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Perovskite solar cells (PSCs) often suffer from large performance variations which impede to define a
clear charge-transfer mechanism. Ferroelectric polarization is measured numerically using CH3NH3PbI3
(MAPbI3) pellets to overcome the measurement issues such as pinholes and low uniformity of thickness,
etc., with MAPbI3 thin films. MAPbI3 perovskite is an antiferroelectric semiconductor which is different
from typical semiconducting materials and ferroelectric materials. The effect of polarization carrier
separation on the charge-transfer mechanism in the PSCs is elucidated by using the results of ferroelectric
and structural studies on the perovskite. The ferroelectric polarization contributes to an inherent carrier-
separation effect and the I–V hysteresis. The ferroelectric and semiconducting synergistic charge-
separation effect gives an alternative category of solar cells, ferroelectric semiconductor solar cells.
Our findings identify the ferroelectric semiconducting behavior of the perovskite absorber as being
significant to the improvement of the ferroelectric PSCs performances in future developments.
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I. INTRODUCTION

Organic-inorganic perovskite semiconductors have
allured massive scientific attention since their incorporation
into photovoltaic devices [1–4]. Having a direct band gap
and well-aligned energy-band positions at the interfaces,
which result in a fast injection of carriers from the
perovskite absorber into their respective conductive media,
has been reported as the reason for the high efficiencies
[3,4]. Transient absorption and photoluminescence-
quenching measurements have verified long carrier-
diffusion lengths of about 1 μm in mixed halide
perovskite (CH3NH3PbIð3−xÞClx) [5] and about 100 nm
in CH3NH3PbI3 (MAPbI3) [6,7] perovskite by suggesting
manipulation of the perovskite absorber material as a
promising way to enhance the performances of perovskite
solar cells (PSCs).
The pronounced performances together with some

unusual characteristics of the PSCs compared to the normal
solar cells, such as the current-voltage (I–V) hysteresis
[2,8–10], long carrier-diffusion length [5–7], and huge

dielectric constant ε [11], hinder to define a clear
charge-separation mechanism in the perovskite absorbers.
This urges researchers to investigate the fundamental
properties of the perovskite absorbers which presumed
to be reasons for these mysterious behaviors. Among the
fundamental properties, ferroelectricity and ion migration
of the perovskite absorber have attracted much interest in
the scientific community, since they can generate a polari-
zation on the interfaces of perovskite=TiO2 and perovskite/
HTM which will affect the charge-transfer mechanism
in PSCs.
Experimental results and theoretical calculations have

suggested the possibility of ferroelectricity of MAPbI3
perovskite [12–16]. Ferroelectric domains about 100 nm
in size have been observed by using piezoforce microscopy
and ferroelectric domain switching has also been achieved
by poling [17]. Larger spontaneous polarizations have been
seen in larger perovskite crystals with an external electric
field and the retention of ferroelectric polarizations has also
been observed after the removal of the electric field; larger
crystals have showed longer retention behavior compared
with the smaller [18]. A 180° domain phase switching on
theMAPbI3 thin films has been observed in PSCs [19]. On
the contrary, a few studies have demonstrated the absence
of ferroelectricity [20,21]. Xiao et al. have excluded the
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contribution of the ferroelectric property due to the absence
of polarization-electric field (P-E) loops and domains [22].
On the other hand, ion migration has also been suggested

to be an important factor contributing to the mysterious
behaviors. Eames et al. have suggested hybrid halide
perovskites are mixed ionic-electronic conductors [23].
Yang et al. have found low-ionic conduction and high-
electronic conduction of MAPbI3 under illumination [24].
First-principles computational analyses carried out on the
tetragonal MAPbI3 perovskite and on its interface with
TiO2, have demonstrated the iodine vacancies and inter-
stitials may easily diffuse across the perovskite crystal [25].
Two studies have explained how ferroelectriclike hysteresis
can arise from conductive effects and the relation to the I–V
hysteresis in PSCs [20,21].
Numerous studies have been reported on the issue of I–V

hysteresis. Park and Kim studied the effects of the
perovskite crystal size and mesoporous TiO2 layer thick-
ness on I–V hysteresis and they have found that the
hysteresis is pronounced as it decreases crystal size and
mesoporous TiO2 layer thickness [9]. Chen and co-workers
have interpreted the stronger hysteresis effects after the
reverse poling of the MAPbI3 layer prior to the I–V
measurement as the effect of remanent polarization in
the perovskite film [26]. Snaith et al. have suggested three
possible causes of hysteresis: (1) The perovskite absorber
may have large defect density near the interfaces with TiO2

