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A semiconducting molecular ferroelectric
with a bandgap much lower than that of BiFeO3

Peng-Fei Li1, Yuan-Yuan Tang1, Wei-Qiang Liao1, Heng-Yun Ye, Yi Zhang, Da-Wei Fu, Yu-Meng You
and Ren-Gen Xiong

Ferroelectrics have been attracting increasing attention as good candidates for multifunctional materials because of their

fascinating properties. However, their large bandgap has been a roadblock limiting their application in optoelectronics and

photovoltaics, among other applications. Hybrid ferroelectrics have the potential to combine the advantages of both molecular

materials and ferroelectrics. In this context, we designed a hybrid ferroelectric: (2-(ammoniomethyl)pyridinium)SbI5. It shows an

above-room-temperature Curie temperature (Tc=360 K), a large spontaneous polarization (Ps=4 μC cm−2) and a small bandgap

(2.03 eV) that is much smaller than the recently reported 2.7–3.65 eV for the lead-halide perovskite ferroelectrics. The

implementation of ferroelectricity in hybrid semiconducting materials may be a feasible way to realize high-performance

ferroelectric optoelectronic and photovoltaic devices.
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INTRODUCTION

Intensive research on photovoltaic (PV) materials over the past six
decades has been driven by the increasingly serious energy crisis.
Among the emerging PV technologies, hybrid perovskite solar cells
demonstrate extraordinary power conversion efficiencies and very low
cost.1–5 The high power conversion efficiency (up to 20.1%) is because
of the strong light absorption and high carrier mobility of hybrid
perovskites. Nevertheless, much work needs to be done to overcome
their instability in moisture and the toxicity of lead. Thus, researchers
have begun to explore related materials with a lower toxicity and/or
better stability.6–8

Meanwhile, the past few years have seen the renaissance of
photoferroelectric materials for PV applications.9–12 Photoferroelectric
materials, such as BiFeO3 and SbSI, are semiconducting ferroelectrics
that show both photosensitive and ferroelectric properties. They adopt
a newly described mechanism known as the anomalous PV effect,
where photogenerated electrons and holes are directly separated by the
spontaneous electric field from the intrinsic ferroelectric polarization,
resulting in an open circuit voltage above the bandgap. However, the
power conversion efficiency of conventional inorganic ferroelectrics
remains low because of the poor light absorption ability that is limited
by their large bandgaps.
Organic–inorganic hybrid ferroelectrics have the potential to

combine advantages from both hybrid materials and ferroelectrics.
We recently demonstrated that photoferroelectricity can be achieved
in lead-halide perovskite-type ferroelectrics.13,14 Although these com-
pounds show excellent ferroelectricity, they have two drawbacks: a
relatively high bandgap (42.7 eV) and toxicity from the Pb element.

Therefore, environmentally friendly hybrid ferroelectrics with a
smaller bandgap are highly desirable. Inspired by the recently
discovered PV effect in hybrid perovskites A3Bi2I9 (A: methylammo-
nium or cesium),15,16 we have synthesized a hybrid semiconducting
ferroelectric (2-(ammoniomethyl)pyridinium)SbI5 (1). This material
shows a narrow bandgap of 2.03 eV, comparable to that for SbSI
(Eg= 2.0 eV) and much lower than that for BiFeO3 (Eg= 2.7 eV), that
may be suitable for PV applications. Herein we report the semicon-
ducting, ferroelectric and related properties of 1.

MATERIALS AND METHODS

Synthesis
Sb2O3 (5.0 mmol, 1.45 g) was dissolved in HI solution (45%, 100 ml).

Thereafter, 2-(ammoniomethyl)pyridine (10.0 mmol, 1.08 g) was added

dropwise, and the precipitate was dissolved by refluxing at 373 K. Large,

dark-red crystals of 1 were obtained by slowly cooling the clear solution at the

rate of 1 °C/6 h. The purity of the bulk phase was verified by powder X-ray

diffraction (Supplementary Figure S1). CCDC 1435416-1435418 contain the

supplementary crystallographic data for this paper. These data can be obtained

free of charge from The Cambridge Crystallographic Data Center at www.ccdc.

cam.ac.uk/data_request/cif.

Methods
Methods used for differential scanning calorimetry, second harmonic genera-

tion (SHG), dielectric measurement, pyroelectric measurement and measure-

ment of P–E hysteresis loops have been described elsewhere.17,18 For dielectric

and P–E hysteresis loop measurements, single-crystal plates ∼ 5 mm2 in area

and 0.5 mm in thickness were cut from the large crystals in the [0 1 0]
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direction. Silver conducting paste deposited on the plate surfaces was used as
the electrodes.

