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• Novel organic-inorganic hybrid perov-
skite (C5N2H9)3Bi2I9 was synthesized.

• It was designed by selecting N-
methylimidazole and non-toxic metal
Bi.

• The material has shown a paraelectric-
to-ferroelectric phase transition at
327 K.

• This designed molecular ferroelectric
also exhibit a narrow bandgap of 2.1 eV.
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Lead-based organic-inorganic hybrid perovskite materials are widely applied in solar cells due to their excellent
optoelectronic properties. These materials usually appear ferroelectricity with the built-in electric field, which
can be used to improve the power conversion efficiency (PCE) of solar cells. However, the toxicity of lead has se-
verely hampered their applications. Hence, it is of utmost significance to explore novel organic-inorganic hybrid
perovskitematerialswith non-toxicity, ferroelectricity, and narrowbandgap at room temperature to enhance the
PCE for broad practical applications. Herein, we reported a lead-free hybrid molecular ferroelectric material, i.e.
(C5N2H9)3Bi2I9, with zero-dimensional perovskite-like structure. (C5N2H9)3Bi2I9 undergoes first-order ferroelec-
tric phase transition with a Curie temperature of 327 K. Moreover, the dielectric constants of (C5N2H9)3Bi2I9 ex-
hibit a step-like anomaly varied between the high-temperature paraelectric phase and the low-temperature
ferroelectric phase. Furthermore, (C5N2H9)3Bi2I9 demonstrates a narrow bandgap of 2.1 eV. Hence, the as-
reported novel member of the organic-inorganic hybrid family renders great promise for optoelectronic devices.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The organic-inorganic hybrid perovskite materials are excellent
functional materials due to their semiconducting property, lightweight,
cost-effectiveness, mechanical flexibility and structural tunability [1].
These materials are promising candidates for a wide range of attractive
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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applications, such as solar cells [2,3], photodetectors, thin-film field-
effect transistors [4], and electroluminescent devices. In general, the
geometrical structural distortion of metal coordination anions and dis-
ordered organic cations could generate spontaneous polarization,
resulting in their ferroelectricity [5,6]. Furthermore, this ferroelectricity
could readily improve the power conversion efficiency (PCE) of organic-
inorganic hybrid perovskites photovoltaic cells due to the presence of
built-in electric field, which is induced by spontaneous polarization
[7–9]. For instance, the solar cells made by organometal trihalide perov-
skite (CH3NH3PbI3) have achieved a high power conversion efficiency of
22.1% [10] and the theoretical spontaneous polarizationwas found to be
38 μC/cm2 [11–13]. However, the inferior ambient instability and toxic-
ity of lead element hinder the successful realization of CH3NH3PbI3 in
practical applications [14,15].

Naturally, non-toxic metal with ns2 stereochemically active lone
pairs (n = 4, 5 and 6), such as Ge, Sn and Bi, hybrids have been
considered as a promising candidate for replacing lead. For instance,
methylammonium bismuth iodide, namely, (CH3NH3)3Bi2I9 (MA3Bi2I9),
as a light absorption layer has been applied in photovoltaic cells
[16–18]. Particularly, MA3Bi2I9 with monoclinic phase (Space group:
P21) has a large ferroelectric polarization of 7.94 μC/cm2 along the c-
axis according to density functional theory calculations due to the
equal contributions of the methylammonium and Bi3+ lone pair [16],
suggesting the excellent ferroelectricity ofMA3Bi2I9. Hence, lead-free pe-
rovskite materials, with ferroelectric properties, are being continually
pursued in scientific community [19,20].

A small bandgap for highly efficient full-spectrum-response of light
absorption is another desirable property of ferroelectric materials for
photovoltaic applications [21,22]. Several conventional lead-free oxides,
such as BiFeO3, LiNbO3, Nb2O5 and Cr2O3, exhibit stable and outstanding
ferroelectric properties. However, their bandgaps are larger than 3 eV
[23–25], which significantly reduces the PCE due to the low sunlight ab-
sorption efficiency. Therefore, it is of utmost significance to explore
novel ferroelectric materials with non-toxicity and narrow bandgap at
room temperature to enhance the PCE for the development of photovol-
taic devices.

In this paper, a new lead-free hybrid perovskite ferroelectric
(C5N2H9)3Bi2I9 is designed, which contains N-methylimidazole and
non-toxic Bi instead of Pb. The asymmetric structure of N-
methylimidazole is beneficial to generate new materials with a non-
centrosymmetric polar space group, thereby generating spontaneous
polarization and resultant ferroelectricity. Moreover, the existence of
methyl makes N-methylimidazole easy to form stronger interaction
with metal Bi, improving the stability of the material. This synthetic
lead-free hybrid ferroelectric possesses a zero-dimensional perovskite-
like anionic structural framework, which is connected by corner-
sharing BiI6 octahedral clusters. The results demonstrate that the as-
synthesized hybrid perovskite exhibits ferroelectricity with
paraelectric-to-ferroelectric phase transition at 327 K, a bandgap of
2.1 eV, and wide ultraviolet-visible optical absorption range. Those su-
perior properties endow our synthesized (C5N2H9)3Bi2I9 with potential
applications in optoelectronics and photovoltaics. The successful syn-
thesis of this compound also enriches the family of lead-free hybrid pe-
rovskite ferroelectrics.
2. Materials synthesis and experimental methods