and HTM, and these defects could act as traps for electrons
and holes—under forward bias conditions and short-circuit
conditions, defects cause different conductivities at the
interfaces due to charge carries filled traps or empty traps;
(2) a slow polarization of the material may occur as a result
of ferroelectric properties of the organometal trihalide
perovskites; and (3) excess ions (iodide and methylamo-
nium) may be present as interstitial defects, and under
working conditions they would be able to migrate to either
side of the film with the aid of charge collection [10].
As described above, the polarizations by ion diffusion as

well as ferroelectricity can have an effect on the
charge-transfer mechanisms in PSCs. Hence, quantitative
measurements of polarizations by ion migration and
ferroelectricity are crucial to the identification of the major
effect. To the best of our knowledge, quantitative mea-
surements of polarizations by ion migration and ferroelec-
tricity have not been reported. Furthermore, most of the
reported polarization studies focused on the effect on the
I–V hysteresis. We believe the polarization of the perov-
skite absorber would also contribute to other behaviors of
PSCs, such as the charge separation and charge diffusion in
the absorber layer. The determination of polarization in
leaky semiconductors is challenging [27]. A few studies
have tried to evaluate ferroelectric polarization in perov-
skite films, but did not succeed [12,20]. This may be due to
difficulties in measuring ferroelectric polarizations using
thin films because uniform thickness and pinhole-free

dense film samples are necessary for accurate ferroelectric
measurements.
In this study, we prepare MAPbI3 pellet samples and

analyze the ferroelectrics of MAPbI3 using the standard
methods for ferroelectric studies. The fundamental ferro-
electric parameters and ferroelectric behavior of MAPbI3
are provided quantitatively. It is found that MAPbI3
exhibits an antiferroelectric semiconducting behavior
which can be used to promote effective charge separation
and charge transferring within the perovskite absorbers by
the proper ferroelectrics manipulation. We discuss the
ferroelectric semiconducting synergistic charge-separation
effect in ferroelectric semiconductor solar cells and con-
tributions of the ferroelectric polarization to I–V hysteresis.
Furthermore, strategies to fabricate high-performance PSCs
are also reported.

II. EXPERIMENTAL SECTION

A. Chemicals and reagents

Hydroiodic acid (57% in water), and PbI2 (98%) were
purchased from Sigma-Aldrich. Methylamine (40% in
methanol) and N,N-dimethylformamide (DMF) were
bought from Wako. All chemicals and reagents were
analytical grade and used as received.

B. Synthesis of MAPbI3 powder

CH3NH3I is synthesized by reacting 24 mL of methyl-
amine and 10 mL of hydroiodic acid at 0 °C for 2 h in a
rotary evaporator at 120 rpm. The solution is evaporated at
80 °C and the precipitate is washed three times in ethanol
followed by diethyl either at room temperature for 30 min.
The collected precipitate is dried at 60 °C for 24 h. To
obtain CH3NH3PbI3 (MAPbI3) powder, the synthesized
CH3NH3I powder is mixed with PbI2 at a 1∶1 mole ratio in
DMF solvent at 60 °C for 24 h. The perovskite solution is
centrifuged at 4500 rpm for 10 min to remove insoluble
particles and then the solution is dried at 60 °C for 24 h.

C. Fabrication of MAPbI3 pellets

MAPbI3 pellets are fabricated for ferroelectric measure-
ments. Synthesized MAPbI3 powder is gently ground into
fine powder. This powder is then pressed at room temper-
ature and 10-MPa pressure to produce pellets with a
diameter of 10 mm and the thickness in a range of
500–600 μm.

D. Characterization

The structural characteristics and purity of the syn-
thesized powders are investigated using a SHIMADZU
XRD-6100 x-ray diffractometer with a Cu Kα
(λ ¼ 0.15418) x-ray tube operated at 40 kV and 30 mA
using a step size of 0.004° and a scan speed of 0.1°=min.
P-E hysteresis loops at room temperature and desired
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frequencies are obtained by using a standard method for the
ferroelectric measurements on a TOYO Corporation
FCE3–4 KVSY ferroelectric testing system. Leakage
currents are measured by applying an electric field of
23.8 kV=cm. The temperature dependences of the relative
permittivity (εr) at 1 and 10 kHz and frequency dependence
of the εr are measured by using an Agilent E4980A
precision LCR meter. Differential scanning calorimetry
(DSC) is conducted on a NETZSCH DSC 200 F3 at a rate
of 10 °C min−1 over a temperature range from 0 °C to
150 °C under nitrogen.

