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Abstract: Perovskite lead halides (CH;NH;Pbl;) have recently
taken a promising position in photovoltaics and optoelectron-
ics because of remarkable semiconducting properties and
possible ferroelectricity. However, the potential toxicity of lead
arouses great environmental concern for widespread applica-
tion. A new chemically tailored lead-free semiconducting
hybrid  ferroelectric is  reported,  N-methylpyrrolidi-
nium);Sb,Br, (1), which consists of a zero-dimensional (0-D)
perovskite-like anionic framework connected by corner-
sharing SbBrs coordinated octahedra. It presents a large
ferroelectric  spontaneous polarization of approximately
7.6 uCcm™>, as well as notable semiconducting properties,
including positive temperature-dependent conductivity and
ultraviolet-sensitive photoconductivity. Theoretical analysis of
electronic structure and energy gap discloses a dominant
contribution of the 0-D perovskite-like structure to the semi-
conducting properties of the material. This finding throws light
on the rational design of new perovskite-like hybrids, especially
lead-free semiconducting ferroelectrics.

H ybrid perovskite materials have promoted rapid progress
of photoelectronics and photovoltaics over the last decade,
including electroluminescent devices,'! thin-film field-effect
transistors,” and solar cells.’) These materials benefit from
structural flexibility and tunability of their assemblies, which
are constructed from inorganic and/or organic building
blocks, leading to prominent semiconducting attributes, such
as high charge-carrier mobility and long diffusion length.M!
For instance, organometal trihalide perovskites of
CH;NH;Pbl; and its derivates have been reported to exhibit
long range electron-hole diffusion lengths exceeding
175 um,”! which is responsible for extremely high power
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conversion efficiencies (larger than 20 % ) in perovskite-based
solar cells. Moreover, ferroelectric activities were also pro-
posed to facilitate highly effective photoconversion.! Taking
CH;NH;Pbl; as an example, a large electronic polarization of
approximately 38 uCcm™> has been predicted by some
theoretical calculations.”) It was deemed that such strong
polarizations would create an extremely high built-in electric
field, and further enhance the separation of charge carriers
and concomitantly improve the charge-carrier lifetimes."® For
this reason researchers have tried to explicate the photo-
electric performances of lead-trihalide perovskites based on
ferroelectric polarization.”) However, although theoretical
analysis has predicted strong ferroelectric polarization for
CH;NH;Pbl;, up to now there is no conclusive evidence for its
bulk ferroelectricity. In this context, the rational design of
perovskite-type hybrid ferroelectrics with semiconducting
properties, which combine ferroelectricity and other striking
optoelectric properties,'”! still remains a great challenge.
Structurally, it is essential that the requirements of ion-
size constraints are fulfilled to achieve design of the three-
dimensional (3-D) hybrid perovskites of AMX; (where A=
organic cation, M = metal, and X = halogen). The dimension-
ality here mainly involves the connectivity of corner-sharing
MX, octahedra, and the tolerance factor for ion size
represents a great constraint to 3-D perovskite structures.!"'!
For instance, the corner-sharing network of Pbl octahedra in
CH;NH;PbI; dictates that small CH;NH;™ cations occupy
12-fold coordinated holes, while the ethylammonium cation
cannot fulfill the same space-filling condition.!"” This suggests
that a delicate balance should be achieved between the cation
(A) and framework (MX,) to construct 3-D perovskites.
Alternatively, lower-dimensional perovskite hybrids have
been widely explored, deriving from the parent 3-D structure
down to the isolated 0-D octahedral cluster.” In particular,
the MX, octahedra of isolated 0-D derivatives enables
shifting of the positions of octahedra relative to one another,
breaking through the ion-size constraints. For example, in 0-D
perovskite-derived hybrids of A;M,X, (M =Sb*" and Bi*"),
the stereochemically active lone-pair s* electrons on M*" lead
to structural distortions of the M X, network. Such a dynamic
feature leads to large freedom of motions and greatly favors
the generation of ferroelectricity. Moreover, the trivalent
antimony ion is isoelectronic with Sn** and Pb*"[' and
electronegativities and ionic radii of these elements are
similar. Thus, Sb™-based perovskite halides are expected to
exhibit comparable semiconducting behaviors with Pb"-based
hybrids. That is, Sb™-based perovskite halides have the
potential to undertake a key role in constructing new
ferroelectric matetrials with semiconducting properties.
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Herein, we demonstrate a new lead-free hybrid ferro-
electric, (N-methylpyrrolidinium);Sb,Br, (1), in which the
corner-sharing SbBrg octahedral clusters construct a 0-D
perovskite-like anionic framework. The coordinated distor-
tion of SbBr, octahedra and order—disorder of organic cations
lead to a large ferroelectric polarization of about 7.6 uCcm 2.
Interestingly, 1 also exhibits notable semiconducting proper-
ties, including positive temperature-dependent conductivity
and ultraviolet-sensitive photoconductivity. The 0-D inor-
ganic [Sb,Bry]*~ clusters make a dominant contribution to
charge transport in 1, resembling that of tin- and lead-based
perovskites. To our best knowledge, 1 is a new lead-free
ferroelectric, featuring a 0-D perovskite-like structure. This
finding opens up possibilities for further design of new
perovskite hybrids, especially lead-free semiconducting ferro-
electrics.

