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ABSTRACT: To date, the field of ferroelectric random access memories
(FeRAMs) is mainly dominated by inorganic ferroelectric thin films like
Pb(Zr,Ti)O3, which suffer from the issues of environmental harmfulness, high
processing temperatures, and high fabrication costs. In these respects,
molecular ferroelectric thin films are particularly advantageous and thus
become promising alternatives to the conventional inorganic ones. For the
prospect of FeRAMs applications, they should fulfill the requirements of
effective polarization switching and low-voltage, high-speed operation. Despite
recent advancements, molecular ferroelectric thin films with such high
performance still remain a huge blank. Herein we present the first example
of a large-area continuous biaxial molecular ferroelectric thin film that gets very
close to the goal of application in FeRAMs: [Hdabco]BF4 (dabco =
diazabicyclo[2.2.2]octane). In addition to excellent film performance, it is
the coexistence of a low coercive voltage of ∼12 V and ultrafast polarization
switching at a significantly high frequency of 20 kHz that affords [Hdabco]BF4 considerable potential for memory devices.
Particularly, piezoresponse force microscopy (PFM) clearly demonstrates the four polarization directions and polarization
switching at a low voltage down to ∼4.2 V (with an ∼150 nm thick film). This innovative work on high-performance molecular
ferroelectric thin films, which can be compatible with wearable devices, will inject new vitality to the low-power information field.

■ INTRODUCTION

The most intrinsic and widely used property of ferroelectrics is
that the spontaneous polarization can be switched by applying
an external electric field.1 On the basis of polarization
switching, data can be stored and read out, so that ferroelectrics
become excellent candidates for ferroelectric random access
memories (FeRAMs).2 Currently, the ferroelectric thin films
including Pb(Zr,Ti)O3, SrBi2Ta2O9, and BiFeO3 are all known
to be vital in commercial FeRAMs.3 However, it is disadvanta-
geous for the widespread application of FeRAMs that these
inorganic thin films not only contain environmentally harmful
heavy metals, but also require time-consuming, high-cost, and
energy-intensive fabrication processes such as sputtering, pulsed
laser deposition, etc.4 Conversely, organic thin films can be
deposited by using solution-based methods at room temper-
ature in air, opening up the possibility of low-temperature,
large-scale device fabrication for inexpensive high-performance
electronics devices.5 Hence, as a revolutionary innovation in the
FeRAMs field, molecular ferroelectric thin films with
advantages such as low cost, ease of processing, environmental
friendliness, and biocompatibility are regarded as promising and
viable alternatives or supplements to conventional inorganic
ones.
In recent years, a number of molecular ferroelectrics with

excellent ferroelectric properties have emerged.6 However,
there still exist several major challenges for their applications in
FeRAMs: (i) the multiple polarization axes for effective

polarization switching in the film form, (ii) the low-voltage
operation, and (iii) the ultrafast polarization switching for high-
speed operation. In contrast to inorganic ferroelectrics, the
uniaxial nature always requires molecular ferroelectrics to be
oriented in the desired polarization axis to achieve effective
polarization switching, which is particularly difficult for the
thin-film form.7 That is why the remnant polarization of the
uniaxial croconic acid film reported by Jiang et al. is 2 orders of
magnitude lower than that of the single crystal.6e,8 More
importantly, even without the restriction on polarization axis,
most of the known molecular ferroelectrics are still subject to
the ferroelectric hysteresis loops available only at low
frequencies and the relatively high coercive fields (Ec).

9 A
recently discovered multiaxial molecular ferroelectric, quinucli-
dinium perrhenate, for instance, is unable to show ferroelectric
behavior in the room-temperature phase due to the presence of
a high Ec.

