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Bottom-up preparation of ferroelectric poly(vinylidene fluoride) (PVDF) was
succeeded at nanometer-precision for developing memory devices including resistive nonvolatile
memories and spin-valves, etc. First, ferroelectric PVDF/semiconductive polythiophene hybrid
monolayers were successfully fabricated at varying blend ratios from the Langmuir-Blodgett method.
The PVDF matrix in the hybrid nanosheets contains almost 100% ferroelectric phase. Ferroelectric
non-volatile memories were realized owing to the ferroelectricity-manipulated resistive switching.
On the other hand, the PVDF LB nanosheets were applied as insulator tunnel layer in spin valves of
Co/PVDF/Fe304. 1t is noteworthy that the magnetoresistance (MR) effect was even observed at 300 K
with a MR ratio exceeding 2.5%, which is achieved for the first time in such organic devices.
Therefore, the ferroelectric PVDF hybrid nanosheets are promising candidates for various organic
electronics with outstanding performance.
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Recently, tremendous efforts have been
dedicated toward organic resistive switches
based on phase-separated
ferroelectric-semiconductor ~ blends  on
account of the tunable injection barrier. The
reversible  built-in  field caused by
ferroelectric polarization will provide a new
strategy to precisely adjust charge transfer
and accumulation properties of the electronic
devices, thereby leading to generation of
novel functionalities or enhanced
performance (K. Asadi, et al, Nat. Mater., 7,
547 (2008); K. Asadi, et al, Adv. Funct.
Mater. 19, 3173, (2009).)

It has been determined that the
nanoscale morphology of a phase-separated
blend of the two polymers is critical in
device performance, requiring a strong
ferroelectric  matrix  and  optimized
semi-conductive crystal domains with sizes
smaller than 50 nm. However, traditional
methods such as spin coating method cannot
achieve fine control of nanoscale separation
structures and film thickness.

I have successfully utilized a bottom-up
Langmuir-Blodgett method to prepare
ferroelectric poly(vinylidene fluoride)
(PVDF) nanosheets (Macromolecules, 45,
9076, (2012); Soft Matter, 11, 1962 (2015)).

Surprisingly, outstanding results were
achieved over the traditional top-down
methods (e. g. spin-coating): 1). smooth

surface morphologies and regular layer
structures (2.3 nm per layer) without
substrate selectivity; 2). spontaneous and
ultrahigh ferroelectric f crystal content
(approximately 100 %) with no complicated
post-treatments; and 3) enhanced
ferroelectricity with the highest ferroelectric
polarization for nano-scale films without any
electrical poling and long endurance owing to
the high orientation of f crystals (J. Mater.
Chem. C, 2, 6727, (2014)). To extend their
applications, the PVDF LB nanofilms were
developed and applied as a platform and
matrix to combine with other functional
materials, like organic functional materials or
inorganic nanoparticles for various organic
electronics during the period of this project.

First, developing a bottom-up construction of
ferroelectric polymer/functional
semi-conductive polymers hybrid nanofilms
(nano-building-blocks) was carried out
through in situ mixing at the air-water
interface or by alternatively deposition of

semi-conductive polymer monolayers and the
aforementioned PVDF monolayers.

Second, through optimizing the
synergistic effect of spreading solvent and
air-water  interface, the  simultaneous
formation of PVDF nano-scale matrix
owning the complete ferroelectric phase, and
the ultrafine semi-conductive  polymer
domains e.g. regio-regular
poly(3-carboxy-pentyl-thiophene) (P3CPenT)
with regular crystal structures were pursued.
From another viewpoint, the preparation
method afforded much information to
modulating the nanostructures of polymer
nano-blends because of the molecular-level
adjustment.

Then, the polymer hybrid
nano-building-blocks are promisingly applied
in flexible electronics including resistive
switching nonvolatile memories (RSNMs).
Through film thickness control, the
ferroelectricity manipulation of charge
charrier and recombination in such devices
were systematized and optimized, thereby
leading to a theoretical system for the
application of polymer LB films in various
devices possessing ferroelectricity-modulated
properties.

First, the optimum fabrication condition
was found at different sub-phase temperature
and mixing ratio of PVDF to P3CPenT by
Langmuir-Blodgett technique. Then,
characterization of film properties was
conducted using XRD, SEM, AFM, etc.
Electronic devices were fabricated using a
simple sandwich construction of
electrode/PVDF hybrid nanosheets/electrode.
The device performance was investigated in
details using Kelvin force microscopy (KFM),
Sawyer-Tower method and so on. Spin valves
and energy generators were also exploited for
new applications of such PVDF hybrid LB
nanofilms.

