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electrical transport performance, and long 
carrier lifetime. Besides these factors, the 
ferroelectric photovoltaic effect (FEPV) 
was also believed to contribute to the good 
performance in PSC.[6] Conventional pho-
tovoltaic devices utilize heterojunctions 
to create asymmetric electric potential to 
separate the photoinduced charge car-
riers. While, for FEPV, the photogenerated 
electron–hole pair is separated by the 
spontaneous polarization or domain walls 
in homogeneous ferroelectric materials.[7] 
Since FEPV is independent to the bending 
of energy band, it can generate extremely 
large open-circuit voltage comparable to 
the bandgap and is expected to enhanced 
efficiency in PSC. Although FEPV draws 
a very exciting picture, the ferroelectricity 
of MAPbI3 is still controversial.[8] To study 
the detailed contribution of FEPV in PSC, 
obtaining a lead-iodide-based polar perov-
skite materials with settled ferroelectricity 
is very necessary as a useful complement 
to the current PSC materials and model 
system to investigate the role of ferroelec-
tric polarization in photovoltaics.

Besides the intensive competition on 
PCE, PSC are facing a more severe problem of stability. During 
operation, the applied electric field or optoelectrical field may 
induce migration of organic molecules and halogen ions. Even 
without light and electric field, in ambient condition, the mois-
ture and oxygen may also decompose the perovskite.[9] Those 
factors limit the lifetime of PSC for only ≈1000 h, which is far 
away from that of conventional silicon-based solar cell panel 
(20–25 years). One possible solution to this problem is reducing 
the dimensionality from 3D to quasi-2D, which has large forma-
tion energy, high moisture stability, and long lifetime, however, 
such low-dimensional perovskite will affect transport proper-
ties and reduce PCE.[5,10] Until very recently, fluorination on 2D 
lead iodide perovskite was reported to enhance charge transport 
and PCE.[11] Thus, in order to achieve a good balance between 
PCE and stability, a fluorinated 2D lead iodide perovskite ferro-
electric material is highly demanded, which is also a good plat-
form to study the fundamental mechanism behind high PCE.

Although we have reported several lead-based perovskite 
ferroelectrics with 2D layered structure, the ferroelectricity 
can only coexist with chlorine or bromine, even slight doping 
of iodine would alter the crystal structure and vanish the pre-
cious ferroelectric property.[12] Until now, rational design and 
synthesis of HOIP ferroelectrics is still very challenging and 

Hybrid perovskite materials are famous for their great application potential 
in photovoltaics and optoelectronics. Among them, lead-iodide-based 
perovskites receive great attention because of their good optical absorption 
ability and excellent electrical transport properties. Although many believe 
the ferroelectric photovoltaic effect (FEPV) plays a crucial role for the high 
conversion efficiency, the ferroelectricity in CH3NH3PbI3 is still under debate, 
and obtaining ferroelectric lead iodide perovskites is still challenging. In 
order to avoid the randomness and blindness in the conventional method 
of searching for perovskite ferroelectrics, a design strategy of fluorine 
modification is developed. As a demonstration, a nonpolar lead iodide 
perovskite is modified and a new 2D fluorinated layered hybrid perovskite 
material of (4,4-difluorocyclohexylammonium)2PbI4, 1, is obtained, which 
possesses clear ferroelectricity with controllable spontaneous polarization. 
The direct bandgap of 2.38 eV with strong photoluminescence also guarantees 
the direct observation of polarization-induced FEPV. More importantly, 
the 2D structure and fluorination are also expected to achieve both good 
stability and charge transport properties. 1 is not only a 2D fluorinated lead 
iodide perovskite with confirmed ferroelectricity, but also a great platform for 
studying the effect of ferroelectricity and FEPV in the context of lead halide 
perovskite solar cells and other optoelectronic applications.