(C5N2H9)3Bi2I9 compound, hereafter referred as (DMI)3Bi2I9, was
synthesized as needle-like crystals by hydrothermal reaction at
453 K for 72 h. In a typical hydrothermal process, BiI3, KCl and N-
methylimidazole (DMI), with a molar ratio of 5:5:1, were added in
0.5 mL of hydroiodic acid and 3 mL of methanol solution. The purity
of needle-like crystals was verified by the infrared spectrum (Fig. S1,
Supporting information) and powder X-ray diffraction (PXRD,
Bruker D8 X-ray diffractometer, Fig. S2).
Single-crystal XRD experimentswere performed to analyze the crys-
tal structure of the as-synthesized compoundbyusing a RigakuMercury
CCD diffractometer with Mo Ka radiation at 293 K and 393 K. The data
sets were corrected for Lorentz and polarization factors as well as ab-
sorption by the multi-scan method [26]. The crystal structure was
solved by the direct method and refined by full-matrix least-squares
fitting on F2 by SHELX-2015 [27]. All non-hydrogen atoms were refined
with anisotropic thermal parameters. The crystallographic data and
structural refinements at 293 K and 393 K, are summarized in Ta-
ble S1.(293 K, CCDC deposition No. 1816937; 393 K, CCDC deposition
No. 1983278).

The thermogravimetric analysis (TGA) was performed to examine
the thermal stability of the as-synthesized compound by using a TGA-
DSC1 Thermal Analysis (STD 2960). The TGA curve was measured in
the temperature range of 298 to 973 K. The temperature was increased
at the heating rate of 10 Kmin−1 under nitrogen flow (50mLmin−1). In
addition, differential scanning calorimetry (DSC) was conducted on an-
other TA-Instruments (Q2000) under nitrogen atmosphere to investi-
gate the phase transition behavior. DSC curves were measured in the
temperature range of 272 K to 343 K under the heating and cooling
rates of 10 K min−1. Complex dielectric permittivity (ε = ε’-iε”, where
ε’ refers to the real part, and ε” represents the imaginary part) wasmea-
sured by using a Tonghui 28 impedance analyzer in the frequency range
of 60 Hz to 100 kHz. The P-E hysteresis loops were recorded by using a
Sawyer-Tower circuit, Precision Premier II (Radiant Technologies, Inc.,
USA). Nanoscale polarization imaging and local switching spectroscopy
were performed using a resonant-enhanced piezoresponse force mi-
croscopy (PFM, MFP-3D, Asylum Research Cypher). Conductive Pt/Ir-
coated silicon probes (EFM-50, Nanoworld) were used during PFM
measurements, and resonant-enhanced PFM mode was applied to en-
hance the output signal. Moreover, room-temperature optical diffuse-
reflectance measurements were carried out by using a Shimadzu UV-
3600 spectrophotometer. The obtained reflectance vs. wavelength
data were used to estimate the bandgap of the compound. The reflec-
tance was converted to absorbance according to the Kubelka-Munk
equation: [28].

α=S ¼ 1−Rð Þ2=2R

where R refers to the reflectance, α represents the absorption coeffi-
cient, and S corresponds to the scattering coefficient, which is indepen-
dent of wavelength if the particle size is N5 μm.

3. Results and discussion

3.1. Crystal structure of (DMI)3Bi2I9 compound

After the synthesis of (DMI)3Bi2I9 compound, the TGAmeasurement
was utilized to analyze the thermal stability of (DMI)3Bi2I9. As shown in
Fig. S3, the as-synthesized (DMI)3Bi2I9 compound is thermally stable up
to ~523 K. The DSC results revealed that two different structures exist
above and below 327 K, named as low-temperature phase (LTP) and
high-temperature phase (HTP), respectively. The crystal analysis soft-
ware was used to confirm the crystal structure of both LTP and HTP, as
shown in Fig. 1(a) and (b), respectively. Both phases exhibit an
orthorhombic structure with a space group Aba2 (No.41) and similar
lattice constants (Table S1), which is similar to 1-pentyl-3-
methylimidazolium tribromoplumbate phase transition [29]. The asym-
metric unit of LTP contains a discrete inorganic dioctahedral cluster of
[Bi2I9]3− and three N, N-dimethylimidazole cations. As shown in Fig. 1
(c), the central bismuth atoms of [Bi2I9]3− cluster in LTP are coordinated
with six iodine atoms, where three Bi atoms behave as bridging links
and form a face-sharing dioctahedral configuration. The dioctahedral
structure has been slightly distorted due to the difference between Bi-
I bond lengths. For instance, the bond length of Bi2-I3i and Bi2-I3ii was
found to be 3.292 and 2.939 Å, respectively, whereas the bond length



Fig. 1. The reconstructed three-dimensional crystal structures of (DMI)3Bi2I9 at (a) 293 K and (b) 393 K viewed along the c-axis. Atomic configurations andmeasured Bi-I bond lengths of
the [Bi2I9]3− cluster of (DMI)3Bi2I9 in (c) LTP and (d) HTP.
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of Bi1-I3i and Bi1-I3 changed to 3.250 and2.955 Å.Hence, the adjacent oc-
tahedra exhibit an asymmetric structure, which can be ascribed to the
relative motions of bridging iodine atoms. Moreover, the adjacent
bond angles between I-Bi-I of the BiI6 further confirms the geometrical
distortion (Table S2). One should note that the obtained bond lengths
and angles are comparable to the previously reported similar bismuth
(III) compounds, such as [H2mdap][BiCl5] [30].