(1) Preparation and characterization of
PVDF/P3CPenT hybrid nanosheets using
Langmuir-Blodgett method

Ferroelectric PVDF/semiconductive
polythiophene (P3CPenT) hybrid
monolayer building-blocks were
developed at varying blend ratios using
LB technique at 20 °C (Scheme 1 and Fig.
1). The multilayered hybrid nanosheets
show much improved surface roughness



even at 9:1 ratio of PVDF to P3CPenT
which is more applicable for electronics
applications than spin-cast films. Because
of the precisely controllable bottom-up
construction, semiconductive polymer
domains were modulated from
nanoparticles to nanofiber structures by
increasing the content of P3CPenT into
the ferroelectric matrix. Moreover, the
ferroelectric matrix contains almost 100%
B crystals: a polar crystal phase
responsible for ferroelectricity of PVDF.
[RSC Advances, 2018, 8, 7963-7968.]
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Scheme 1 Chemical structures of PVDF and
P3CPenT.
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Fig.1 PVDF/P3CPenT hybrid LB nanofilms
on silicon and PET substrates.

(2) Development of organic ferroelectric
non-volatile memories and their performance

Ferroelectric  nonvolatile  memories
based on the hybrid nanosheets were
demonstrated with  resistive  switching

properties along with the reversal of
ferroelectric polarization direction (Fig. 2).
The ON/OFF ratio values and retention time
are superior to most of the previously
reported values, indicative of a great potential
for application of such hybrid nanosheets to
flexible electronics. The devices show
reversible switching over many cycles up to
1000 cycles in spite of a little linear decrease
of ON-current and increase of OFF-current as
a function of cycle numbers, which is
consistent with the reported values. The
retention of current density was demonstrated
with consistent current density at the ON
state up to 4 days and the OFF state up to 30
days. A slight degradation of current density
at the ON state was observed after 4 days,
which might be ascribed to the interfacial

charge induced depolarization of ferroelectric
domains.
[RSC Advances, 2018, 8, 7963-7968.]
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Fig. 2 (a) Schematic illustration of a ferroelectric
non-volatile memory and its operation process,
(b) the cross-sectional SEM image of the device

and (c) the read-out current at opposite
polarization direction of the ferroelectric PVDF.

(3) Development of organic spin-valves and
their performance

Ferroelectric  poly(vinylidene fluoride)
(PVDF) nanofilms have been fabricated by
the Langmuir—Blodgett technique, possessing
mainly ferroelectric active phase and
controllable film thickness by 2.3 nm per
layer. Atomic force microscopy technique
and Fourier transform infrared spectroscopy
were utilized to characterize the film
properties. Importantly, the PVDF films
could act as the barrier layer to prepare spin
transport devices using Fe;O4 and Co as the
bottom and top ferromagnetic electrodes,
respectively (Fig. 3a). Spin-dependent
electron transport behaviors were
systemically studied in these devices by
varying PVDF film thickness from 3 layers
(7 nm) to 13 layers (30 nm). With increasing
PVDF layer numbers, magnetoresistance
(MR) response decreases likely subjecting to
the change of spin transport from the
tunneling to hopping transport. The
investigated MR effect was dependent on
operation temperatures (150 K, 200 K, 250 K
and 300 K). It is noteworthy that the MR
effect was even observed at 300 K with a MR
ratio exceeding 2.5%, which is achieved for
the first time in such organic devices (Fig.
3b). The device performance could be further
improved at the lower operation temperatures.
MR ratios, device resistances and electron
transport mechanisms in the present devices
were also discussed to analyze the spin
transport behaviors. The results indicate that



the ferroelectric PVDF nanofilms are
promising candidates for spin devices
operated at room temperature, thereby

shedding light on the design of organic
ferroelectric  spintronics with a higher
performance.

[Journal of Materials Chemistry C, 2017, 5,
5055-5062.]
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Fig. 3 (a). Schematic illustration of the
ferroelectric spin valve with a sandwich device
structure of Fe;O4/PVDF LB/Co and (b)
Magnetoresistance curves for spin valve device
with 3-layer PVDF measured at 300 K (red line)
and 150 K (black line).

(4) Development of flexible energy
generators based on PVDF/P3CPenT hybrid
LB nanosheets

Flexible energy generators were
fabricated based on PVDF/P3CPenT hybrid
LB nanosheets which was deposited onto
ITO/PET substrates (Figs. 1a and b). The top
electrode was conductive PEDOT-PSS. The
device showed smart response to the external
finger press which generated different
voltage signal at millivolt scale for slight
press and heavy press (Fig. 4c).
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Fig. 4 (a) Flexible energy generator based on
PVDF/P3CPenT hybrid LB, (b) the real device

and (c) voltage curve vs finger press.
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