III. RESULTS AND DISCUSSION

A. MAPbI3 crystal structural analysis

It is pertinent to evaluate lattice parameters ofMAPbI3 to
analyze its ferroelectric behavior because ferroelectric
behavior of the well-known ferroelectric metal-oxide per-
ovskites, such as BaTiO3 and PbðZr;TiÞO3, depends
strongly on their crystal parameters. The crystal structural
parameters of the synthesized MAPbI3 are measured using
powder x-ray diffraction (XRD). All diffraction peaks in
the XRD pattern can be indexed into the I4=mcm space
group of the tetragonal cell with lattice parameters
a ¼ 8.858 and c ¼ 12.657 Å, as shown in Fig. 1. These
lattice parameters are in good agreement with the reported
values [28]. The MAPbI3 perovskite exhibits superlattices;
thus, one unit cell consists of four ABX3 compositional
units [4 − ABX3 unit cell, Fig. 2(a)]. We extract a unit cell
containing a single ABX3 compositional unit [1 − ABX3

unit cell, Fig. 2(b)] from the superlattice to get the lattice
parameters of the 1 − ABX3 unit cell. The 1 − ABX3 unit
cell belongs to the P4mm space group of the tetragonal
cell with lattice constants a0 ¼ 6.264 ð¼ a=

ffiffiffi

2
p Þ and

c0 ¼ 6.329 Å ð¼ c=2Þ. The larger c0=a0 ¼ 1.010 value

than 1 suggests that a spontaneous polarization is possible
in the 1 − ABX3 unit cell similar to the metal-oxide
perovskites. However, the I4=mcm space group is a
tetragonal centrosymmetric group; thus, a nonpolar phase.
A tetragonal SrTiO3 perovskite with the I4=mcm space
group has been reported as an antiferroelectric material
[29]; therefore,MAPbI3 perovskite can also be an antiferro-
electric material as displayed in Fig. 2.
A rapid rotation of MAþ at high temperature and a

restriction in the rotation at low temperature have been
observed using 1H and 14N NMR spectra [30]. The rapid
rotation of MAþ at high temperature causes a MAþ-
disordered structure. The temperature-dependent crystal
structure of MAPbI3 as lowering temperature has been
attributed to highly orderedMAþ ions [31]. Computational
calculation demonstrates dipolar MAþ-ion reorientation
between the faces, corners, or edges of the pseudocubic
lattice cages in MAPbI3 crystals with a room temperature
residence time of 14 ps [32]. On the contrary, neutron
scattering techniques and theoretical analysis have identi-
fied a rotational mode of the MAþ cation with a character-
istic relaxation time of ∼5 ps at room temperature [33].
These results suggest the MAþ-disordered structure of
MAPbI3 perovskite at room temperature, namely, the
superlattice structure is due to the ordering of the
upside-down spontaneous polarizations, and the sponta-
neous polarization is due to the displacement of positive
and negative charge centroids generated by shifting the
position of the Pb(II) ion in the PbI6 octahedron along the c0
axis, similar to the antiferroelectric SrTiO3 perovskite [29].

B. Ferroelectric characterization of MAPbI3
The ferroelectrics of MAPbI3 perovskite can be con-

firmed from its P-E hysteresis loops. The MAPbI3 per-
ovskite exhibits an expanded P-E hysteresis loop, different

FIG. 1. XRD patterns of MAPbI3 perovskite indexed into tetragonal I4=mcm and P4mm structures.
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from the typical ferroelectric materials, at the normal
measurement frequency of 10 Hz [Fig. 3(a)]. The expanded
shape is attributable to the high leakage current [27]. The
leakage-current density is 3.7 × 10−6 A=cm2 under dark-
ness and increases to 8.5 × 10−6 A=cm2 under illumination
at an applied voltage of 23.8 kV=cm (see Fig. 1 in the
Supplemental Material [34]). The increase of the leakage
current under illumination causes greatly expanded P-E
hysteresis loops (see Fig. 2 in the Supplemental Material
[34]). The resistivity of 4.51 × 107 and 3.28 × 107 Ωm can
be estimated from the leakage currents under darkness and
illumination, respectively, which is close to the insulator’s
resistivity 108 Ωm, but smaller than that of the normal
ferroelectric materials. The influence of the leakage current
can be removed partially by measuring the P-E hysteresis
loops at 100 Hz. The almost entire overlap between the P-E
hysteresis loops under darkness and illumination at 100 Hz
reveals that the influence of the leakage current is negligible
[Fig. 3(b)]. Yet, the unsaturated P-E hysteresis loops can be
attributed to the low density of the pellet samples prepared
at room temperature and ferroelectric BaTiO3=SrTiO3