Furthermore, the inorganic moieties become highly disordered with
increasing temperature from LTP toHTP, as shown in Fig. 1(b). The inor-
ganic framework of [Bi2I9]3− adopted a symmetric configuration,where
all the bridging I atoms are equally distributed between two equivalent
octahedra. Meanwhile, the bond length of Bi-I exhibited a clear differ-
ence in LTP and HTP (Table S2 and S3). As shown in Fig. 1(c) and 1(d),
the bond lengths of Bi1-I1 (2.949 Å) and Bi1-I3i (3.299 Å) in the HTP are
larger than the corresponding values in LTP (2.939 and 3.250 Å),
whereas the bond lengths of Bi1-I3 (2.935 Å) and Bi1-I1i (3.246 Å) in
the HTP are shorter than the corresponding values in LTP (2.955 and
3.292 Å). The difference in Bi-I bond length reveals that the I1 and I3
atoms move in the opposite direction along the c-axis. Such a phenom-
enon can be further verified by the change in distance between adjacent
I atoms. Fig. 1(c) shows that the distance between adjacent I1-I3i and I3-
I1i in LTP is 4.53 and 4.47 Å, respectively, whereas the distance between
adjacent I1-I3i and I3-I1i in HTP is 4.47 and 4.52 Å (Fig. 1(d)). These
changes suggest that I1 and I3 atoms undergo a reverse movement
along the c-axis during temperature variations. It can be concluded
that the structural differences between LTP and HTP arise from the rel-
ative location of I atoms.

Moreover, Fig. 1(a) and 1(b) present zero-dimensional (0D)
perovskite-like structure of LTP and HTP. It should be noted that the
present configuration exhibits a similar geometry with other analogues
with 0D perovskite-type structure, such as [(CH3)3NH]3Bi2I9 [31] and
(N-methylpyrrolidinium)3Sb2Cl9-9xBr9x (x = 0–1) [32,33]. These 0D
perovskite-like materials render superior stability under ambient
conditions. Such 0D perovskite-like structure grows along the specific
preferred crystal plane during the crystal growth. As a result, its macro-
scopic morphology appears 1D needle-like shape.
3.2. Phase transition of (DMI)3Bi2I9 compound

Furthermore, DSC measurements were carried out to verify the
structural phase transition of (DMI)3Bi2I9 between LTP and HTP. As
shown in Fig. 2(a), the DSC curve exhibits a pair of reversible endother-
mic/exothermic peaks during the respective heating and cooling pro-
cesses. The peaks reveal a reversible structural phase transition at
Tc = 327 K, which is far below the decomposition temperature. Such
an above-room-temperature Tcmakes as-synthesizedmaterial different
from other molecular ferroelectrics, where Tc is usually below room
temperature [16,34,35–37]. For the given phase transition, the sharp
peaks and wide thermal hysteresis (i.e., 19 K) reveal the discontinuous
nature of the first-order phase transition [30]. The enthalpy change
(△H) is estimated to be 63.566 J.mol−1 for endothermic peak, corre-
sponding to 0.194 J K−1· mol−1 entropy gain (△S). The N value can be
calculated from the Boltzmann equation:

ΔS ¼ RlnN

where R represents the gas constant and N refers to the ratio of the
numbers of respective geometrically distinguishable orientations.
Herein, the N value is found to be 1.02, which indicates that the ob-
served phase transition is more complicated than a simple 2-fold
order-disorder transition [38].

Dielectric constant usually exhibits anomaly in the vicinity of the
phase transition temperature. The complex dielectric permittivity can
be given as:



Fig. 2. Phase transitions in (DMI)3Bi2I9: (a) DSC curves and (b) the real part of dielectric permittivity (ε’) at 60 Hz during heating and cooling processes. The inset shows the temperature-
dependence of ε’ at different frequencies during the heating process.
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ε ¼ ε0−iε00

Herein, the temperature-dependent real part of the dielectric per-
mittivity (ε’) of (DMI)3Bi2I9 was measured at different frequencies to
further verify the phase transitions. As shown in Fig. 2(b), ε’ of (DMI)
3Bi2I9 exhibits a step-like anomaly at the phase transition temperature,
which is consistentwith DSC results. Different from the general λ-shape
peak of the dielectric anomaly, the observed reversible step-like dielec-
tric anomaly reveals the discontinuous first-order phase transition
[39,40]. Meanwhile, the as-synthesized compound exhibits high dielec-
tric state and lowdielectric state before and after the Curie temperature,
respectively. The ε’ of the HTP is found to be 2.6 times higher than the
LTP. The transition between the high dielectric state and low dielectric
state suggests that (DMI)3Bi2I9 is a potential temperature-switchable
dielectric material [41], which can be used in data communication, sig-
nal processing and sensing.

Besides, the dielectric constant of (DMI)3Bi2I9 was measured at dif-
ferent frequencies during heating. The dielectric anomaly was also ob-
served at Curie temperature under different frequencies, as shown in
the inset in Fig. 2(b). The observed dielectric anomaly confirms the oc-
currence of phase transition in (DMI)3Bi2I9. Moreover, it can be ob-
served that the Curie temperature is independent of frequency, which
suggests that (DMI)3Bi2I9 does not exhibit dielectric relaxation.