Compound 1 was prepared from aqueous solutions as
bulk crystals, with a size up to 5x4x3 mm?®, and the purity
was confirmed by powder X-ray diffraction (Supporting
Information, Figures S1 and S2). Structural analyses reveal
that 1 belongs to the trigonal system with a polar space group
of R3¢ at 293 K (Supporting Information, Table S1). Its basic
unit contains a discrete inorganic cluster of [Sb,Br,]*~ and
three equivalent organic N-methylpyrrolidinium cations. The
central antimony atoms of [Sb,Br,]*~ dimers are coordinated
by six bromide atoms, three of which behave as bridging
linkers (Figure 1a). It is noteworthy that the geometry of this
structural bioctahedron is slightly distorted, as deduced from
the disparity between Sb—Br bond lengths. For instance, bond
lengths of Sb,—Br; and Sb,—Br; are 2.604 and 3.114 A, while
the values for Sb,—Br, and Sb,~Br; are 2.607 and 3.129 A.

Figure 1. Projections of crystal structures of 1 in a) 293 K and b) 335 K viewed
along the a-axis. The organic cations at 335 K are highly disordered with two
equivalent occupancies, and inorganic dimers also exhibit orientational disordering.
The dashed line denotes the crystallographic mirror plane.
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Such differences support the observation that two adjacent
octahedra have distinctly asymmetric configurations, induced
by shifts or relative motions of bridging bromide atoms. The
coordinated distortion can also be confirmed from the
Br-Sb-Br bond angles of the SbBr, building blocks, which
form an irregular architecture. Such a distorted configuration
for the inorganic moieties of 1 is quite similar to other hybrids,
such as [(CH;),P];Bi,Br, and [(CH;),N];Sb,Cl,.!""! For these
analogues, the < 111 > oriented perovskite-derived structure,
featuring M,X,>~ dimers of two MX, face-sharing octahedra,
is created by excising along the [111] direction of the 3-D
parent prototype. This topology is described as a 0-D
perovskite structure, based on the connectivity of corner-
sharing MX, octahedra.l'”! In this regard, 1 adopts an 0-D
perovskite-like structure. Moreover, organic cations are
bonded to anionic clusters through weak N—H--Br hydrogen
bonds (dy_g, = 3.4517 A; Supporting Information, Figure S3).
Although the cationic structure located from the difference
Fourier map is refined as an ordered model, the large
temperature factors of methyl carbon atoms (Supporting
Information, Figure S4) are reminiscent of possible atomic
motions, which will favor phase transition in 1.