Perovskite Ferroelectrics

Recently, hybrid organic–inorganic perovskites (HOIP) have 
been attracting increasing attention due to their great appli-
cation potential in photovoltaics, optoelectronics, and piezo-
electrics.[1] Especially in photovoltaics, the power conversion 
efficiency (PCE) of perovskite solar cells (PSC) is boosting from 
3.8%[2] to 24.2%[3] in just few years. The high PCE and advan-
tages of low-cost, easy fabrication, flexibility, etc. grant them the 
title of “wonder materials” and make them a potential candidate 
in next generation of photovoltaic materials.[4,5] In high perfor-
mance PSC, the light absorbing material is normally lead-based 
hybrid perovskites, such as the most famous methylammo-
nium lead iodide (MAPbI3), due to their good optical property, 
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most approaches rely on random screening. In order to avoid 
the randomness and blindness, we developed a rational design 
strategy of fluorine modification to obtain ferroelectric lead 
iodide perovskites. By properly substituting the hydrogen by 
the fluorine on the organic component of a hybrid lead iodide 
perovskite, we can convert the original centrosymmetric com-
pound to the noncentrosymmetric polar material and attribute 
ferroelectricity to the 2D lead iodide perovskite. In this report, 
we utilized the fluorine modification method, and obtained the 
first fluorinated 2D lead iodide perovskite of (DFCHA)2PbI4 
(DFCHA  =  4,4-difluorocyclohexylammonium), 1, with robust 
ferroelectricity and a direct bandgap as low as 2.38 eV. The lead 
iodide and the DFCHA cation stacked alternatively to form a 
layered 2D perovskite structure. At temperature below Curie 
point (Tc) of 377 K, 1 exhibits good ferroelectric hysteresis char-
acteristic, and more importantly, the polarization switching has 
been successfully demonstrated by “double wave” method and 
directly visualized by microscopic imaging. The lead iodide 
does provide not only frameworks to stabilize the crystal struc-
ture, but also a direct bandgap with optical absorption edge of 
514 nm, which attribute good optical absorption and emission 
properties to 1. Furthermore, our careful investigation con-
firmed the relationship between photogenerated current and 
ferroelectric polarization, which directly prove the existence 
of FEPV and exhibit the great potential of 1 in PSC and other 
optoelectronic applications.[13]

By simple solution synthesis, single crystals of 1 can be 
obtained in good quality, with a general formula of A2BX4, 
where monovalent organic ammonium A is intercalated 
between anion of inorganic lead halide sheets of BX4. Such a 
layered 2D structure not only provides structural complexity 
to fine tune the optical properties, but also allows adjust-
ment of ferroelectricity and functionalities separately. Since 
ferroelectricity can only be found for materials crystalized in 
10 polar point groups, crystallographic structures are critical to 
determine the possibility of ferroelectricity and corresponding 

polarization properties. In order to probe the crystallographic 
structure, we carried out single-crystal X-ray diffraction study 
on the obtained crystalline sample of 1. Similar to previously 
reported 2D hybrid perovskites, at temperature higher than 
the Curie point, 1 is in the centrosymmetric high temperature 
phase (HTP), and the crystal structure can be refined as the 
nonpolar space group of Pbca (the detailed crystallographic 
information can be found in Table S1, Supporting Information). 
As shown in Figure 1, each 2D sheet consists of infinite corner-
sharing PbI6 octahedra, and the orderly packed DFCHA cations 
occupy the space between sheets, as that of a typical Rud-
dlesden−Popper perovskite structure. Each layer of lead iodide 
is sandwiched by two layers of organic cations with N closing to 
the nearest lead iodide sheet due to the Coulomb interaction. 
To be noticed, in HTP, the two layers of DFCHA adjacent to 
every lead iodide sheet are centrosymmetric to each other. Thus 
the anisotropy of DFCHA is cancelled out and the HTP is a 
nonpolar paraelectric phase. When 1 is at room temperature, it 
is in the low temperature phase (LTP), which crystalizes in the 
polar space group of Cmc21 with crystal cell parameters similar 
to those of HTP. Comparing to the structure in HTP, half of 
DFCHA cations reorient during the phase transition and break 
the inversion symmetry, thus a macroscopic polarization can be 
expected in such an arrangement. Such a phase transition is 
one of the 88 species of ferroelectric phase transition as con-
cluded by Aizu with notation of mmmFmm2.[14]