3.3. Ferroelectricity of (DMI)3Bi2I9 compound

The above experiments indicate that the as-synthesized compound
undergoes a phase transition from HTP to LTP during cooling at Tc =
327 K. To explore the ferroelectric behavior of LTP, P-E measurements
were carried out by using Sawyer-Tower circuit under different electric
fields and frequencies. Fig. 3(a) presents the oval-shaped hysteresis loop
under various frequencies at room temperature, showing the existence
of ferroelectricity in the as-synthesized compound. Meanwhile, the P-E
hysteresis loop became smaller with increasing frequency, which can be
ascribed to the delayed switching of the partial electric domains under
high frequency, resulting in decreased remnant polarization (Pr). Fig. 3
(b) presents the room-temperature P-E hysteresis loop under different
applied electric fields at 400 Hz. The loop area and saturated polarization
increasedwith the increasing electricfield. At 2000V, the saturated polar-
ization (Ps) and remnant polarization (Pr) were found to be 0.17 μC/cm2

and 0.1 μC/cm2, respectively. The obtained Ps value of (DMI)3Bi2I9
shows smaller than other molecular ferroelectrics at 2000 V, such as (N-
methylpyrrolidinium)3Sb2Cl9 (7.6 μC/cm2), (N-methylpyrrolidinium)
3Sb2Br9 (6.8 μC/cm2), and (N-methylpyrrolidinium)3Sb2Cl6Br3 (5.2 μC/
cm2) [33]. Meanwhile, the corresponding coercive field value was esti-
mated to be 9.18 kV cm−1, which is close to that of those compounds
(10 kV cm−1) [33].

One should note that the observed oval-shaped P-E curve is different
from the typical rectangular curve, which might be attributed to the
leakage current due to the smaller dielectric constant of molecular fer-
roelectrics [42].

3.4. Piezoelectricity of as-synthesized (DMI)3Bi2I9 compound

The polarization switching of ferroelectric materials is a critical
property in terms of practical applications. Hence, a piezoresponse
forcemicroscopy (PFM)was utilized to study the switching of ferroelec-
tric polarization. PFM offers non-destructive visualization of ferroelec-
tric domains at nanometer scale [43–45]. Moreover, PFM results can
separately present the phase and amplitude images. One should note
that the phase image reveals the direction of ferroelectric polarization
and domain patterns, whereas the amplitude image provides informa-
tion about the strength of the piezoelectric coefficient, which is propor-
tional to the reciprocal d33. A thin film of (DMI)3Bi2I9 was deposited on
an indium tin oxide (ITO) substrate for PFM measurements.

Fig. 4(a) presents the topographic image of the (DMI)3Bi2I9 film sur-
face. The piezoelectricity was verified by 10 × 10 μm2 lateral PFM phase
and amplitude maps, as shown in Fig. 4(b) and (c). Fig. 4(b) shows dif-
ferent types of domains, where various amplitude intensities and phase
contrasts exhibit the distinct polarization directions, revealing the exis-
tence of non-180° domains [46].

Furthermore, the tip voltage of −18 to 18 V was applied to investi-
gate the polarization switching effect and local PFM-based hysteresis
loop of the thin-film sample of (DMI)3Bi2I9 was measured. The typical
rectangular hysteresis loops of phase-field and butterfly-like
amplitude-field are observed at the selected point, as shown in Fig. 4
(d). This phenomenon is clear evidence of the switching in ferroelectric
domains and confirms the ferroelectric behavior of as-synthesized com-
pound [42].

3.5. Optical properties of (DMI)3Bi2I9 compound

Moreover, the optical properties of the as-synthesized compound
were examined for potential applications in photovoltaics. Herein, solid-
state ultraviolet-visible (UV–vis) optical diffuse reflectance spectrum
measurements are carried out at room temperature. As shown in Fig. 5
(a), (DMI)3Bi2I9 exhibited a sharp absorption peak at the band edge



Fig. 3. The room-temperature ferroelectric hysteresis loops of (DMI)3Bi2I9 under (a) different frequencies at 1000 V and (b) different electric fields at 400 Hz.
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onset of 600 nm in the absorption spectrum, which is comparable with
previously reported perovskite hybrid of (pyrrolidinium)MnCl3 and
(CH3)4NMnCl3, but larger than (benzylammonium)2PbCl4 (350 nm)
[47], (CHMA)2PbBr4 (430 nm) and (N-methylpyrrolidinium)3Sb2Br9
(450 nm) [32]. The bandgap (Eg) of the as-synthesized compound was
derived from α/S vs. the photon energy curve by using the Tauc plot,
where α/S was extended to intersect the x-axis. The bandgap (Eg) of
Fig. 4. PFM of the (DMI)3Bi2I9 film surface: (a) topographic image, (b) phase image (c) amplitud
local PFM hysteresis and butterfly loops.
(DMI)3Bi2I9 was determined to be 2.1 eV (inset in Fig. 5(a)), which is
comparable to [(CH3)3NH]3Bi2I9 (2.0 eV) [31], Cs3Bi2I9 (2.2 eV),
MA3Bi2I9Clx (2.4 eV) and (N-methylpyrrolidinium)3Sb2Br9 (2.75 eV)
[32], but lower than some of the inorganic semiconductors, such as
LiNbO3, BaTiO3 (N3.0 eV) [48]. Such a small bandgap is highly desirable
for visible-light absorption and indicates potential of (DMI)3Bi2I9 in pho-
tovoltaic applications [49].
e image, and (d) the phase and amplitude signals with respect to the tip voltage, showing