6f For another notable example, 2-methylbenzimida-
zole (MBI), in addition to the difficulty of forming a large-area
continuous thin film, the frequency enabling polarization
switching is also not high enough to realize the large-scale
applications.10 All of these examples demonstrate how hard it is
to meet the above conditions simultaneously in molecular
ferroelectric thin films, let alone to facilitate FeRAMs.
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In this way, [Hdabco]BF4 (dabco = 1,4-diazabicyclo[2.2.2]-
octane) (1) aroused our interest because of its biaxial
characteristic. The ferroelectricity of a single crystal of 1 has
been preliminarily disclosed by Katrusiak et al.;11 however, the
study on the thin film concerning practical applications was not
included. Here, we present a large-area continuous thin film of
1 that combines a low coercive voltage of ∼12 V and, equally
important, ultrafast polarization switching at a considerably
high frequency of 20 kHz. To the best of our knowledge, this is
the first example of a molecular ferroelectric thin film which can
couple so many superior proporties and thus get so close to the
practical level. Moreover, using piezoresponse force microscopy
(PFM), we clearly demonstrated the relative polarization
directions in the four kinds of domains, and offered direct
experimental proof that the switching voltage can even be
reduced to ∼4.2 V with decreasing film thickness to ∼150 nm.
In combination with such a low operating voltage and good
biocompatibility, this system is suitable for desirable wearable
devices and bionics. Undoubtedly, this indicates the huge
potential of molecular ferroelectric thin films and will greatly
innovate and expand the field of FeRAMs.

■ RESULTS AND DISCUSSION

The ferroelectricity of the single-crystal samples of 1 has been
confirmed by the measurements of P−E hysteresis loop and
temperature-dependent dielectric constant.11 The paraelectric-
to-ferroelectric phase transition occurring at Tc (Curie
temperature) = 374 K is accompanied by the symmetry change
with 4/mmmFmm2 species. At room temperature, the ferro-
electric phase adopts the orthorhombic space group Pm21n
(point group: mm2), whose polarization direction is confined
to the [010]-direction by crystallographic symmetry. Consid-
ering its paraelectric phase with the tetragonal space group P4/
mmm (point group: 4/mmm), the paraelectric-to-ferroelectric
phase transition will give rise to spontaneous polarization in the
[110]-direction, which coincides with the [010]-direction in the
ferroelectric phase (Figure 1). Since there are four equivalent
[110]-directions in the paraelectric phase, four equivalent
polarization directions can consequently be found in the
ferroelectric phase, as illustrated by the translucent red arrows
in Figure 1. This indicates the biaxial feature of 1, which is

relatively rare in molecular ferroelectrics, and thus, two kinds of
angles between domains can be theoretically predicted (i.e., 90°
and 180°).
Distinct from the uniaxial ferroelectrics, multiaxial ones are

particularly useful for forms of polycrystalline ceramics and thin
films, in which the polarization can be switched more easily
between multiple ferroelectric axes to achieve a larger value.6f,7

No doubt, this very feature will be a deciding factor in the
practical applications of molecular ferroelectrics. So, in order to
further explore the application potential of 1 as a biaxial
molecular ferroelectric, a simple and operative chemical
solution routine was employed to fabricate the thin film.
First, [Hdabco]BF4 was dissolved into deionized water to form
a homogeneous precursor aqueous solution. Then, a drop of
precursor solution was carefully spread on a freshly cleaned
ITO (indium tin oxide)-coated glass (conductive ITO was used
as the bottom electrode). With controlled substrate temper-
ature and edge-pinned crystallization, a uniform film consisting
of continuous needle-like crystals with high coverage was
obtained. By continuously rotating the film under orthogonally
polarized light, the regular change of alternating bright and dark
appearance induced by the crystal birefringence clearly indicates
the good crystallinity and similar crystal orientation within the
thin film of 1 (Figure 2a,b). As shown in Figure 2c, the high-
quality film was also examined under atomic force microscopy
(AFM).