We examined the typical and significant changes of related 
properties of 1 around Tc by differential scanning calorimetry 
(DSC) (Figure  S1a, Supporting Information), temperature-
dependent second harmonic generation (SHG) (Figure  S1b, 
Supporting Information) and dielectric permittivity meas-
urements (Figure  S1c, Supporting Information). The ferro-
electricity of 1 is then directly verified by the measurements of 
“double wave method” (Figure  S1d, Supporting Information) 
and calculated by a simple point charge model (Table S2, Sup-
porting Information).
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Figure 1.  a,b) The packing view of 1 at 298 K (a) and 398 K (b), projected along the b-axis. Hydrogen atoms are omitted for clarity.
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On the other hand, to further demonstrate the ferroelectric 
polarization in 1 and analyze the domain structure, microscopic 
characterization of piezoresponse force microscopy (PFM) was 
carried out.[15] Since the as-grown crystal is in monodomain 
state, we heated the sample to paraelectric phase and then 
cooled it down to obtain the multi-domain state. Owing to the 
structural features of 2D inorganic framework, the cleavage 
plane of {100} is easily exposed. So the obtained topography 
of a selected region shows an atomic level roughness and  
layered morphology (Figure 2a). By monitoring the distortion of 
cantilever, one can extract piezoresponse signal in both lateral 
and vertical directions, corresponding to in-plane and out-of-
plane polarization, respectively.[16] The corresponding in-plane 
PFM amplitude and phase images are show in Figure  2b,c, 
respectively. The distinct domain patterns with different shapes 
are presented in the phase image. The arbitrary shapes of the 
domains in good agreement with the single polar axis accom-
pany ferroelectric phase transition of mmmFmm2. From the 
amplitude image, domain walls with low contrast can also be 
clearly observed. Since the polarization of {100} planes is con-
fined within in-plane directions, therefore the out-of-plane PFM 
response is negligible (not shown). As the characteristic of 
ferroelectrics, polarization switching is an important evidence, 
thus we carried out local lateral PFM switching spectroscopy 

on the surface of 1. By applying DC voltage via the conductive 
tip, the polarization direction of sample underneath could be 
switched and the phase and amplitude signal was recorded 
(Figure  2d). The distinct 180° switching of the PFM phase  
signals with a hysteresis behavior as well as the butterfly-
shaped amplitude signals indicate the switchable ferroelectric 
polarization of 1, and strongly support our determination of the 
crystal structure.

To further prove the ferroelectricity and intuitively visualize 
the polarization switching behaviors of 1, a direct polariza-
tion manipulation was carried out on random sample surface 
on single crystal. As previously shown, in such a monoaxial 
ferroelectric material, the polarization direction is confined 
in plane. First, we performed “angular-resolved PFM”[17] by 
rotating the sample with respect to the cantilever to ensure 
the polarization direction is perpendicular to the canti-
lever axis. The as-grown single crystal surface shows a good 
monodomain state with an in-plane polarization direction 
(Figure  3e,h). In order to switch the polarization in a direc-
tion in-plane, we utilized the trailing field, which is a net 
electric field vector at the rear side of tip with respect to the 
tip’s moving direction.[18] Once a voltage biased tip is in-
contact of the crystal surface, the in-plane component of the 
stray electric field generated by the PFM tip will switch the 
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Figure 2.  Measured domain structure of (DFCHA)2PbI4 single crystal. a–c) Topography image (a), and corresponding lateral PFM amplitude (b) and 
phase (c) images of a selected region. d) Local lateral PFM switching spectroscopy of (DFCHA)2PbI4 single crystal.
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purely lateral domain (Figure 3b).[19] With different tip moving 
direction with respect to the local polarization direction,  
different polarization switching can be achieved, as illustrated 
in Figure 3c,d. In our case, when the PFM tip moving along 
the blue line in Figure 4i with voltage of +45 V and speed of 
2 µm s-1, an effective trailing field would switch the polariza-
tion to the opposite in-plane polarization.[20] Such an in-plane 
polarization switching was confirmed by PFM imaging. The 
PFM phase shows an obvious reversal of contrast (Figure 3i) 
and the domain wall can be observed clearly in the corre-
sponding PFM amplitude image (Figure  3f). To demonstrate 