Fig. 5. The optical properties of (DMI)3Bi2I9: (a) ultraviolet-visible optical absorption spectra, where the inset shows the bandgap obtained fromoptical spectra, and (b) room-temperature
photoluminescence spectrum.
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Lastly, the photoluminescence (PL) spectrum of the as-synthesized
(DMI)3Bi2I9 compound was measured, showing a wide emission peak
at 576 nm (λex = 532 nm) at room temperature (Fig. 5(b)). Compared
with the absorption peak, the given emission peak is red-shifted with a
Stoke shift of ~93 nm, implying that the excited PL light can be easily
distinguished from the absorbed light, which is highly advantageous
in photovoltaic applications [50,51].
4. Conclusions

In summary, via replacing leadwith non-toxicmetal Bi and choosing
asymmetric N-methylimidazole as ligand, a new lead-free hybrid semi-
conducting ferroelectric, i.e. (C5N2H9)3Bi2I9, was synthesized by the hy-
drothermal reaction. It shows a zero-dimensional perovskite-like
structure based on the BiI6 octahedra. The as-synthesized (C5N2H9)
3Bi2I9 compound exhibited good thermal stability (up to ~523 K) and
a phase transition temperature (Tc) of 327 K, which is well above
room temperature. Furthermore, the dielectric constant of (C5N2H9)
3Bi2I9 can be switched between a high dielectric state in the HTP and a
low dielectric state in the LTP, which indicates that it has a potential in
signal processing. Moreover, the as-synthesized (C5N2H9)3Bi2I9 exhib-
ited a narrow bandgap of 2.1 eV and an emission peak at 576 nm
(λex = 532 nm). The lead-free composition, intrinsic ferroelectricity,
and superior narrow bandgap indicate the promise of (C5N2H9)3Bi2I9
in applications of photovoltaic devices.
Declaration of competing interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
CRediT authorship contribution statement

Weijie Yang: Investigation, Writing - original draft. Kai-Bin Chu:
Data curation. Lixue Zhang: Formal analysis. Xiangdong Ding: Re-
sources. Jun Sun: Funding acquisition. Jefferson Zhe Liu: Formal analy-
sis. Jun-Ling Song: Conceptualization, Writing - original draft. Changxi
Zheng: Formal analysis, Writing - original draft. Junkai Deng: Supervi-
sion, Writing - original draft, Writing - review & editing.
Acknowledgements

The authors gratefully acknowledge the support of NSFC (Grants
Nos. 11974269, 51728203, 51471126, 21975106 and 21403232) and
111 project 2.0 (Grant No. BP0618008). JD also thanks the support of
the Fundamental Research Funds for the Central Universities. JZL ac-
knowledges the support fromARC discovery projects and HPC fromNa-
tional Computational Infrastructure from Australia. This work is also
supported by State Key Laboratory forMechanical Behavior ofMaterials.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108868.

References

[1] Y.Y. Tang, P.F. Li, W.Y. Zhang, H.Y. Ye, Y.M. You, R.G. Xiong, A multiaxial molecular
ferroelectric with highest curie temperature and fastest polarization switching, J.
Am. Chem. Soc. 139 (2017) 13903–13908.

[2] T.M. Koh, K. Thirumal, H.S. Soo, N. Mathews, Multidimensional Perovskites: a mixed
cation approach towards ambient stable and tunable Perovskite photovoltaics,
ChemSusChem 9 (2016) 2541–2558.

[3] S.S. Jasmin, S.S. Navajsharif, D.S. Arif, S.M. Sawanta, J.K. Abhijeet, K. Pongsakorn, K.H.
Chang, J.H. Kime, S.P. Pramod, Perovskite solar cells: in pursuit of efficiency and sta-
bility, Mater. Des. 136 (2017) 54–80.

[4] C.R. Kagan, D.B. Mitzi, C.D. Dimitrakopoulos, Materials as semiconducting channels
in thin-film field-effect transistors, Science 286 (1999).

[5] D.W. Fu, W. Zhang, H.L. Cai, J.Z. Ge, Y. Zhang, R.G. Xiong, Diisopropylammonium
chloride: a ferroelectric organic salt with a high phase transition temperature and
practical utilization level of spontaneous polarization, Adv. Mater. 23 (2011)
5658–5662.

[6] G.C. Xu, W. Zhang, X.M. Ma, Y.H. Chen, L. Zhang, H.L. Cai, Z.M. Wang, R.G. Xiong, S.
Gao, Coexistence of magnetic and electric orderings in the metal-formate frame-
works of [NH4][M(HCOO)3], J. Am. Chem. Soc. 133 (2011) 14948–14951.

[7] T. Choi, S. Lee, Y.J. Choi, V. Kiryukhin, S.W. Cheong, Switchable ferroelectric diode
and photovoltaic effect in BiFeO3, Science 324 (2009) 63–66.

[8] J. Kreisel, M. Alexe, P.A. Thomas, A photoferroelectric material is more than the sum
of its parts, Nat. Mater. 11 (2012) 260.

