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Ferroelectric B-phase crystals of a polyvinylidene fluoride (PVDF) polymer grown or deposited on a
graphene channel of a field effect transistor would induce various degrees of electrostatic doping (i.e.,
various amounts of charge carriers) into graphene and in turn ON/OFF switching of the device, only if
the electric field applied at the gate can reorient its polarization (i.e., the well-aligned F-to-H dipole
moments perpendicular to the all-trans polymer backbone) around the polymer backbone. To assess
the feasibility of achieving a B-PVDF/graphene ferroelectric field effect transistor or memory device, we
mimic (1) the electric-field-controlled PVDF polarization reversal (with density functional theory
calculations and molecular dynamics simulations) and (2) the conductance switching of B-PVDF/
graphene by PVDF reorientations (F-, H- and FH-down) representing a cycle of gate-voltage sweep
(with density functional theory combined with non-equilibrium Green’s function formalism). The low
energy barrier of the collective synchronous PVDF chain rotation around the backbone (0.22 eV per
monomer) and the high electric field required to initiate the chain rotation (16 V nm~Y) are compatible
with the domain nucleation-growth theory and would support the polarization-induced resistance
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Introduction

Graphene with high carrier mobility can replace the current
silicon-based electronic materials," but doping is necessary due
to the high resistance of undoped graphene near the Dirac
point.>? Applying electric (E) field to shift the Fermi energy
from the Dirac point can be a non-destructive way of doping
(Fig. 1a)*"° since the mobility is high even under high E-fields.>
However, retaining such doped states requires continuous E-
field application and thus high-energy consumption.® Alterna-
tively, ions”® or polarized dipoles of a ferroelectric layer can
dope graphene even under zero E-field (Fig. 1b). Low-power-
consuming post-silicon electronic devices such as synapse-
mimicking field-effect transistors,®”*™"” memories,"®* >’ and
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part of two MD simulations performed at two different E-field strengths (1.7 and

1.6 GV m ') above and below the critical E-field (E.) of 1.64 GV m ™, respectively.

Only the one performed at 1.7 GV m ™" above E. shows polarization reversal (see
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switching mechanism if the PVDF film is ultrathin and partially amorphous.

electrodes™?'>* have been realized by such electrostatic doping
of graphene (or other semiconducting channels) with ferro-
electric layers.>*® Polyvinylidene fluoride (PVDF; [C,F,H,], and
its copolymers, Fig. 1c) is a ferroelectric polymer that is the
most widely used as such a gate dielectric layer.>*”*” PVDF
shows lower remnant polarizations than its inorganic counter-
parts such as lead zirconate titanate (PZT; PbZr;_,Ti,0;)"*?®
but has various merits such as low crystallization
temperature,”®*° flexibility,> non-toxicity, and low concen-
tration of surface charge traps.*” Among its various poly-
morphs, the B-phase crystal has the maximum spontaneous
polarization,*® which originates from the well-aligned F-to-H
dipole moments across the all-trans C backbone (Fig. 1c). Such
a polarization can shift the Fermi energy of graphene with
respect to the Dirac point and in turn adjust the electrostatic
doping level® (Fig. 1a) and the ON/OFF (or low/high-resistance)
states of the graphene channel.

Our previous molecular dynamics (MD) simulations and
density functional theory (DFT) calculations®?® have
mimicked in silico the amorphous-to-f-phase PVDF crystal-
lization induced by shear stress (spin coating) and the shift of
the electronic energy levels (i.e., DOS) and the doping of
graphene induced at three major polarization orientations
(F-down, H-down, and FH-down) of the B-PVDF layer (Fig. 1).
Indeed, the F- and H-down orientations induce oppositely
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Fig. 1 (a) Partial density of states (DOS) of graphene and the Fermi levels
of (b) B-PVDF/graphene interface models built in three major configura-
tions, i.e., F-down and H-down configurations built with a 5-layer (110)
slab and the FH-down configuration built with a 5-layer (100) slab, which
are cut from (c) the B-PVDF crystal [H (black), C (grey), and F (green)]. The
(110) and (100) planes (top and bottom in c; orange), the polarization
(dipole moment) directions (red-to-blue arrows in b and ¢), and the layer-
by-layer (O = graphene; 1-5 = PVDF) Bader charges (red, grey, and blue
curves in (b); see Methods and models below) are shown together.
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Such a bi-stable switching operation would be possible only
if the polarization reorientation or reversal is controlled by E-
fields applied on the f-PVDF/graphene device during the gate
voltage sweeps. However, the polarization reversal itself (i.e.,
PVDF chain rotation around its backbone) has not been
observed nor simulated at the molecular level. Most of the
theoretical studies focus on the energy barrier of chain
rotation®®?” rather than E-field-induced spontaneous rotation.
There have been only a few studies on the polarization switch-
ing dynamics of PVDF chains under E-fields.*®*° The specu-
lated mechanism that the initial rate-determining step (nucleus
generation) is followed by the prompt domain propagation or
growth®® has been borrowed from the mechanism for its
inorganic counterparts.**™*?