Very interestingly, the inerratic allied needle-like micro-
crystals are periodically grown in situ on the ITO-coated
substrate without any visible pinholes. The crystal domain
growth tends to form an allied one-dimensional (1D) needle-
like morphology during the drop fabrication method from
solution. Such self-assembled ability can be attributed to the
intrinsic parallel 1D hydrogen bonding effect along the [001]-
direction as shown in Figure S1 (Supporting Information). The
results of out-of-plane X-ray diffraction (XRD) measurement
have also proved such a crystal domain arrangement. As shown
in Figure 2d, the major out-of-plane diffractions of the thin film
of 1 are (110), (020), (200), and (130), demonstrating that the

Figure 1. Relationship between the ferroelectric phase unit cell (black
line) and the paraelectric phase unit cell (blue line) of 1. Hydrogen
atoms bonded to C atoms were omitted for clarity. The polarization
direction (red arrow, [010]-direction) in the ferroelectric phase unit
cell coincides with the [110]-direction of its paraelectric phase unit
cell.

Figure 2. (a, b) Optical microscope (OM) photographs of a solid film
of 1, under orthogonally polarized light (scale bar: 20 μm). (c) The
AFM image of the thin-film surface. (d) X-ray diffraction (XRD)
pattern for the thin film of 1 deposited on ITO-glass and its
comparison with that of the theoretically simulated counterpart.
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[001]-directional hydrogen bond chain lies in the plane of the
substrate. The homogeneous light intensity under orthogonally
polarized light indicates that this large-area thin film (mm2

level) adopts the same crystal orientation (Figure S2,
Supporting Information). Also, the average film thickness of
1.0 μm was revealed by a man-made gap on the film (Figure S3,
Supporting Information).
On the basis of the high-quality thin film of 1 which has the

preferred orientation, polarization switching was successfully
achieved at room temperature by using macroscopic polar-
ization versus external voltage hysteresis loop measurements.
Specifically, a drop of liquid GaIn eutectic was used
directionally as the top electrode, so the hysteresis loop
measurements were conducted with the capacitor architecture
of GaIn/[Hdabco]BF4/ITO under the standard Sawyer−
Tower circuit (Premier II Ferroeclectric Tester, Radiant
Technologies). Rectangular P−E hysteresis loops are well-
presented in Figure 3, affording indispensable proof of the

excellent ferroelectricity in 1 at room temperature. With the
benefit from the desired capacitor thickness, the polarization
can be switched under a moderate Vc (10−20 V) with different
ac (alternating current) frequencies. Meanwhile, the thin film of
1 also displays a considerable Pr (remnant polarization) value of
4.9 μC/cm2 even with a great increase of the driving frequency,
which approaches the reported value of the single-crystal
sample and exceeds those of MBI and [Hdabco]ClO4 thin
films. In addition, asymmetry with a slightly positive shift of Ec
was also observed on this asymmetric GaIn/[Hdabco]BF4/ITO
capacitor, which can be reduced by decreasing the driving ac
frequency. As depicted in Figure 3, with a fixed external electric
voltage amplitude (60 V), the asymmetry can be greatly
restored from 20 to 1 kHz. Also, with the decrease of the
driving ac frequency from 20 kHz to 1 kHz, Ec decreases from
230 to 140 kV/cm, the reason for which is discussed in the
Supporting Information. When the liquid electrode of GaIn
eutectic was replaced with sputtered Au, the perfect ferro-
electric hysteresis loops can also be obtained (the results are
shown in Figure S4, Supporting Information). Above all, the
most important and attractive characteristic of the thin film of 1
is the surprisingly ultrafast polarization switching that can be
attained even at the really high frequency of 20 kHz. To our
knowledge, it was first observed in molecular ferroelectric thin

films, which will play a valuable role in the development of
high-speed FeRAM devices.
For the sake of further investigating the microscopic

