amplitude
V0 (i is the imaginary unit).

Cg is one of the most basic signals that can be recorded
from a single material between symmetric electrodes. Thus, the
relative permittivity ε ¼ CgL/ε0 (ε0 is the vacuum permittivity
and L the distance between electrodes) is the main factor to con-
sider at frequencies between 1 kHz and 1 MHz. In this range,
nearly frequency-independent plateaus are found with a decrease
gradient @ε/@T � �0:03K�1 as the temperature grows [see inset
of Fig. 2(a)].

The dielectric function of MAPI has been theoretically
obtained from first principles calculations by many authors,49–58

with a significant scattering between 5 and 38 for the value of the
static dielectric constant at room temperature. Experimental analy-
ses have also been reported by means of ultraviolet-visible optical
absorption and transmittance spectroscopies,59,60 spectroscopic
ellipsometry, and spectrophotometry.60–62

In the tetragonal phase (∼160–330 K), Onoda-Yamamuro
et al.63 and Mohanty et al.64 measured the static dielectric constant
at 1MHz by IS vs temperature with ε � 60� 120 and thermal gra-
dients @ε/@T � �0:3K�1. At room temperature, Ding et al.30

showed ε spectrum above 50 too. At 20 kHz, Fabini et al.65

obtained ε � 35� 50. In a range of 40 K above room condition,
Yang et al.23 found ε � 31� 34, with @ε/@T � �0:05K�1.
Anomalously, Slonopas et al.66,67 found ε � 104 in a wide plateau
spectra between 10 Hz and 100 kHz and in the range 100–350 K.

For the frequency and temperature dependent behavior below
1 kHz, Eq. (5) resembles the Beamount–Jacobs electrode polarization
model (BJEPM),68,69 and the Maxwell–Wagner–Sillars interfacial
polarization model66,67,70 has also been suggested. Less predominant
power laws cannot be neglected, but from the Arrhenius of Fig. 1(c),
it looks that Cel / exp[�EC/kBT] with EC ffi 384meV and ωel /
exp[�Eω/kBT] with Eω ffi 159meV.

In the BJEPM,68,69 only negative carriers are assumed to be
mobile and generation/recombination rates are neglected. In princi-
ple, one could assume the same in the situation of Fig. 2. However,
despite the frequency dependency in the BJEPM is that of (5), the
temperature behavior in our experiments [see Fig. 2(b)] is not cap-
tured well by this model. Then, the idea is to attack the problem
from a different point of view, modifying as little as possible the
assumptions that permitted a simplified enough analysis.68,69

III. ANALYTICAL MODEL FOR ELECTRODE
POLARIZATION

A theoretical model that reproduces the frequency and tem-
perature behaviors of low frequency capacitance in MAPI pellets
will be presented as follows. The good agreement between

experimental conductivity spectra and σdc as (2) suggests that the
transport of charges could be controlled by discontinuous hopping
of charges between localized sites distributed randomly in space
and energy. Considering the ionic–electronic conductivity of MAPI
and the presumably low bulk defect density of the pellets, the large
low frequency capacitance steps in the spectra of Fig. 2 suggest a
close interplay between slow ionic phenomena and faster electron
conductivity. Thus, one would expect at least two main compo-
nents in the kinetics of the electrode polarization.

Our model is based on studying the dynamics of charges
undergoing a hopping process characterized by the frequency (6),
taking also into consideration the time the effective charge moves
between hopping events. The two contributions to the charge
carrier kinetics toward the electrodes are schemed in Fig. 2(c). For
an effective charge carrier moving from point A to B, one first can
contemplate a process following the formalism of the Drude–
Lorenz model (DLM) of conductivity.71–73 In the DLM, a set of
free moving charges is considered to interact only through colli-
sions with ionic centers. In contrast, our model considers that the
interaction of the charges takes place only with the sites over which
the charges hop while moving during a time τs ¼ 2π/ωs. This “time
of flight” between hopping events may depend on how far apart
the two sites are in space and the corresponding thermal fluctua-
tions. Assuming a Boltzmann distribution, the corresponding
hopping site capture rate would be

ωs ¼ ωs0exp � Es
kB T

� �
, (6)

where Es is the electronic hopping activation energy that grows
linearly with the spatial separation of sites.12 Subsequently, as an
average, the electrons can be trapped in mobile ion-related sites
during a time τ i ¼ 2π/ωi and thus hop to another site with a
hopping distance λi. This is the schemed point B in Fig. 2(c).
Alternatively, one can just consider that the competing effects of
electron and ionic transport include an additional characteristic
frequency, which can also be assumed to follow a Boltzmann
distribution,

ωi ¼ ωi0exp � Ei
kBT

� �
: (7)