the switching is not permanent but reversible, we moved the 
PFM tip along the green line in Figure 4j to reverse the polari-
zation again, with voltage of +45  V and speed of 2  µm s-1. 
Partial domain at right side of the green line, whose polari-
zation direction was opposite to the lateral component of tip 
field, was switched back (Figure  3g,j). Meanwhile, there are 
no obvious changes in the topography during the electric 
poling (Figure  S3, Supporting Information). The above PFM 
data not only proved the existence of the robust ferroelectricity 
in 1, but also clearly demonstrated the monoaxial nature and 
switchable in-plane polarization, with a 180° domain wall of 
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Figure 3.  Domain switching of (DFCHA)2PbI4 single crystal. a) The distribution of lateral component of the stray electric field created by the positively 
biased PFM tip. b) Schematic showing the domain switched by the lateral component of tip field. c,d) Schematic showing the domain switched by 
the front of tip field (c) and the trailing field (d) during the tip motion, respectively. The images in the middle and right columns are PFM amplitude 
and PFM phase, respectively. e,h) Images for the initial state of the as-grown crystal surface. f,i) Images for the state after the first domain switching 
operation in the region of the black dashed rectangle, produced by moving the PFM tip along the blue line with the tip bias of +45 V and speed of 2 µm 
s-1. g,j) Images for the state after the succeeding back-switching operation in the region of the smaller black dashed rectangle, produced by moving 
the PFM tip along the green arrow with the tip bias of +45 V and speed of 2 µm s-1.
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hundreds of nanometers, which attribute 1 a good potential in 
the in-plane memory device.

As mentioned briefly before, the inorganic framework does 
not only stabilize the structure, but also determines optical 
properties. To determine the optical bandgap, UV–vis absorp-
tion spectroscopy was carried out on the polycrystalline 
sample of 1. As shown in Figure 4a, using variant of the Tauc 
equation,[21] we obtained the bandgap of 2.38  eV. The strong 
photoluminescence emission (Figure  4b) observed at position 
of 2.32  eV also indicates the nature of the bandgap is pos-
sibly a direct type. To have a deep insight into the electronic 
structure of 1, band structure was calculated based on density 
functional theory (DFT). The conduction band (CB) minimum 
and the valence band (VB) maximum are localized at the same 
k-vector in the Brillouin zone (Figure  4c), revealing the direct 
bandgap nature, which is in good agreement with the sharp 
UV–vis absorption edge and strong PL emission characteristics. 
The calculated bandgap is 2.267 eV, which agrees well with the 
experimental value. Furthermore, the bands can be assigned 

according to the partial density of states (PDOS), as plotted in 
Figure 4d. From PDOS, it is obvious that for the organic part, 
H-1s states overlap fully with C-2p and N-2p states over almost 
the whole energy region, indicating the strong covalent interac-
tions in CH and NH bonds. For the inorganic part, strong 
interactions between Pb and I atoms are also found in almost 
the whole energy region as Pb-s/p and I-s/p states overlap obvi-
ously. The bands at the VB top are originated from the non-
bonding states of I-5p, and those at the CB bottom are mainly 
from the unoccupied Pb-5p orbitals. Clearly, both VB maximum 
and CB minimum are from the electronic states of Pb and I 
atoms, so it is the inorganic PbI4 framework that determines 
the bandgap of the material.

Finally, we carried out short-circuit photocurrent (Isc) meas-
urement on surface of 1, to examine the FEPV in such a 2D 
layered perovskite ferroelectric material. To measure the Isc, 
a picoammeter is directly connected to the two electrodes 
with no bias voltage applied. Such a configuration allows us 
to obtain the current generated under light illumination. In 