ferroelectric polarization, we carried out density functional
calculations based on the Berry phase method developed by
Kingsmith and Vanderbilt.12 The first-principles calculations
were performed within the framework of density functional
theory (DFT) implemented in the Vienna ab initio Simulation
Package (VASP).13 The energy cutoff for the expansion of the
wave functions was fixed at 500 eV, and the exchange−
correlation interactions were treated within the generalized
gradient approximation of the Perdew−Burke−Ernzerhof
type.14 For the integrations over the k-space, we applied a 3
× 3 × 5 k-point mesh. The crystal structure at 156 K15 was used
as the original model for evaluating the ferroelectric polar-
ization. In the model, atoms were allowed to relax until the
atomic forces on each atom are smaller than 0.01 eV/Å, on
which basis the evolution of spontaneous polarization from the
centrosymmetric structure (λ = 0) to the optimized polar
structure (λ = 1) was calculated (Figure 4). The theoretically

predicted polarization of about 6.38 μC/cm2 is slightly larger
than the value (5.11 μC/cm2) obtained by the point charge
model analysis (Table S1, Supporting Information), and is close
to the experimental Pr value.
Ferroelectric properties are well-known to depend signifi-

cantly on the microscopic domain structure and domain
dynamics, which are thus essential for the practical applications.
In this respect, piezoresponse force microscopy (PFM) has
emerged as a powerful tool for the characterizations of
ferroelectric materials at the nanometer scale, by providing
nondestructive visualization of the statics and dynamics of
ferroelectric domains with unprecedented spatial resolution.16

Each PFM image can be characterized by the amplitude and
phase parameters that concern the value of the piezoelectric
coefficient and the orientation of the domain polarization,
respectively. The as-grown domain structure of the thin film of
1 is mainly dominated by the large-area single-domain state, as
displayed by the uniform phase signal achieved from the three
random regions (Figure S5, Supporting Information). When
the sample temperature is increased to above Tc and then
decreased to room temperature, the domain structure in the
annealed state is strikingly different from that in the as-grown
state. Figure S6 (Supporting Information) presents the images
constructed by vertical PFM amplitude and phase in the

Figure 3. Room-temperature ferroelectric hysteresis loops of the thin
film of 1 with ∼1.0 μm thickness at different ac frequencies.

Figure 4. Polarization of 1 as a function of λ evaluated by Berry phase
calculation.
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annealed state, which reveal the typical stripe domain structure
and superimposed irregular domain pattern.
For a depiction of the distinct polarization directions of the

four types of domains in the annealed state, the vertical and
lateral PFM (VPFM and LPFM) images have been acquired
and analyzed in a smaller area of 2 μm × 2 μm. As shown in
Figure 5, notably, the striking 180° phase contrasts in the phase

images and the nearly equal amplitude signals in the amplitude
images can be found on the two sides of the irregular domain
wall, indicating a 180° domain wall. Meanwhile, with respect to
the two kinds of stripe domains, both the same phase contrasts
and the different amplitude signals observed in the two PFM
modes are indicative of their different and nonantiparallel
polarization directions. Hence, the domain walls separated by
the stripe domains should be defined as the non-180° ones, like
that found in BiFeO3 (BFO).17 These results unambiguously
confirm the coexistence of 180° and non-180° domain walls in
the thin film of 1.
More importantly, in view of the amplitude signals and phase

contrasts in the two PFM modes, we can roughly estimate the
polarization directions in the four kinds of domains at the plane
constructed by the vertical and horizontal directions of the film
surface. To be specific, the phase contrasts in two different
components decide the corresponding directions, while one

contrast is randomly designated as a certain direction and
another contrast as its antiparallel direction (Figure 5e). Then,
the magnitude of the vector is determined by averaging the
PFM amplitude value. With a combination of the polarization
vectors in the vertical and lateral directions, the polarization
directions of domains at this plane can consequently be
estimated. As shown in Figure 5f, the 180° and non-180°(which
deviates slightly from 90°, since these polarization directions
are only composed by two components) angles between the
polarization directions agree with the above estimation of
polarization directions by the crystal structures in two phases
and manifest the existence of two polar axes. Moreover, it can
be seen that the polarization directions in two domains have a
relatively large component perpendicular to the substrate, while
another two have a small component. Due to the multiaxial
characteristic, the direction with the small component can be
switched to the one with a large component, thus guaranteeing
the high performance in the thin-film form. This phenomenon
can somewhat explain the high Pr value of the thin film of 1,
which is close to that of the single-crystal sample.
In addition to the above-mentioned P−E hysteresis loops,