Absorption spectrum
Ultraviolet–visible (UV–vis) diffuse reflectance (transmission for thin film)
spectroscopy measurements were performed at room temperature using
a Shimadzu (Tokyo, Japan) UV-2600 spectrophotometer with an
ISR-2600Plus integrating sphere operating from 200 to 1000 nm. BaSO4 was
used as the 100% reflectance reference. Powdered crystals of 1 were prepared
for the measurements. The generated UV–vis spectra were used to estimate the
bandgap of the material by converting reflectance data to absorbance according
to the Kubelka−Munk equation: F(R∞)= (1−R∞)

2/2R∞. The optical bandgap
was determined from the variant of the Tauc equation:

hn � F RNð Þð Þ1=n ¼ A hn2Eg
� �

where h is Planck’s constant, ν is the frequency of vibration, F(R∞) is the
Kubelka−Munk equation, Eg is the bandgap and A is a proportional constant.
The value of the exponent n denotes the nature of the optical transition. For
direct transition, n= 1/2; for indirect transition, n= 2. Hence, the optical
bandgap Eg can be obtained from a Tauc plot by plotting (hν·F(R∞))

1/n.

Theoretical calculation
Density functional theory was adopted to investigate the electronic properties of
1 using the CASTEP module19 coded in the Materials Studio software (Accelrys,
San Diego, CA, USA). The generalized gradient approximation of the Perdew–
Burke–Ernzerhof functional form20 was used to describe the exchange and
correlation interaction. The norm-conserving pseudopotential was applied in
these calculations. The valence electrons of the component elements were
treated as Sb 5s25p3, I 5s25p5, N 2s22p3, C 2s22p2 and H 1s1. First, geometrical
optimization was performed by fixing the lattice constant based on the
experimental X-ray crystal structure. The plane wave cutoff energy and the
convergence threshold of total energy were set to 820 eV and 10− 5 eV per
atom, respectively. Then, the electronic band structures and the density of states
were calculated for the optimized geometry. The self-consistent convergence of
the total energy was set as 10− 6 eV per atom.

Thin film fabrication
Ferroelectric thin films of 1 were grown by the spin-coating method. To be
specific, 500 mg crystals of 1 was dissolved in 0.6 ml N,N-Dimethylformamide
to give a clear precursor solution. For the UV–vis transmission spectrum test,
40 μl solution was spin-coated on a quartz substrate at 6000 r.p.m. for 40 s, and
then the film was annealed at 120 °C for 5 min to remove the solvent and
further improve the crystallinity. For piezoresponse force microscopy tests,
20 μl of solution was spin-coated on an indium tin oxide-coated glass substrate
and then annealed at 120 °C for 5 min.

RESULTS AND DISCUSSION

Compound 1 can be easily synthesized in the form of single crystals
from the aqueous solution of HI. It shows much better moisture
stability than the currently intensively studied hybrid lead-halide
layered perovskites. The film is stable when exposed to air for a few
days. The thermal stability is up to 500 K (Supplementary Figure S2,
Supplementary Information). Therefore, 1 has better moisture stability
and lower toxicity compared with the hybrid lead-halide perovskites.
A crystal of 1 consists of infinite zig-zag perovskite chains of corner-

shared SbI6 octahedra along the b-axis and discrete 2-(ammonio-
methyl)pyridinium cations. Zig-zag chains of octahedra have pre-
viously been observed for Sn(II), Pb(II), Sb(III) and Bi(III)
compounds.21 The neighboring chains along the c-axis adopt an
eclipsed conformation separated by organic cations that is understood
to be a pseudo (110)-oriented monolayer of the three-dimensional
perovskite structure, as described in detail by Mitzi and colleagues22,23

(Figures 1a and b). This inorganic part of the hybrid perovskite
structure is responsible for their interesting electronic and optical

properties.24–28 At room temperature, the crystal structure has the
polar space group Pb21a (for crystallographic information, see
Supplementary Data 1).
To satisfy the symmetry requirement for a ferroelectric, there

should be a centrosymmetric phase at a high temperature.29 We
examined the structural phase transition by thermal analysis and
found two sequential phase transitions at around Tc1= 360 K and
Tc2= 390 K (Supplementary Figure S3). For convenience, we label the
phase below Tc1 as the low-temperature phase (LTP), the phase
between Tc1 and Tc2 as the intermediate-temperature phase (ITP) and
the phase above Tc2 as the high-temperature phase (HTP).
The ITP and HTP have the same space group Pbca, but the unit cell

volume of the ITP is double that of the HTP (for crystallographic
information, see Supplementary Data 2 and 3). The volume doubling
is because of the orientational changes of the organic cations produced
by rotating the ammonium heads and/or the pyridinium rings along
the C–C single bonds (Supplementary Figures S4 and S5,
Supplementary Information). Here, we compare the LTP and HTP
to determine the structural similarities and differences to understand
the ferroelectric mechanism. As shown in Figures 1c and d and