synthesized at 900 °C has also displayed the similar shaped

P-E loops [35]. Almost no changes in the P-E loops of
other similar samples at the same conditions clearly
confirm the repeatability of ferroelectric measurements
(see Fig. 3 in the Supplemental Material [34]).
The above results indicate thatMAPbI3 perovskite shows

a ferroelectric semiconducting behavior. A ferroelectric
semiconducting material is a semiconductor with a sponta-
neous polarization, different from the typical ferroelectric
materials which are insulators with spontaneous polar-
izations [36]. It has been reported that some perovskites
with I4=mcm space group such as SrTiO3 and SrTaO2N
show ferroelectric behavior due to their antiferroelectrics
and local dipoles [37–39]. These perovskites show complex
ferroelectric behaviors. The nonpolar antiferroelectric
phases, for example AgNbO3 and NaNbO3, can be
switched to ferroelectric phases after poling treatment,
and these perovskites are used as ferroelectric materials
[40,41]. This phenomenon in relation to MAPbI3 perov-
skite is depicted in Fig. 2. The results of neutron diffraction

FIG. 2. Relationship of antiferroelectric and ferroelectric
phases for MAPbI3 perovskite: (a) antiferroelectric tetragonal
I4=mcm (4-ABX3 superlattice) unit cell; and (b) ferroelectric
tetragonal P4mm (disordered 1-ABX3) unit cell.

FIG. 3. Polarization-electric field (P-E) hysteresis loops of
MAPbI3 perovskite at room temperature: (a) at 10 and 100 Hz;
(b) under darkness and light at 100 Hz.
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studies have also suggested the possibility of formation of
either antiferroelectric or ferroelectric domains in MAPbI3
perovskite with reducing the temperature based on the
ordered orientation of the MAþ cation [42,43]. However,
the MAþ cation is highly disordered around room temper-
ature, which excludes the possibility of the spontaneous
polarization of antiferroelectricity or ferroelectricity by an
ordered orientation of the MAþ cation in the perovskite
around room temperature. Except the ordered orientation of
the MAþ cation, the spontaneous polarization is also
possible by the displacement of positive and negative
charge centroids generated by shifting the position of the
Pb(II) ion in the PbI6 octahedron along the c0 axis, and also
by the displacement of the MAþ cation position in the
organic-inorganic perovskites similar to the most ferro-
electric and antiferroelectric metal-oxide perovskites
[44–46]. The structural study has indicated that the MAþ
cation is displaced slightly off center of the tetragonal unit
cell [47]. Moreover, straightening of the Pb─I─Pb bond
angle with increasing temperature from the tetragonal
phase to the cubic phase and the distortions of PbI6
octahedra from the ideal have been reported too [43].
Figure 4 shows the variation of remanent polarization

and the coercive field with an applied electric field for
MAPbI3. As an antiferroelectric material, MAPbI3 shows
the increases of remnant polarization and the coercive field
with an increasing applied electric field in the measurement
range of the applied electric field. Similar behavior has
been observed for antiferroelectric materials, such as
NaNbO3 [48]. In the measurement range of the applied
electric field, where the switching antiferroelectric phase to
the ferroelectric phase is dominant, the fraction of the
ferroelectric phase in the sample increases with an increas-
ing applied electric field, which causes an increasing
remnant polarization and coercive field. We think that at
a very high applied electric field, it must show a saturation
of polarization. However, at high applied electric field
conditions, the sample is broken due to the large leakage

current. The measurement of ferroelectric properties in
semiconductors is a big challenge.