[9] F.G. Wang, S.M. Young, F. Zheng, I. Grinberg, A.M. Rappe, Substantial bulk photovol-
taic effect enhancement via nanolayering, Nat. Commun. 7 (2016).

[10] H. Huang, Ferroelectric photovoltaics, Nat. Photonics 4 (2010) 134–135.
[11] J.M. Frost, K.T. Butler, F. Brivio, C.H. Hendon, M. van Schilfgaarde, A.Walsh, Atomistic

origins of high-performance in hybrid halide perovskite solar cells, Nano Lett. 14
(2014) 2584–2590.

[12] C.C. Stoumpos, C.D. Malliakas, M.G. Kanatzidis, Semiconducting tin and lead iodide
Perovskites with organic cations: phase transitions, high mobilities, and near-
infrared photoluminescent properties, Inorg. Chem. 52 (2013) 9019–9038.

[13] A. Stroppa, C. Quarti, F. De Angelis, S. Picozzi, Ferroelectric polarization of
CH3NH3PbI3: a detailed study based on density functional theory and symmetry
mode analysis, J. Phys. Chem. Lett. 6 (2015) 2223–2231.

https://doi.org/10.1016/j.matdes.2020.108868
https://doi.org/10.1016/j.matdes.2020.108868
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0005
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0005
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0005
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0010
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0010
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0010
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0015
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0015
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0015
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0020
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0020
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0025
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0025
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0025
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0025
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0030
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0030
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0030
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0030
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0030
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0035
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0035
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0035
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0040
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0040
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0045
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0045
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0050
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0055
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0055
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0055
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0060
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0060
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0060
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0065
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0065
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0065
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0065
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0065
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0065


7W. Yang et al. / Materials and Design 193 (2020) 108868
[14] F. El-Mellouhi, A.Marzouk, E.T. Bentria, S.N. Rashkeev, S. Kais, F.H. Alharbi, Hydrogen
bonding and stability of hybrid organic-inorganic perovskites, ChemSusChem 9
(2016) 2648–2655.

[15] Y.-Y. Zhang, S. Chen, P. Xu, H. Xiang, X.-G. Gong, A. Walsh, S.-H. Wei, Intrinsic insta-
bility of the hybrid halide Perovskite semiconductor CH3NH3PbI3 *, Chin. Phys. Lett.
35 (2018), 036104. .

[16] M.E. Kamminga, A. Stroppa, S. Picozzi, M. Chislov, I.A. Zvereva, J. Baas, A. Meetsma,
G.R. Blake, T.T. Palstra, Polar nature of (CH3NH3)3Bi2I9 Perovskite-like hybrids,
Inorg. Chem. 56 (2017) 33–41.

[17] X. Chang, D. Marongiu, V. Sarritzu, N. Sestu, Q. Wang, S. Lai, A. Mattoni, A. Filippetti,
F. Congiu, A.G. Lehmann, F. Quochi, M. Saba, A. Mura, G. Bongiovanni, Layered ger-
manium hybrid Perovskite bromides: insights from experiments and first-
principles calculations, Adv. Funct. Mater. 29 (2019), 1903528. .

[18] L. Li, X. Liu, C. He, S. Wang, C. Ji, X. Zhang, Z. Sun, S. Zhao, M. Hong, J. Luo, A potential
Sn-based hybrid Perovskite ferroelectric semiconductor, J. Am. Chem. Soc. 142
(2020) 1159–1163.

[19] H. Tao, J. Lv, R. Zhang, R. Xiang, J. Wu, Lead-free rare earth-modified BiFeO3 ce-
ramics: phase structure and electrical properties, Mater. Des. 120 (2017) 83–89.

[20] G. Philippot, M. Albino, U.C. Chung, M. Josse, C. Elissalde, M. Maglione, C. Aymonier,
Continuous BaTi1−yZryO3 (0≤y≤1) nanocrystals synthesis in supercritical fluids for
nanostructured lead-free ferroelectric ceramics, Mater. Des. 86 (2015) 354–360.

[21] H.Y. Zhang, Z. Wei, P.F. Li, Y.Y. Tang, W.Q. Liao, H.Y. Ye, H. Cai, R.G. Xiong, The
narrowest band gap ever observed in molecular ferroelectrics: hexane-1,6-
diammonium pentaiodobismuth(III), Angew. Chem. Int. Ed. Engl. 57 (2018)
526–530.

[22] P.F. Li, Y.Y. Tang, W.Q. Liao, H.Y. Ye, Y. Zhang, D.W. Fu, Y.M. You, R.G. Xiong, A semi-
conducting molecular ferroelectric with a bandgap much lower than that of BiFeO3,
NPG Asia Mater 9 (2017) e342.

[23] Y.B. Yuan, Z.G. Xiao, B. Yang, J.S. Huang, Arising applications of ferroelectric materials
in photovoltaic devices, J. Mater. Chem. A 2 (2014) 6027–6041.

[24] W. Ji, K. Yao, Y.C. Liang, Bulk photovoltaic effect at visible wavelength in epitaxial
ferroelectric BiFeO3 thin films, Adv. Mater. 22 (2010) 1763–1766.