Upon heating, the gradually elongated displacement
ellipsoids of terminal carbon atoms confirm dynamic hop-
ping-like motions for methyl groups, leading to the disorder-
ing of organic cations (Figure 1b)."77 As temperature
increases above 322 K (7T, Curie temperature, as discussed
below), both inorganic moieties and organic cations of
1 become highly disordered. The inorganic framework of
[Sb,Bro]’~ adopts a symmetric configuration, with all the
bridging bromide atoms distributed equally between two
equivalent octahedra. In contrast to the room
temperature structure of 1, the dioctahedron
motif shows a homogenetic restoration that arises
from symmetry requirements (Figure 1b). More-
over, the organic counterparts are refined at two
equivalent disordered sites, and the hopping-like
motions of methyl groups lead to positive charges
carried by nitrogen atoms centered in the mirror
planes. Hence, thermally induced order—disorder
transformation of inorganic moieties and organic
cations leads to the paraelectric-to-ferroelectric
phase transition of 1.

The above structural analysis discloses that the
crystallographic symmetry of 1 changes from R3c
(paraelectric phase) to R3c (ferroelectric phase) at
T. upon cooling;"™ that is, a ferroelectric phase
transition with an Aizu notation of 3mF3m
(Supporting Information, Figure S5). Here, second
harmonic generation (SHG) measurement and
differential scanning calorimetry (DSC) were per-
formed to confirm symmetry breaking. Variable-
temperature SHG effects reveal that 1 undergoes
a phase transition from a non-centrosymmetric to
a centrosymmetric state, coinciding with sharp heat
anomalies in the DSC traces (Figure 2a). At room
temperature, the SHG intensities of 1 are about 0.6
times as large as that of potassium dihydrogen-
phosphate (¥ =0.39 pmV™"); hence, the quad-
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ratic coefficient is estimated to be approximately 0.24 pm V',
The pronounced dielectric anomaly peaks (Figures 2b; Sup-
porting Information, Figure S6), fit well with the Curie—Weiss
law (Figure 2b inset), suggesting the possible ferroelectric
activity of 1. The ferroelectric hysteresis loops at 306 K
reveal a saturated spontaneous polarization (P;) and remnant
polarization (P,) of about 7.6 and 7.3 uCcm 2, respectively
(Figure 2c¢). Such figures are close to that integrated by the
pyroelectric currents (Figure 2d), and among the highest
values for hybrid ferroelectrics, such as bis(cyclohexyl-
aminium) tetrabromo lead,?™! (3-pyrrolinium)CdCl,,*™ and
(benzylammonium),PbCl,.”'! Figure 2d also shows the tem-
perature-dependent piezoelectric response of 1; its piezo-
electric coefficient ds; decreases sharply from 12 pC/N to zero
upon heating. As far as we are aware, the large ferroelectric
polarization might create a high built-in electrostatic field.*!
Herein, we estimate the local electric field at ferroelectric
interfaces from u = e,.&)E, where u is charge density, which is
related to remnant polarization (P,~7.3 uCcm™). Dielectric
constants (¢,) are 10-16 at room temperature, and &, denotes
the vacuum permittivity. Therefore, the built-in electric field
(E) is estimated to be approximately 2x 10° Vmm~'. Such
a high electric field might enhance the separation of photon-
generated charge carriers and improve the semiconducting
behavior of 1.