C. Dielectric characterization of MAPbI3
Dielectric characterizations are performed to compare the

dielectric behavior of MAPbI3 perovskite with that of the
typical ferroelectric metal-oxide perovskites. Figure 5(a)
shows the temperature dependence of the εr of MAPbI3
measured at 1- and 10-kHz frequencies. The MAPbI3
perovskite displays a maximum εr around 55 °C in a temper-
ature range of 20–70 °C. This temperature corresponds to its
Curie temperature (Tc),where the structural phase transitions
from the superlattice antiferroelectric tetragonal structure
to the paraelectric cubic structure. Dielectric properties of
MAPbI3 have already been carried out at low temperatures
and the results reveal that the MAþ ion has a permanent
dipole moment, and thus a dynamic process changing the
orientation of the ion contributes to the dielectric properties
of MAPbI3 [49–51]. Figure 5(b) shows the DSC plot of the
MAPbI3 sample where heating and cooling curves show
peaks at 58.1 and 55.1 °C, respectively, which correspond to
the phase transition. The Tc ð ¼ 56.6 °CÞ calculated from the
DSC result is in concurrence with the previously reported
value of 54.4 °C [28]. The εr is 80 at room temperature and
200 at theTc at a frequency of 1 kHz. The dielectric behavior
with the maximum εr at Tc is a feature of ferroelectric metal-
oxide perovskites [36].
Figure 6 shows frequency dependence of the εr ofMAPbI3

under darkness at room temperature. With an increasing
frequency (f), the εr ofMAPbI3 perovskite decreases greatly
in the f range of 20–50 Hz (1), shows a shoulder in the f
range of 50–100 Hz (2), decreases greatly again above
100 Hz in the range (3), and finally becomes constant in
the high f range (4). The εr behavior above 100Hz is similar
to the typical ferroelectric materials; thus, the εr decreases
greatly with increasing frequency in the low-frequency range
(Fig. 6) [41,42]. The large frequency dependence in the f
range (1) (below 50 Hz) can be attributed mainly to ion
migration [52]. The polarization in a ferroelectric material
with ion migration P will include a polarization component
of ion migration Pion, a spontaneous polarization or ferro-
electric component Psp, and a paraelectric polarization
component Ppara, where P ¼ Pion þ Psp þ Ppara. The ε
can also be separated into ε ¼ εion þ εsp þ εpara. The εion
and εsp exhibit slow responses,while the εpara exhibits a quick
response to the applied electric field.
For the ferroelectric materials, the value of ε decreases as

the frequency increases and becomes a constant value at
high frequencies, which can be explained by using dipoles
oscillating in an alternating electric field as follows [53]. At
the low f range (2) (1=f ≫ τ, τ is the relaxation time of
ferroelectric dipole), dipoles follow the alternating field
because they have enough time to respond to the alternating
field; namely, Psp can respond to the alternating field and

FIG. 4. Changes of remanent polarization and coercive field
with applied electric field for MAPbI3.
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gives a large εsp value. With increasing f, in the f range
(3) (1=f < τ), dipoles begin to lag behind the alternating
field and the εsp value drops (relaxation process). In the
high-f range (4) (1=f ≪ τ), dipoles can no longer follow
the alternating field and the εsp value approaches zero [53].
Since the τ value of Ppara is much shorter than Psp, the f
dependence is very small even at the high f conditions.
This is the reason why the ferroelectric materials display
large frequency dependence of the ε at low-frequency
conditions. The τ value of Pion should be longer than
Psp, and then εion approaches zero even in a very low f
range because of a long-distance displacement of ion
migration.

The dielectric result suggests that the ion migration in
MAPbI3 perovskite is possible at very low-frequency
conditions (below 50 Hz). In the present study, we measure
P-E loops at high frequencies to eliminate the effects of ion
migration on the ferroelectric polarization. Some studies
have suggested the polarization is due to the ion migration.
However, the P-E hysteresis loops can be observed
even at very high-frequency conditions (see Fig. 4 in the
Supplemental Material [34]). The ion displacements can be
classified into ion migration (long-distance displacement)
and ferroelectric displacement (short-distance displace-
ment). In the case of ferroelectric displacement, the ion
displacement can be estimated as about 0.065 Å from the
difference of lattice parameters of c0 and a0 (6.329–
6.264 Å) because the ferroelectric displacement may
correspond to the shifting the position of Pb(II) ion in
the PbI6 octahedron along the c0 axis. In the case of the ion
migration, the migration distance is much larger than the
case of the ferroelectric ion displacement. For example,
if the I− ion is the migration ion, an I− ion will move at
least from its original site to a neighbor I− site, therefore,
a migration distance would be larger than 4 Å. The
migration distance of MAþ would be similar. Hence, the
ion-migration polarizations exhibit a slow response to an
applied electric field under high-frequency measurement
condition. On the other hand, if the leakage current due to
electron movement is high, it is difficult to obtain P-E
loops. Therefore, we think the effects of electron and ion
conductive polarizations would not have an impact on our
results.
The origin of ferroelectric spontaneous polarization Psp

in the MAPbI3 perovskite can be different from the typical
oxide perovskites. It is well known that the Psp of
tetragonal BaTiO3 is due to the displacement of positive
and negative charge centroids generated by shifting the

FIG. 5. Dielectric behavior and corresponding phase transition of MAPbI3 perovskite: (a) temperature dependences of relative
permittivity measured at 1 and 10 kHz, respectively; (b) DSC plot showing the tetragonal to cubic transition.