Adv. Mater. 2019, 31, 1901843

Figure 4.  a) UV-vis absorption spectrum. b) Fluorescence emission spectrum with 400 nm excitation wavelength. c) Energy band structure. d) The 
partial density of states (PDOS).
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order to investigate the polarization-induced photovoltaic 
effect, a probe station with lamp illumination was employed. 
The crystallographic orientation of an as-grown crystal was 
predetermined by PFM measurement, and the measurement 
was carried out with two In/Ga electrodes aligned parallel/ 
perpendicular to the polarization direction. For the two 
electrodes aligning parallel to the polarization direction 
(Figure 5a), finite positive Isc can be observed under white light 
(red curve in Figure 5d) with amplitude of ≈1 pA. In order to 
eliminate the possibility of the asymmetric electrical potential 
due to depolarization electric field effects, optical rectification 
effects, asymmetry of the two electrodes, etc., a large voltage of 
130 V was applied on the two electrodes to reverse polarization 
direction, and Isc was measured again under the exactly same 
condition (Figure 5c). This time, due to the reversed polariza-
tion, the Isc obtained became negative in value (as shown in 
the blue curve in Figure  5d), which clearly demonstrates the 
relationship of Isc and the ferroelectric polarization. To further 
prove the ferroelectric polarization-induced electric field is the 
origin of Isc and the existence of FEPV, the same pair of In/Ga 
electrodes were applied aligning at a direction perpendicular 
to the ferroelectric polarization (Figure  5b), and no Isc signal 
could be detected (as shown in the black curve in Figure 5d). 
The above results clearly showed that ferroelectric polariza-
tion in 1 is the origin of Isc, and the main mechanism should 
be FEPV, which promotes the good application potential of  
1 as a great candidate in both fundamental study and practical 
applications.

In summary, we have synthesized the first fluorinated 2D 
lead iodide perovskite ferroelectrics of 1. The combination of 
good ferroelectric properties, 2D perovskite structure and the 
inorganic framework of lead iodide not only endow 1 with good 
optical performance, switchable ferroelectric polarization and 
improved stability, but also make 1 a perfect building block for 
next generation photovoltaic absorber material and building 

block for optoelectronic sensor. More importantly, the con-
firmed FEPV in this 2D lead iodide perovskite of 1 also makes 
it a convenient platform to study the effect of ferroelectricity 
in the newly emerged PSC, which could benefit all related 
researches and shed light on future optimization of organic 
solar cells.

Experimental Section
Synthesis: 4,4-Difluorocyclohexylammonium iodide was synthesized 

by an exactly equimolar mixture of 4,4-difluorocyclohexylamine and 
HI aqueous solution. Then, 4,4-difluorocyclohexylammonium iodide 
(20.0 mmol, 5.26 g), PbI2 (10 mmol, 4.61 g), and HI aqueous solution 
(40%, 100  mL) were mixed in a round bottom flask. A clear solution 
was obtained after refluxing for 3 h at 353 K. Yellow or orange-yellow 
crystals of 1 were obtained by slowly cooling the solution at a speed of 
0.2 K h−1. 4,4-difluorocyclohexylamine, PbI2, and HI aqueous solution are 
commercially available.

Crystalline Thin Film Preparation: Single-phase grains of 1 were 
dissolved in N,N-dimethylformamide (DMF) to form a solution with a 
concentration of about 300 mg mL−1. Then, 20 µL of this solution was 
carefully spread on the prepared commercial ITO-coated glass substrate 
(10  mm  ×  10  mm) and sealed in a clean petri dish by parafilm. With 
controlled substrate temperature and edge-pinned-crystallization, 
microcrystalline thin film was fabricated on substrate as the slow 
evaporation completed.

Physical Properties Measurement: Methods of DSC, SHG, dielectric, 
fluorescence emission spectrum, and UV–vis spectrum were described 
elsewhere.[22]P−E hysteresis loops measurements were recorded using 
the double-wave method at 298 K. The double-wave method was carried 
out on a tabletop cryogenic probe station (Lake Shore, Model PS-100) 
and parameter analyzer (Keithley 4200A-SCS).

X-Ray Crystallographic Measurements: Single-crystal structure was 
measured with Rigaku Saturn 924 CCD diffractometer and Mo-Kα 
radiation (λ = 0.71073 Å) at 298 and 398 K, respectively. CCDC Number 
1904976 and 1904977 containing the crystallographic data can be 
downloaded free of charge from The Cambridge Crystallographic Data 
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Figure 5.  a–c) Schematic diagram of FEPV measurement with electrodes aligned parallel (a,c) and perpendicular (b) to the direction of ferroelectric 
polarization. d) Short-circuit photocurrent in different experimental setup (indicated by different colors), respectively.

http://www.ccdc.cam.ac.uk/data_request/cif
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PFM Measurements: PFM measurements were carried out on a 
commercial atomic force microscope (Asylum Research MFP-3D) under 
the resonance-enhanced mode. Conductive Pt/Ir-coated silicon probes 
were used for PFM lithography.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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