Hybrid perovskites based on Sb™ are expected to exhibit
semiconducting behavior comparable with those of Pb™-based
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compounds,''*** since the Sb** ion is isoelectronic with Pb**
and these elements also have similar ionic radii and electro-
negativities. UV/Vis optical diffuse reflectance of 1 shows
a gradual absorption edge at about 450 nm (Figure 3a), which
is comparable with some perovskite hybrids of
(R-NH;),PbBr,,2*#! but slightly smaller than that of
CH;NH,PbL,.”! The band gap (E,) of 1 is estimated to be
about 2.76 eV according to the Tauc curve. This value agrees
fairly well with our ab initio calculations (~2.8 eV; Support-
ing Information), but is much lower than that of some
inorganic semiconductors, such as Nb,Os, ZnO, and GaN
(larger than 3.0eV).”) The measured temperature-
dependent ac conductivity of 1 (Figure 3b) is consistent
with that of the imaginary part (¢”) of the complex dielectric
permittivity, which follows the relationship o,. = we”¢,, where
o is the angular frequency and ¢, is the permittivity of free
space.”®! The positive slope of ac conductivity with increasing
temperature discloses that 1 should be a semiconductor in the
ferroelectric phase.

Photoconductive response is also indicative of the poten-
tial semiconducting properties of a material. Photoelectric
effects of 1 were studied using a lateral two-probe device
architecture (Supporting Information, Figure S$8),*! and
weak photoconductivity was observed under UV light (1=
365 nm, 20 mW cm?). As shown in Figure 4, the photocurrent
increases from 23 pA (dark) to 58 pA (at Vi;,,=10 V) under
UV photoexcitation, which is evidence for the semiconduct-

ing features of 1. It is known that
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Figure 2. Phase transition and ferroelectric properties of 1. a) DSC and SHG results. b) Temperature
dependence of the real part (¢') of the complex permittivity measured along the c-axis. Inset: the plot of
1/¢’ vs. temperature in the vicinity of T.. c) Ferroelectric hysteresis loops measured at 20 Hz.

d) Temperature-dependent piezoelectric coefficient ds; and spontaneous polarization P, by integrating

pyroelectric current. Inset: the measured pyroelectric current.
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photoconductivity makes 1 a
possible candidate for UV pho-
todetection that is “blind” to
visible light.

To understand the electronic
origin of semiconducting proper-
ties of 1, we calculated its band
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Figure 3. a) Optical diffuse reflectance spectrum for 1. Inset: the
calculated band gap; b) temperature dependence of the conductivity
(0) and imaginary part (&) of the complex dielectric permittivity.
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Figure 4. The |-V curves performed on single-crystals of 1 under dark
and UV light illumination (A=2365 nm). Inset: the current density and
voltage curves.

structure and energy gap using density functional theory.
Figure 5 a shows that both the valence band maximum (VBM)
and conduction band minimum (CBM) are located at the G
point, and the calculated band gap is about 2.8 eV. Addition-
ally, the partial density of states (PDOS) reveal that H 1s
states overlap fully with C 2s and N 2s2p states in the range
from —15 to —2.5 eV. For the 0-D inorganic moieties, quite
strong overlap is observed between Sb s/p and Br s/p in the
conduction region. The flat VBM bands mainly result from
the nonbonding states of Br 4p, while the intensive CBM
bands originate from Sb 5p states. Such coupling reveals that
the band gap of 1 is determined by the electronic structure of
the inorganic 0-D clusters, resembling some tin-, lead-
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Figure 5. a) The calculated band structure and b) PODS of 1.

based,®! and Sb"-based perovskite hybrids.'®! This result
indicates that the energy gap may be confidently tuned by
chemical tailoring.”

In summary, we have successfully reported a lead-free
semiconducting hybrid ferroelectric, adopting a 0-D perov-
skite structure based on the distorted SbBrg octahedra, which
shows large spontaneous polarization of about 7.6 pCem™. It
is found that order—disorder transformation of organic
moieties makes a great contribution to its ferroelectricity,
while the inorganic 0-D perovskite framework determines the
semiconducting properties. Since low-dimensional perovskite
hybrids benefit from structural variability and tunability,
a fine tuning of inorganic and/or organic components will
optimize the electronic and optical properties. This study
opens up broad opportunities and innovative applications for
perovskite hybrids, especially for environmentally benign
semiconducting ferroelectrics.
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