FIG. 6. Frequency dependence of the relative permittivity of
CH3NH3PbI3 under darkness.
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position of the Ti(IV) ion in the TiO6 octahedron along the
c axis, where the deviation of the c=a ratio from unity can
be used as an indication of the presence of the ferroelectric
phase of BaTiO3. The c0=a0 ratio (1.010) of the MAPbI3
perovskite is equal to that of BaTiO3 (1.010) [52].
However, except for a positional shift of the Pb(II) ion
in the PbI6 octahedron, the ordered orientation of asym-
metrical MAþ cations can also cause a displacement of the
positive and negative charge centroids in the MAPbI3
perovskite, especially at low temperature [54].
A few studies have demonstrated the absence of ferro-

electricity in MAPbI3 perovskite [20,21,22]. This may be
due to the formation of a paraelectric pseudocubic phase of
MAPbI3 perovskite. It is well known that BaTiO3 per-
ovskites prepared by low temperature processes such as
hydrothermal and sol-gel processes have the pseudocubic
structure and the pseudocubic BaTiO3 perovskites show
paraelectric behavior below the Tc [35,36,52,53]. Reasons
for the formation of the pseudocubic BaTiO3 phase are the
lattice defects, low crystallinity, and small crystal sizes.
Therefore, the formation of the paraelectric pseudocubic
MAPbI3 phase is also possible due to the lattice defects,
low crystallinity, and small crystal sizes. The structural
analysis is important to confirm if the sample used is the
paraelectric cubic phase or the tetragonal antiferroelectric
phase before discussion of the ferroelectrics of theMAPbI3
phase. In the present study, the tetragonalMAPbI3 phase is
used; therefore, we believe the conclusion of antiferro-
electrics or ferroelectrics is rational.

D. Charge-separation mechanism of
ferroelectric semiconductor solar cells

The ferroelectric carrier-separation effect has been
observed in ferroelectric metal oxides and organic materials
after poling treatment [55,56]. The ferroelectric BiFeO3

perovskite has shown great potential in photovoltaic
applications owing to large photovoltage exceeding several
times the band gap or switchable photocurrent [57]. It has

been recognized that the ferroelectrics could affect the
charge-transfer mechanism in PSCs [18]; however, a
comprehensive explanation has not been reported. In our
view, solar cells can be categorized as ferroelectric, semi-
conductor p-n junction, and an alternative category; thus,
ferroelectric-semiconducting solar cells as shown in
Fig. 7. In the ferroelectric solar cell, a poled ferroelectric
material, such as ferroelectric metal oxides and organic
ferroelectric materials, absorbs photons with energies
above the band gap, generates photoelectrons and holes,
and then separates photogenerated electrons and holes
into contacts by the ferroelectric polarization [Fig. 7(a)]
[55,56]. In the semiconductor p-n junction solar cell
[Fig. 7(b)], photogenerated electrons and holes in the
semiconducting absorber layer are separated according to
the contacts due to the potential difference at the interfaces
(perovskite=TiO2 and perovskite/HTM).
In the ferroelectric semiconductor solar cell [Fig. 7(c)],

the ferroelectric semiconducting absorber layer absorbs
photons with energies above the band gap, and generates a
photoinduced voltage similar to that of the semiconductor
solar cell [Fig. 7(b)], and then the absorber layer is applied
by an internal-electric field. If the PSC with 300-nm-thick
perovskite film has an open-circuit potential (Voc) of 0.9 V
[8], the photoinduced internal-electric field will be
30 kV=cm. This electric field is enough to pole the
MAPbI3 perovskite absorber layer (Fig. 4). Namely, the
antiferroelectric perovskite absorber layer can be switched
to the ferroelectric phase and polarized by the photoinduced
voltage of PSCs. We call this polarization behavior a self-
poling effect because the polarization is generated by the
photoinduced voltage of the PSC without an externally
applied electric field. Photogenerated electrons and holes
can be separated effectively to the positive and negative
faces, respectively, by self-polarization, which contributes
to the fast injection of carriers from the perovskite absorber
into the TiO2 and HTM, respectively [3,4]. These findings
are consistent with the polarization observations from