Therefore, herein we mimic in silico the E-field-controlled
PVDF polarization reversal (chain rotation) by MD simulations
at various E-field strengths. Above a critical E-field strength, we
find that a seed or a nucleus generated in the initial stage leads
very fast to a complete polarization reversal. The energy barrier
for the initial nucleation is estimated. The energy barrier for
collective synchronous rotations of PVDF is also calculated
using the climbing-image-nudged-elastic-band (CI-NEB) DFT
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method.**** Our estimations are compatible with the domain
nucleation-growth mechanism. Then, the charge transport
through graphene doped with the three major polarization
orientations (F-, H- and FH-down) of B-PVDF is calculated by
DFT combined with a non-equilibrium Green’s function theory
(NEGF) to mimic the ON/OFF (low/high resistance) switching in
the polarization hysteresis loop.

Methods and models
CI-NEB DFT (PVDF bulk unit cell)

It is known that, once formed via spin coating and poling, the 3
phase is retained.*® We thus focus on the B-phase PVDF. First,
the energy barrier of the chain rotation about the backbone
aligned in the z axis is estimated by the CI-NEB DFT calculation
on the smallest unit cell of the B-PVDF crystal, which contains
two polymer chains per unit cell and a single monomer unit
(C,F,H, or a single dipole moment) in the z direction (Fig. 1c).
The chain rotation is represented by a series of 11 intermediate
states (i.e., images) between the initial state with the fully
relaxed B-PVDF (8.31 x 4.67 x 2.58 A%, 7% error from the
experimental structure®®) and the final state where both
chains are rotated by 180°. They are generated by rotating
both chains together by 15° while conserving the intrachain
geometries (bonds, angles, and torsions). At each state, a plane-
wave spin-unpolarized DFT calculation is carried out
using the Perdew-Burke-Ernzerhof (PBE) functional’’*® and
the previously-validated®**® D3 dispersion correction of
Grimme®® implemented in the VASP.”" The core electrons are
replaced by the projector-augmented-wave pseudo-potentials,
while the valence electrons are represented by plane-waves with
kinetic energies up to 600 eV. A Monkhorst-Pack k-point mesh
of 3 x 6 x 12 is used for the Brillouin zone sampling. The
convergence criterion is 1 x 10~° eV for the electronic structure
and 1 x 10~ * eV for full relaxation of atomic positions until the
Hellmann-Feynman forces converge to less than 0.01 eV A%,

MD with E-field (PVDF bulk supercell)

To grasp the early-stage response of the B-phase PVDF to E-
field, which has been elusive experimentally, we carry out MD
simulations on larger-scale models of the B-PVDF crystal under
various strengths of E-fields. The B-phase PVDF crystal is
represented by its 3 x 9 x n supercells (1 < n < 12). These
12 supercells gradually expanded in the chain-axis direction
([001] or z) are employed to confirm the convergence with the
chain length in a unit cell. The lattice parameters of the largest
3888-atom 648-monomer-unit supercell considered (n = 12) are
2.61 x 4.18 x 2.99 nm®. The E-field is applied along the [010] or
y direction opposite to the initial polarization direction (ie.,
perpendicular to the polymer backbone) with its strength
increased from 10 to 20 GV m™* (=V nm™ ') by an increment
of 0.2 GV m™' to determine the critical E-field (E.) or the
minimum E-field required for any chain flip. Stronger E-fields
than those used in previous studies® are used to accelerate the
process.>>™>> At each E-field, the supercell is equilibrated at
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298 K for 1 ns by NVT MD simulation with the Nose-Hoover
thermostat®® implemented in the Materials Studio (BIOVIA).
We use the MSXX force field of Karasawa and Goddard III,>”
which has been validated in our previous studies.***> The
applied E-field (E) exerts additional force (F = g E) on each
atom, which is proportional to the atom charge (¢; Cy —0.54,
H 0.18, Cp 0.70, and F —0.26 |e|),’” and rotates the dipole
moments of PVDF chains to align parallel to the E-field. The
rotation energy barrier per C,H,F, monomer unit is given as
the critical E-field E. (V m™") multiplied by the average dipole
moment x (C m) per monomer unit.