the evolution of domain structure during polarization switching
is also a chief subject for characterizing ferroelectric thin films.
Hence, we carried out local polarization manipulation experi-
ments in the thin films of 1 with different thicknesses. Figure
6a−c shows the VPFM phase images of 2, 1, and 0.6 μm thick
films after writing box-in-box patterns with reversed dc bias in
the center. Clear and successive reversals of phase contrasts

Figure 5. (a−d) VPFM and LPFM phase and amplitude images in the
thin film of 1. (e) A schematic geometry of polarization directions in
the four kinds of domains at the plane constructed by the vertical and
horizontal directions of the film surface, deduced from the amplitude
signals and phase contrasts in two PFM modes. (f) The four
polarization directions of the film relative to the film surface.

Figure 6. Ferroelectric polarization switching by PFM for the thin
films of 1 with different thicknesses. (a−c) The VPFM phase images
for 2 μm (a), 1 μm (b), and 0.6 μm (c) thick films with written box-in-
box patterns under reversed dc bias. Scale bar, 5 μm. (d−f) The VPFM
phase and amplitude hysteresis loops measured during the switching
processes for 2 μm (d), 1 μm (e), and 0.6 μm (f) thick films.
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(∼180°) appear, indicating that the polarizations in these thin
films can be switched forth and back. In Figure S7 (Supporting
Information) and its caption, we take a 0.6 μm thick film as an
example to detail the entire switching process, which offers the
direct observation of domain switching at the low writing
voltage down to 10 V. The switched domains can remain
perfectly stable for more than 10 h (Figure S7d), and thus, the
possible contribution of PFM signal from the electrochemical
phenomena is excluded.18 Furthermore, during the switching of
ferroelectric domains, there are no obvious traces of
deformation in the corresponding surface morphologies. All
of these observations provide direct evidence that the domains
in the thin film of 1 are switchable under a low external field,
being characteristic of a ferroelectric material. It is based on the
polarization switching of ferroelectric domains that information
can be written in the thin film of 1 and affords it potential
FeRAMs applications.
Local PFM spectroscopic experiments have also been

performed to further verify the ferroelectric characteristics of
the thin film of 1. Under the resonance-enhanced PFM mode,
the characteristic hysteresis and butterfly loops typical for the
switching of ferroelectric domains were clearly observed by
applying an ac electric field superimposed on a dc triangular
square-stepping wave (Figure 6d−f). By averaging the minima
of the amplitude hysteresis loops, we can estimate that the local
coercive voltage (Vc) values for 2, 1, and 0.6 μm thick films are
16.8, 12.7, and 8.5 V, respectively. It is obvious that the Vc

depends strongly on the sample thickness. Therefore, we tried
to fabricate a 150 nm thick film, and found that the Vc can be
reduced down to 4.2 V (Figure S8, Supporting Information).
The dependence of Vc on film thickness (d) is depicted in
Figure S9 (Supporting Information), which is in good
agreement with the semiempirical scaling law derived by Kay
and Dunn, i.e., Vc = bd1/3.1c,19 Such a low operating voltage,
together with the high Pr and the ultrafast polarization
switching, will be very desirable for FeRAM devices.