FIG. 7. Charge separation mechanisms in
(a) ferroelectric solar cells, (b) semiconductor
solar cells, and (c) ferroelectric semiconduc-
tor solar cells.
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piezoforce microscopy images of positively poled perov-
skite films [18]. This ferroelectric charge-separation effect
is similar to the poling-treated ferroelectric metal oxides
and organic materials in the ferroelectric solar cells [35,56].
However, the poling treatment is not necessary for the
ferroelectric semiconducting PSCs due to the self-poling
effect by the photoinduced internal-electric field, which
ingeniously improves the charge-separation effect in the
ferroelectric semiconducting PSCs. Because the initial
photoinduced internal-electric field is generated by the
semiconducting behavior of the perovskite absorber layer,
the synergistic effect of ferroelectric and semicon-
ducting behavior is important to give the excellent charge-
separation effect.
As it is also possible to generate a polarization by the ion

diffusions under the self-poling conditions by the photo-
induced internal-electric field in the PSCs, the ion migration
polarization can also act similar to the ferroelectric polari-
zation to promote the charge separation as shown in
Fig. 7(c). The ferroelectric polarization is reversible as
shown in Figs. 3 and 5 in the Supplemental Material
[34], when the bias is changed from a forward direction
to a backward direction, due to the short-distance ion
displacements in the perovskite structure, while the polari-
zation generated by the ion diffusions would show an
irreversible or partially reversible behavior because of the
long-distance ion diffusions. The ferroelectric displacement
is much shorter than that of the ion migration as discussed
above. Thus, ferroelectric polarization can occurmuchmore
easily and shows much better reversibility than the ion
diffusion polarization.
The result of Fig. 3 shows the reversible polarization in

the P-E loops, which suggests that the polarization would
be mainly due to ferroelectric polarization because of the
high purity of the sample. It has been reported that high
purity, large crystal size, and high crystallinity, which
correspond to the high ferroelectricity and low ion-
migration ability, are preferred for the high-performance
PSCs [9,18]; hence, we think the main polarization
contributed to the high-performance PSCs may be due to
the ferroelectrics. Nonetheless, a quantitative measurement
of ion migration polarization is also necessary to extract the
major contribution to the polarization, as the quantitative
result for the ferroelectric polarization is given in the
present study; however, the quantitative result for the
ion-migration polarization has not been reported.

E. Ferroelectric polarization contribution
to I─V hysteresis

Differences in the shape of the current-voltage (I–V)
curve in the forward [scanning from short-circuit voltage
(V ¼ 0) to Voc] and backward (scanning from Voc to 0)
directions are manifest as hysteresis in the I–V curves.
Several difference views have been published on this issue
[8–10,26]. We believe the hysteresis is mainly due to the

antiferroelectric characteristics of MAPbI3 absorber layer;
namely, hysteresis polarization and large εr. As described
above, the MAPbI3 absorber layer exhibits the ferroelectric
polarization charge-separation effect. This ferroelectric
charge-separation effect in the forward scanning is different
to that in the backward scanning due to the ferroelectric
hysteresis behavior of P-E as shown in Fig. 3); hence, the
charge-separation process also exhibits a hysteresis behav-
ior, namely the larger polarization effect in the backward
scanning than that in the forward scanning, which leads to
performance variations. In other words, in the forward
scanning the main charge separation is due to the semi-
conducting p-n junction effect, while in the backward
scanning there is the ferroelectric and semiconducting
synergistic effect. That is one of the reasons why the
ferroelectric PSCs show the hysteresis in the I–V curves.
In addition to the polarization charge-separation effect,

the large εr of the perovskite can also induce the I–V
hysteresis because the PSC can act as a capacitor on the
I–V measurement [9]. To explain the contribution of εr on
the hysteresis, an equivalent circuit model can be used for
perovskite solar cells to represent the I–V curve as
illustrated in Fig. 8. A resistor R2, and a capacitor Ccell
stand for the resistance and capacitance of the cell. The cell
capacitance Ccell is defined by