NEGF DFT (B-PVDF/graphene)

To prepare the B-PVDF/graphene interface models, the hexagonal
unit cell of single-layer graphene is first redefined to an orthor-
hombic unit cell. Then, the B-phase crystal of PVDF is cleaved along
the (110) direction into 5-layer F-down and H-down PVDF films and
along the (100) direction into a 5-layer FH-down PVDF film (Fig. 1c).
A vacuum slab of 15 A in the y direction is inserted on top of these
B-PVDF/graphene composites composed of 34 atoms (four C atoms
of graphene and five C,F,H, units, Fig. 1b). To resolve lattice
mismatch between graphene and -PVDF in the x direction, the
interchain distance is adjusted by —12% and 3.7% in the (110) and
(100) films, respectively. The optimum interlayer distance in the y
direction between graphene and the bottommost atoms of H-down,
F-down, and FH-down PVDF is determined to be 2.4, 2.9, and 3.1 A,
respectively, from a series of single-point energy calculations
at different distances followed by atom-position relaxations
around the minimum-energy distance (Fig. 2a). The 9 x 1 x 15
and 27 x 1 x 45 Monkhorst-Pack k-point meshes are used for
geometry optimization and for DOS and Bader atom charge®®
analyses (Fig. 1), respectively.

The 8 x 1 x 1 supercells of these optimized structures are
used as models for two-probe B-PVDF/graphene devices
composed of left and right electrodes and the central region
(Fig. 2b). The quantum transport (i.e., tunnelling current I)
through the graphene doped with PVDF chains in each polar-
ization orientation is calculated at each bias voltage (V) applied
to the two electrodes with the DFT-NEGF formalism, the PBE
functional, and the localized double-{ polarized (DZP) basis set
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Fig. 2 (a) Total energy (eV) per 34-atom unit cell of three B-PVDF/
graphene models (H-down, F-down, and FH-down; Fig. 1b) and their
minimum-energy heights from graphene to the bottommost atoms of
PVDF. (b) The 8 x 1 x 1 supercell of the optimized model (F-down as an
example) built as a two-probe device model to calculate tunnelling
currents (/) through graphene doped with PVDF at bias voltages (V) applied
to the two electrodes.
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implemented in the QuantumATK code.®'** The external bias
voltage V is increased from 0 to 0.2 V by 0.025 V. The mesh cut-
off energy for real space grid density is 150 Ry. The k-points of
20 x 1 x 40 and 2 x 1 x 40 are used for each electrode and the
central region, respectively, for the self-consistent field cycles.
The current I at each Vis estimated by integrating the transmis-
sion T(E,V) over the bias window of E between —eV/2 and eV/2
using the Landauer-Biittiker formula,®

1= Go| T(E V)IA(E = )~ (E ) dE

where f(E) is the Fermi distribution function of the electrode,
i) is the chemical potential of the left (right) electrode (u;, —
g = €V), and G, is the conductance quantum (= 2e* h™*). The
transmission 7(E,V) is obtained by integrating 1000 k points
perpendicular to the transport direction (x) after a convergence
test over the number of k points.

Results and discussion
CI-NEB DFT (energy barrier for collective rotation)

Fig. 3 shows that, due to the crystal symmetry, only one sixth of
the considered images, 0° (the equilibrium state) to 30° (the
transition state), are unique. The activation energy barrier to
climb up from 0° to 30° is calculated to be 0.44 eV per unit cell,
i.e., 0.22 eV per C,F,H, monomer (or single dipole) unit. This is
close to the value (0.16 eV per C,F,H,) previously estimated for
synchronous rotation of all the seven chains in a hexagonal
PVDF bundle.*® However, it is much lower than the barrier
(0.84 eV per C,F,H,) calculated for the rotation of the central
chain against the six other antiparallel neighbours.?® It implies
that a collective synchronous rotation of all the PVDF chains
over the entire phase is easier than an antiparallel seed
generation by a single-chain rotation. It also implies that the
initial single-molecule rotation (seed formation or domain
nucleation) is the rate determining step which requires a much
higher energy than that required for the collective synchronous
rotation (domain growth or propagation). Thus, once the initial
seed generation is realized, the collective synchronous polar-
ization reversal would follow it fast.
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Fig. 3 Energy barrier (eV) per unit cell (containing two C,F,H, monomer
units) of a collective synchronous chain rotation around the backbone in
the B-phase PVDF crystal, which is estimated by the climbing-image-
nudged-elastic-band (CI-NEB) DFT calculations.
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MD under E-field (critical E-field and nucleation energy barrier)

Then, what would be the early-stage response of the B-phase
PVDF to the E-field of a sufficient energy, i.e., the critical E-field
E.? Would it be an avalanche-type collective synchronous rota-
tion of all the PVDF chains or a single-chain rotation (domain
nucleation) followed by its propagation (domain growth)?