■ CONCLUSION

The large-area continuous thin film of 1, which displays good
crystallinity and preferable crystal orientation, was fabricated by
a simple and effective solution method. The 1D needle-like
morphology of the thin film is attributed to the intrinsic parallel
1D hydrogen bonding effect along the [001]-direction.
Benefiting from the presence of two ferroelectric axes and
preferable crystal orientation, the molecular ferroelectric thin
film of 1 maintains a high Pr of 4.9 μC/cm

2. This value is close
to those of the single-crystal sample and the calculated values
based on the Berry phase calculation and the point charge
model analysis. In addition, from the P−E hysteresis loops
measured on the thin-film samples, the most wonderful results
concern the extremely low Vc of about 10 V and the ultrafast
polarization switching at a relatively high frequency of 20 kHz.
By using the PFM technique, it is the coexistence of 180° and
non-180° domain walls, the presence of two polar axes, and the
switchable ferroelectric domains under an external voltage as
low as 4.2 V that are also fully demonstrated. In summary, this
example of molecular ferroelectric thin film with so many
merits is presented for the first time. It satisfies the essential
criteria of practical FeRAMs, and will inject new vitality to the
field of molecular ferroelectric thin films.

■ EXPERIMENTAL SECTION
Materials. All reagents and solvents in the syntheses were of

reagent grade and used without further purification. 1 was prepared by
slow evaporation of the ethanol solution of dabco and HBF4 in a 1:1
molar ratio.

Thin-Film Fabrication and P−E Measurements. Ferroelectric
thin films of 1 were grown by means of the conventional drop-casting
and spin-coating methods. The detailed process is described as follows.
First, commercial quadrate ITO (indium tin oxide)-coated glass
substrate (a = 15 mm) was ultrasonically cleaned sequentially with
toluene, acetone, ethanol, and deionized water for 20 min at a time.
Next, the substrate was treated under UV-Oz1 atm (65 °C, 30 min)
for the generation of a hydrophilic surface. After that, a simple
chemical solution process was employed to fabricate the film. The
powder sample of 1 was dissolved in deionized water to form a
homogeneous precursor solution. Then, a drop of solution was
carefully spread on the freshly cleaned ITO-coated glass (conductive
ITO was used as the bottom electrode). With controlled substrate
temperature (50 ± 1 °C) and edge-pinned-crystallization, large-area
dendritic crystals were in situ grown on the ITO-coated glass with a
perfectly uniform coverage rate. The film thickness was measured with
a man-made gap using AFM. For the films with different thicknesses,
precursor solutions with different concentrations (100, 50, and 10 mg/
mL) were applied for the drop-casting process. The specific
relationship between the film thickness and the concentration of
aqueous solution for the drop-casting method is presented in Figure
S10 (Supporting Information). After that, the top electrodes were
directly selected as liquid GaIn eutectic or fabricated through
sputtering gold target with a metal shadow mask (Φ = 0.2−1 mm).
Gold sputtering was conducted within 10 cycles with a period time of
60 s. Next, the P−E measurements were performed on a probe station
equipped with a Precision Premier II Ferroelectric Tester (Radiant
Technologies), and typical ac voltage with a triangular wave was
applied at different frequencies.

For the 150 nm film, a typical spin-coating process (6000 rpm, 60 s)
was employed with the precursor methanol solution containing
[Hdabco]BF4 (10 mg/mL). During the spin-coating, microcrystals
were grown in situ on the ITO-coated glass. A low-temperature
annealing process (35 °C, 30 min) was carried out to remove any
residual solvents. The uniformity and continuity are worse for these
samples than for the drop-casting film based on aqueous solution
(Figure S11, Supporting Information).

PFM Measurements. Thin films were used for the PFM
measurements. Nanoscale polarization imaging and local switching
spectroscopy were carried out using a resonant-enhanced piezores-
ponse force microscopy (MFP-3D, Asylum Research). Conductive Pt/
Ir-coated silicon probes (EFM-50, Nanoworld) were used for domain
imaging and polarization switching studies. Resonant-enhanced PFM
mode was applied to enhance the signal, with a typical ac voltage of 2.0
V at ∼360 kHz.
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