Figure 1 Comparison of the crystal structures of the paraelectric and
ferroelectric phases of 1. (a) The three-dimensional structure of BaTiO3.
A zig-zag chain is shown in purple. (b) A packing view of 1, showing the
one-dimensional structure. (c) A projection of the crystal structure at 403 K
along the a-axis. The red dashed lines indicate the c-glides. (d) A projection
of the crystal structure at 293 K along the a-axis. Hydrogen atoms were
omitted for clarity.

Semiconducting molecular ferroelectric with a lower bandgap
P-F Li et al

2

NPG Asia Materials



Supplementary Figure S6 (Supplementary Information), the obvious
differences are the changes in the orientations of the ammonium
heads and the pyridinium rings. In a unit cell of the HTP (Figure 1c),
there are four groups of cations (the cations numbered with I and IA
are a group, and so on), and each group contains two organic cations
that are related by the c-glides in the [0 1 0] direction. Accordingly, the
two organic cations in the same group have different orientations, and
their polarities cancel each other in the [0 1 0] direction. The LTP is
derived from the HTP by rotating the ammonium heads and/or the
pyridinium rings along the C–C single bonds. In the LTP, the glide
symmetry is lost. The two cations in the same group are related by
translation along the c-axis and thus have the same orientation. As
shown in Figure 1d, all cations are aligned along the b-axis that should
lead to polarization along the b-axis. The (ammoniomethyl)pyridi-
nium cation has a structure similar to that of the benzylammonium
cation, and the same rotation in the phase transition has been
observed.14 Therefore, the alignment of the organic cations is
responsible for the ferroelectricity in 1. This is different from that in
the three-dimensional methylammonium lead-halide perovskites. The
methylammonium cations in the methylammonium lead-halide
perovskites are dynamically disordered at room temperature,30 and
the observed hysteresis behavior in the current–voltage curves was
recently proved to be due to ion conduction.31,32 The formation of the
same orientation for the two cations in the LTP leads to a
displacement of 0.2139 Å of the positive charges that are carried by
the protonated N atoms that can induce a polarization of 4 μC cm− 2

and are comparable to the experimental value (see below).
The symmetry change was verified by the SHG measurement, a

powerful method for testing crystalline materials for the absence of a
center of symmetry. The LTP shows a strong SHG response
(Figure 2a) that is consistent with the assignment of the polar space

group. The SHG signal vanished at around Tc1, indicating that both
the ITP and HTP are centrosymmetric. The spatial symmetry change
between the paraelectric and ferroelectric phases is illustrated in
Supplementary Figure S7, Supplementary Information.
In contrast to the SHG response, the dielectric response shows two

sequential anomalous increases during heating (Figure 2b). Both
anomalous increases are significant because the transitions involve
reorientations of the dipole moments of the organic cations. Such
dielectric behavior has also been observed for transitions involving
rotations of organic cations in other molecular compounds.33 The
step-like increases indicate the discontinuous nature of the first-order
transitions.
To demonstrate the switchable polarization nature (ferroelectricity),

P–E hysteresis loops were obtained.29 The loops were recorded at
temperatures above 338 K using a Sawyer-Tower circuit,34 with an
electric field parallel to the b-axis. As shown in Figure 2c, at 363 K,
above Tc1, a flat loop was observed showing the typical behavior for a
paraelectric phase, and the minor hysteresis is due to current leakage.
However, at temperatures below Tc1, rectangular loops were observed,
providing evidence for switchable polarization. The saturated polar-
ization (Ps) at 338 K is ∼ 4.0 μC cm− 2, and this is among the highest
values that can be observed for molecular ferroelectrics.17,35–41 This
result is consistent with the value obtained by integrating the pyro-
electric current (Figure 2d). To minimize the effect of leakage current,
Ps was also measured by the double-wave method42 at room
temperature, and similar results were obtained (Supplementary
Figure S8, Supplementary Information).
To visualize the polarization switching behavior, we employed

piezoresponse force microscopy that allows imaging, manipulation
and quantitative analysis of local domain structures and the polariza-
tion properties on the sample surface. The piezoresponse force