Ccell ¼
εrε0A
d

; ð1Þ

whereA is the area of theparallel plates, andd is the thickness
of the perovskite layer. Generally, open-circuit potentials
(Voc) and the absorber layer (MAPbI3) thickness of the
perovskite solar cells are in ranges of 0.8–1.0 V and 300–
400 nm, respectively [8,26,56]. By assuming the thickness of
theMAPbI3 film as 300 nm, theR2 andCcell can be estimated
as 1.35 × 105 Ω=cm2 and 3.0 × 10−5εr F=m2, respectively.
In the forward scanning, Jph ¼ Jout þ Jc þ Jd, where Jph,
Jout, Jc, and Jd are the photogenerated current density by the
cell, the output current density, the current density for
charging the capacitor, and the dark-current density, respec-
tively (Fig. 8). If the capacitance Ccell is large, it causes
a large reduction in the Jout. In the backward scanning,
Jph ¼ Jout − Jc þ Jd, where −Jc means the reverse-
direction (discharging) current of the Ccell, which causes
enhancement in the Jout. Thus, the difference of Jout values in

FIG. 8. Equivalent circuit model for perovskite solar cells to
represent the I–V curve behavior.
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forward scanning and backward scanning, 2Jc, is due to the
capacitance, which corresponds to I–V hysteresis. The Ccell

can be estimated as 3.3 × 10−3 F=m2 by using εr ¼ 110 at
100 Hz in Fig. 6, which suggests that significant hysteresis
cannot be expected only from this capacitive effect [58]. It
has been reported that the εr increases to a very large value of
about 106 under irradiation and low-frequency conditions
[12]. In that case the cell capacitor would give a significant
hysteresis.
The hysteresis is also dependent on the cell structure.

The mesoporous-TiO2 electrode exhibits less hysteresis
than the planar-TiO2 electrode [26]. The mesoporous space
limits the growth and size of the perovskite crystals in the
mesoporous layer. The ferroelectricity of ferroelectric
crystal decreases markedly with decreasing the crystal size
when the crystal size is smaller than 100 nm [59].
Therefore, the mesoporous-TiO2 electrode shows less
ferroelectric charge-separation effect. That is a reason
why the mesoporous-TiO2 electrode exhibits less hysteresis
than the planar-TiO2 electrode. The smaller crystal size
would give a larger ion migration because the ions near the
crystal surface exhibit larger ion conductivity than in
the bulk crystal. If the ion migration is the main reason
of the polarization, the mesoporous-TiO2 electrode would
exhibit larger hysteresis than the planar-TiO2 electrode. It
suggests that the main polarization is due to ferroelectricity.

F. Strategies to fabricate high-performance
ferroelectric semiconductor PSCs

On the basis of the above results and discussion, some
strategies to fabricate the cells with further enhanced
performances can be defined. It is well known that the
ferroelectric materials exhibit strong crystal-axis anisotro-
pism. As an example, the spontaneous polarization direc-
tion of tetragonal perovskite is in the c0-axis direction as
shown in Fig. 2(b), and εr in the c0-axis direction is smaller
than that in the a0- or b0-axis directions [60]. Therefore, an
excellent charge-separation effect by the spontaneous
polarization could be achieved by using f001g-oriented
films. In fact, many reported high-performance perovskite
cells have f002g- or f110g-oriented perovskite films
[61–63]. Because the direction of spontaneous polarization
is switchable, the polarization of the absorber layer by the
self-poling effect or an external electric field could improve
the cell performances. Generally, fabrication of an oriented
film on a polycrystalline substrate is not easy. The top-
ochemical structural conversion is an effective method to
fabricate an oriented perovskite film on a polycrystalline
substrate by using an intermediate with a layered
structure [64]. Fortunately, some intermediates with layered
structures, such as PbI2, PbI2ðDEMSOÞ2 and ðMAÞ2PbI4,
have been reported in the formation process of MAPbX3

perovskites [61,63,65]. Indeed, the oriented perovskite
films from these layered intermediates have been used
unconsciously in the perovskite solar cells.

IV. CONCLUSION

The relationship between structure and ferroelectrics of
MAPbI3 perovskite is analyzed. The MAPbI3 perovskite is
an antiferroelectric semiconductor different from the typ-
ical semiconducting materials. The pellet results can be
used to estimate the ferroelectric behavior of the perovskite
films in the PSCs under their operating conditions. The
ferroelectric and semiconducting synergistic effect of the
perovskite can be used to promote effective charge sepa-
ration and charge transferring within the perovskite absorb-
ers by the proper ferroelectricity manipulation. The
ferroelectric behavior also contributes to the I–V hysteresis
in the PSCs. The clear understanding of the perovskite
absorber material is imperative for future developments in
the ferroelectric PSCs and the manipulation of ferroelec-
tricity of the absorber materials is a promising strategy to
optimize the cell performances.
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