[25] D.W. Cao, Z.J. Wang, Nasori, L.Y. Wen, Y. Mi, Y. Lei, Switchable charge-transfer in the
photoelectrochemical energy-conversion process of ferroelectric BiFeO3

photoelectrodes, Angew. Chem. Int. Ed. 53 (2014) 11027–11031.
[26] J. Li, Z.W. Li, J.J. Zhu, X.L. Ding, C.C.Wang, J.L. Chen, Deriving surfacemotion of moun-

tain glaciers in the Tuomuer-Khan Tengri Mountain Ranges from PALSAR images,
Glob. Planet. Chang. 101 (2013) 61–71.

[27] F. Shan, M. Xia, G. Zhang, J. Yao, X. Zhang, T. Xu, Y.Wu, Growth, structure, and optical
properties of a self-activated crystal: Na3Nd9O3(BO3)8, Solid State Sci. 41 (2015)
31–35.

[28] P. Kubelka, F. Munk, An article on optics of paint layers, Z. Tech. Phys. 12 (1931)
593–601.

[29] T. Chen, Y. Zhou, Z. Sun, S. Zhang, S. Zhao, Y. Tang, C. Ji, J. Luo, ABX3-type organic-
inorganic hybrid phase transition material: 1-Pentyl-3-methylimidazolium
tribromoplumbate, Inorg. Chem. 54 (2015) 7136–7138.

[30] Y. Wang, C. Shi, X.B. Han, Organic–inorganic hybrid [H2mdap][BiCl5] showing an
above-room-temperature ferroelectric transition with combined order–disorder
and displacive origins, Polyhedron 133 (2017) 132–136.

[31] J. Zhang, S. Han, C. Ji, W. Zhang, Y. Wang, K. Tao, Z. Sun, J. Luo, [(CH3)3NH]3Bi2I9 : a
polar Lead-free hybrid Perovskite-like material as a potential semiconducting ab-
sorber, Chemistry 23 (2017) 17304–17310.

[32] Z. Sun, A. Zeb, S. Liu, C. Ji, T. Khan, L. Li, M. Hong, J. Luo, Exploring a lead-free semi-
conducting hybrid ferroelectric with a zero-dimensional Perovskite-like structure,
Angew. Chem. Int. Ed. Engl. 55 (2016) 11854–11858.
[33] C. Ji, Z. Sun, A. Zeb, S. Liu, J. Zhang, M. Hong, J. Luo, Bandgap narrowing of lead-free
Perovskite-type hybrids for visible-light-absorbing ferroelectric semiconductors, J.
Phys. Chem. Lett. 8 (2017) 2012–2018.

[34] P. Jain, V. Ramachandran, R.J. Clark, H.D. Zhou, B.H. Toby, N.S. Dalal, H.W. Kroto, A.K.
Cheetham, Multiferroic behavior associated with an order-disorder hydrogen bond-
ing transition in metal-organic frameworks (MOFs) with the Perovskite ABX3 archi-
tecture, J. Am. Chem. Soc. 131 (2009) 13625–13627.

[35] P. Jain, N.S. Dalal, B.H. Toby, H.W. Kroto, A.K. Cheetham, Order-disorder
antiferroelectric phase transition in a hybrid inorganic-organic framework with
the Perovskite architecture, J. Am. Chem. Soc. 130 (2008) 10450–10451.

[36] D.W. Fu, W. Zhang, H.L. Cai, Y. Zhang, J.Z. Ge, R.G. Xiong, S.D. Huang, T. Nakamura, A
multiferroic perdeutero metal-organic framework, Angew. Chem. Int. Ed. Engl. 50
(2011) 11947–11951.

[37] R. Jakubas, J. Zaleski, L. Sobczyk, Phase transitions in (CH3NH3)3Bi2I9(MAIB), Fer 108
(1990) 109–114.

[38] B. Huang, L.Y. Sun, S.S. Wang, J.Y. Zhang, C.M. Ji, J.H. Luo, W.X. Zhang, X.M. Chen, A
near-room-temperature organic-inorganic hybrid ferroelectric: [C6H5CH2CH2NH3]2
[CdI4], Chem Commun (Camb) 53 (2017) 5764–5766.

[39] J.Z. Ge, X.Q. Fu, T. Hang, Q. Ye, R.G. Xiong, Reversible phase transition of the 1:1 com-
plexes of 18-Crown-6 with 4-ethoxyanilinium perchlorate, Cryst. Growth Des. 10
(2010) 3632–3637.

[40] H.Y. Ye, L.Z. Chen, R.G. Xiong, Reversible phase transition of pyridinium-3-carboxylic
acid perchlorate, Acta Crystallogr B 66 (2010) 387–395.

[41] W.Q. Liao, H.Y. Ye, D.W. Fu, P.F. Li, L.Z. Chen, Y. Zhang, Temperature-triggered revers-
ible dielectric and nonlinear optical switch based on the one-dimensional organic-
inorganic hybrid phase transition compound [C6H11NH3]2CdCl4, Inorg. Chem. 53
(2014) 11146–11151.

[42] Y. Zhang, H.Y. Ye, W. Zhang, R.G. Xiong, Room-temperature ABX3-typed molecular
ferroelectric: [C5H9–NH3][CdCl3], Inorg. Chem. Front 1 (2014) 118.

[43] N. Balke, I. Bdikin, S.V. Kalinin, A.L. Kholkin, Electromechanical imaging and spec-
troscopy of ferroelectric and piezoelectric materials: state of the art and prospects
for the future, J. Am. Ceram. Soc. 92 (2009) 1629–1647.