Figure 2 Ferroelectric and related properties in 1. (a) The temperature-dependent second harmonic generation (SHG) signal, showing only one transition from
a polar phase to a centrosymmetric phase. (b) The temperature dependence of the real part of the complex dielectric constant (ε= ε′− iε″, where ε′ is the
real part and ε″ is the imaginary part) at 1 MHz. (c) P–E hysteresis loops at various temperatures recorded on a Sawyer-Tower circuit. (d) The spontaneous
polarization calculated by the integration of the pyroelectric current.
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microscopy image can be characterized by the amplitude and phase
parameters that provide information about the magnitude and
orientation of the polarization, respectively. Figures 3a–c show the
single-domain structure of the thin plate cut from an as-grow crystal
of 1 in the [0 1 0] direction. To demonstrate the manipulation of the
domain structure and polarization direction, we ‘drew’ a star on
the surface of the sample with a tip voltage of Tip=− 50 V that flips
the local polarization downward, and then drew a rectangle at the
center of the star with a tip voltage of Tip= 50 V that flips the
polarization direction upward. The obtained multidomain structure
reveals the switchability of the spontaneous polarization (Figures 3d
and e). The switchability was also recorded as the field dependencies of
the phase and amplitude (Figure 3f). The phase–field hysteresis loop

and the amplitude–field butterfly curve are typical for a ferroelectric.
In addition to the bulk sample, we also tested the polycrystalline thin
film sample with the piezoresponse force microscopy method. The
results parallel those for the bulk single crystal (Supplementary Figures
S9 and S10, Supplementary Information).
The bandgap was determined by the optical method of UV–vis

spectroscopy. As shown in Figure 4a, 1 displays intense light
absorption with the band edge onset at 618 nm (~2.01 eV), corre-
sponding to the dark red appearance of the crystals. The variation of
absorption versus photon energy reveals the indirect bandgap
(Figure 4a, inset).43 From the Tauc plot, the bandgap fit to the
indirect transition model is 2.03 eV that is well matched with the
initial absorption photon energy of the band edge. The light

Figure 3 Polarization switching properties of 1 investigated by piezoresponse force microscopy (PFM) imaging. (a–c) Images constructed by surface
morphology, phase and amplitude of the crystal surface, respectively. (d, e) Domain manipulation by directly switching the domain direction with various tip
voltages at certain areas. The yellow and dark colors in the phase image indicate the regions in which the polarization is orientated upward and downward,
respectively. (f) PFM spectroscopy showing the phase and amplitude signals as functions of the tip voltage.
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absorption and bandgap are comparable to those observed for a single
sheet of two-dimensional hybrid lead-iodide perovskites but weaker
and larger than those for multi-sheets and for three-dimensional
perovskites (Eg ≈1.58 eV).44,45 The photoluminescence spectra of the
bulk crystal and the absorption spectra of the thin film were also
recorded at room temperature (Supplementary Figures S11 and S12,
Supplementary Information).
To gain deeper insight into the electronic structure, the band

diagram of 1 (Figure 4b) was calculated based on density functional
theory. The conduction band minimum and the valence band
maximum are not localized at the same position in the Brillouin zone
(Supplementary Figure S13), confirming that 1 is an indirect bandgap
semiconductor. The calculated bandgap is 1.75 eV, slightly smaller
than the experimental value of 2.03 eV. This is because of limitations
of the density functional theory method. As the energy difference
between the calculated direct and indirect bandgaps is small, the band
structure of 1 can be considered a quasi-direct band type, correspond-
ing to strong light absorption. In Figure 4c, the bands were assigned
according to the partial density of states. The bands at the valence
band top originate from the nonbonding states of I-5p, and those at
the conduction band bottom are mainly from the unoccupied Sb-5p
orbitals. Clearly, both the valence band maximum and the conduction
band minimum are from the electronic states of Sb and I atoms, and
hence it is the inorganic SbI5 framework that determines the bandgap
of the material.

CONCLUSION

In summary, we have successfully implemented above-room-
temperature ferroelectricity in the semiconducting organic–inorganic
hybrid material of (2-(ammoniomethyl)pyridinium)SbI5. As a mole-
cular ferroelectric material, in addition to showing decent ferroelectric
properties, our compound displays a very small bandgap of 2.03 eV
with strong absorption ability. These intriguing properties, including
excellent ferroelectricity, a small bandgap, good moisture instability

and lead-free composition, suggest promising applications in the field
of optoelectronics and PVs.
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