Here, Ei is an activation energy associated with ionic conductiv-
ity and/or how energetically deep is the site in which an electronic
charge can be trapped for a time τ i. Consequently, one can use
Ohm’s law to relate a component of the imaginary part of the con-
ductivity to the flow of charges near the electrodes under the AC
electric field ~ξ ffi ~V/L, resulting in the displacement current density,

Jel ¼ Nelqveff ¼ Re[ωCωTV0 exp[�iωt]], (8)

where Nel is the effective charge carrier density, veff is the effective
velocity of the charge carriers that consecutively hop between sites,
and V0 is the AC amplitude of the perturbation. Note that the
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proper operations in (8) result in

Jel ¼ ωCωTV0 sin[ωt]: (9)

Considering the average time τs þ τ i needed for an effective
charge carrier to move a distance λC between points A and B, as in
Fig. 2(c), the effective charge carrier velocity can be expressed as

veff ¼ v
ωi

ωs
1þ ωi

ωs

� ��1

, (10)

where v ¼ λC/τs. On the other hand, considering the charge carri-
ers with effective mass m*, Newton’s equation of motion can be
written as

dv
dt

¼ q
m*

V0

L
Re[exp[�iωt]]� vωs: (11)

The first term in (11) comes from the electric force acting on
the charge. The second term includes the retarding action of the
sites on the charge, even without being the charge trapped in any
hopping site. The sinusoidal component of the solution to the dif-
ferential Eq. (11) is of the form

v ¼ q
m*

V0

L
ω

ω2
s
sin[ωt] 1þ ω

ωs

� �2
 !�1

: (12)

Upon identification of v in (10) and (12), and assuming
ωi0 � ωs0 and Ei . 3Es, one can manage the expressions (6)–(12)
to finally find

CωT ffi Nelq2ωi0

m*Lω3
s0
exp � (Ei � 3Es)

kBT

� �
1þ ω

ωs

� �2
 !�1

: (13)

Equaling (13) to (5) results in ωel ¼ ωs, making Eω ¼ Es ffi
159meV and

Cel ffi Nelq2ωi0

m*Lω3
s0
exp � (Ei � 3Es)

kBT

� �
, (14)

where EC ¼ Ei � 3Es, making Ei ffi 861meV. Interestingly, the
latter also approaches some theoretical estimations for activation
energies of methylammonium vacancies.15 Table I summarizes the
above discussion regarding each activation energy. Note that from
the experiment, we analyzed three different activation energies (Eσ ,
EC , and Eω), and with the model, we propose an interpretation that
introduces Ei as a composing element for EC .

Summing up this section, our theoretical model seems to be
compatible with the experimental results, thus validating the phe-
nomenological description of the electrical response. Our analyses
indicate the behavior of an ionic solid conductor where one can
differentiate the activation energies for electronic hopping and
ionic electrode polarization phenomena. The analytical model can
easily be applied in the future to different materials and/or devices
with similar electrical response.

IV. CONCLUSIONS

The experimental conductivity and capacitance spectra of
MAPI pellets at different temperatures provide information on
strong thermal activated processes. These behaviors can be inter-
preted in terms of the hopping conductivity theory of solids in
addition to ionic features. The conductivity spectra show several
regimes where different Jonscher’s power laws suggest the interplay
between electronic conductivity and the possible contribution of
several ionic species as hopping sites. An activation energy was
found as Eσ � 629meV. On the other hand, the capacitance
spectra show a strong thermally activated increase toward lower fre-
quencies that can be explained if hopping phenomena is considered
jointly to ionic motion. A hopping-electrode polarization model is
proposed by combining the Drude–Lorentz formalism with hopping
processes resulting in a good agreement with the experimental fre-
quency and temperature trends. Our results report on ion movement
activation energy Ei ffi 861meV in the vicinity of the electrodes,
where charge accumulation takes place. In the contact interface, a
higher concentration of defects at the grain boundaries may produce
hopping events that contribute to the displacement currents charac-
terizing the electrode polarization capacitance.
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TABLE I. Summary of activation energies, their obtention, and interpretation in
this work.

Parameter
Value
(meV) Obtention method

Physical meaning for
the activation energies

Eσ 629 IS experiment σ(f, T),
Fig. 1

Bulk/grain boundary
electronic conductivity

EC = Ei−
3Es

384 IS experiment C(f, T),
Fig. 2

Electrode
low-frequency
capacitance

Es ¼ Eω 159 Eω from IS
experiment C(f, T) in
Fig. 2, and Es from
theoretical model

Electronic hopping
between sites toward

the electrodes

Ei 861 Theoretical model Ionic motion toward
the electrodes
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