[44] S.V. Kalinin, D.A. Bonnell, Imaging mechanism of piezoresponse force microscopy of
ferroelectric surfaces, Phys. Rev. B 65 (2002).

[45] H. Lu, C.W. Bark, D. Esque de los Ojos, J. Alcala, C.B. Eom, G. Catalan, A. Gruverman,
Mechanical writing of ferroelectric polarization, Science 336 (2012) 59–61.

[46] W.J. Xu, P.F. Li, Y.Y. Tang, W.X. Zhang, R.G. Xiong, X.M. Chen, A molecular Perovskite
with switchable coordination bonds for high-temperature multiaxial ferroelectrics,
J. Am. Chem. Soc. 139 (2017) 6369–6375.

[47] W.Q. Liao, Y. Zhang, C.L. Hu, J.G. Mao, H.Y. Ye, P.F. Li, S.D. Huang, R.G. Xiong, A lead-
halide perovskite molecular ferroelectric semiconductor, Nat. Commun. 6 (2015).

[48] Y. Yuan, Z. Xiao, B. Yang, J. Huang, Arising applications of ferroelectric materials in
photovoltaic devices, J. Mater. Chem. A 2 (2014) 6027–6041.

[49] W. Zhang, M. Anaya, G. Lozano, M.E. Calvo, M.B. Johnston, H. Míguez, H.J. Snaith,
Highly efficient Perovskite solar cells with tunable structural color, Nano Lett. 15
(2015) 1698–1702.

[50] Z.H. Sun, X.T. Liu, T. Khan, C.M. Ji, M.A. Asghar, S.E. Zhao, L.N. Li, M.C. Hong, J.H. Luo, A
photoferroelectric Perovskite-type organometallic halide with exceptional anisot-
ropy of bulk photovoltaic effects, Angew. Chem. Int. Ed. 55 (2016) 6545–6550.

[51] Y. Liu, Z. Yang, D. Cui, X. Ren, J. Sun, X. Liu, J. Zhang, Q. Wei, H. Fan, F. Yu, X. Zhang, C.
Zhao, S.F. Liu, Two-inch-sized Perovskite CH3NH3PbX3 (X = Cl, Br, I) crystals:
growth and characterization, Adv. Mater. 27 (2015) 5176–5183.

http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0070
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0070
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0070
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0075
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0075
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0075
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0075
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0075
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0075
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0080
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0080
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0080
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0080
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0080
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0080
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0080
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0080
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0085
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0085
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0085
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0085
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0090
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0090
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0090
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0095
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0095
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0095
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0100
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0100
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0100
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0100
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0100
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0100
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0105
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0105
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0105
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0105
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0110
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0110
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0110
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0110
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0115
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0115
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0120
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0120
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0120
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0125
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0125
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0125
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0130
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0130
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0130
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0135
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0135
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0135
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0135
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0135
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0135
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0135
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0135
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0140
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0140
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0145
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0145
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0145
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0145
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0150
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0150
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0150
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0150
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0150
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0155
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0155
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0155
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0155
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0155
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0155
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0155
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0155
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0160
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0160
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0160
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0165
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0165
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0165
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0170
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0170
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0170
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0170
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0170
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0175
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0175
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0175
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0180
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0180
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0180
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0180
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0180
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0180
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0180
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0185
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0190
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0190
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0190
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0195
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0195
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0200
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0205
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0205
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0205
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0205
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0205
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0205
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0205
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0210
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0210
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0210
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0215
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0215
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0220
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0220
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0225
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0225
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0225
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0230
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0230
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0235
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0235
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0240
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0240
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0240
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0245
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0245
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0245
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0250
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0250
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0250
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0250
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0250
http://refhub.elsevier.com/S0264-1275(20)30402-0/rf0250


Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Yang, W;Chu, KB;Zhang, L;Ding, X;Sun, J;Liu, JZ;Song, JL;Zheng, C;Deng, J

Title:
Lead-free molecular ferroelectric [N,N-dimethylimidazole]3Bi2I9 with narrow bandgap

Date:
2020-08-01

Citation:
Yang, W., Chu, K. B., Zhang, L., Ding, X., Sun, J., Liu, J. Z., Song, J. L., Zheng, C. & Deng,
J. (2020). Lead-free molecular ferroelectric [N,N-dimethylimidazole]3Bi2I9 with narrow
bandgap. Materials and Design, 193, https://doi.org/10.1016/j.matdes.2020.108868.

Persistent Link:
http://hdl.handle.net/11343/241370

License:
CC BY-NC-ND

http://hdl.handle.net/11343/241370
CC%20BY-NC-ND

	Lead-�free molecular ferroelectric [N,N-�dimethylimidazole]3Bi2I9 with narrow bandgap
	1. Introduction
	2. Materials synthesis and experimental methods
	3. Results and discussion
	3.1. Crystal structure of (DMI)3Bi2I9 compound
	3.2. Phase transition of (DMI)3Bi2I9 compound
	3.3. Ferroelectricity of (DMI)3Bi2I9 compound
	3.4. Piezoelectricity of as-synthesized (DMI)3Bi2I9 compound
	3.5. Optical properties of (DMI)3Bi2I9 compound

	4. Conclusions
	Declaration of competing interests
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A. Supplementary data
	References