Irrespective of the model size n, all our simulations show
that, when the critical E-field E. is reached, a single chain of
PVDF first flips over (seed generation; Fig. 4a, red circle),
climbing over the energy barrier exerted by the neighbouring
antiparallel chains, and then the neighbouring chains flip over
subsequently and finally complete the polarization reversal
(domain growth) quickly within 3 ps, as shown in the abrupt
time evolution of the y component of polarization (Fig. 4b, red).
Thus, the polarization reversal of 3-PVDF can be described as a
seed (nucleus) formation at E. followed by an avalanche-type
domain expansion.

The E. value varies with the model size n (Fig. 4c, black
curve) but converges quickly to about 16 GV m™" (=V nm™") for
n > 12. Most of the supplied energy appears to be used for the
reversal of the first PVDF chain (nucleus formation), which has
been indeed assumed to be the rate-determining step. The
energy barrier for this first chain rotation (=E. x p) is estimated
to be 0.94 eV per C,H,F, when 7 is 9, for example, since E. is
estimated to be 16.4 V nm ™" and the average dipole moment u
is estimated to be 5.8 x 102 |e|-nm per C,H,F, (=1340 D =
4.5 x 107%” C-m = 28 |e|-nm for 486 monomer units). This
initial nucleation energy barrier also increases with the
model size n and saturates quickly to about 0.9 eV (Fig. 4c,
red curve). This energy barrier is indeed close to the energy
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Fig. 4 (a) and (b) Time evolution of a 3 x 9 x n (n = 9) supercell of the B-
phase PVDF and its total polarization (dipole moments) along each direc-
tion during MD simulations under the critical E-field (E. = 16.4 GV m™}
applied opposite to the original polarization aligned in the y direction. The
chains flipped during the nucleation and propagation of polarization
reversal are marked with red circles. Movies can be found in the ESIL.{ (c)
Nucleation energy barriers (red curve) estimated from the dipole moment
per monomer unit and the critical electric field (black curve). Both curves
converge quickly to about 16 GV m™' and about 9 eV per C,HF,
monomer unit, respectively, with the size n (1, 3, 6, 9, and 12) of the
supercell along the polymer backbone.
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barrier (0.84 eV per C,F,H,) calculated for the single-
chain rotation against antiparallel neighbours.*® This energy
barrier is also comparable with slightly lower energy barriers
(0.4-0.8 eV)**29% estimated from the domain nucleation-
growth models on PVDF and its popular copolymer trifluor-
oethylene (PVDF-TrFE), which is known to be easier to manip-
ulate than PVDF.

DFT-NEGF (I-V curve of PVDF-doped graphene)

These polarized B-PVDF layers induce p-doping (F-down) and n-
doping (H-down) of graphene (Fig. 1a) by shifting its Fermi
level from the Dirac point to a lower (F-down) or a higher (H-
down) energy level (Fig. 1b) when the polarization orientation is
perpendicular to graphene.®® In contrast, the polarization
parallel to graphene (FH-down) does not induce such a Fermi
level shift or doping (Fig. 1a and b).>* [The calculated doping
concentrations (in the unit of 10" ¢cm~?) are negligible under a
single layer of PVDF, increase with the number of PVDF layers,
but saturate quickly, i.e., 0.4, 3.9, 6.0, 7.1, and 7.4 (F-down) and
0.2, 2.7, 4.9, 5.9, and 6.1 (H-down) under one to five layers,**
justifying our B-PVDF/graphene models with only five PVDF
layers. The Fermi level shift and the doping of graphene under
other B-PVDF orientations can be described by interpolation or
superposition of these values calculated under the three major
orientations.]

As expected from the DFT calculations, different resistance
states of graphene are identified by the DFT-NEGF calculations
at different polarization orientations of B-PVDF (Fig. 5a). The
current I along the graphene channel at each source-to-drain
bias voltage Vys is slightly higher under the F-down PVDF (red)
than under the H-down PVDF (blue), i.e., It-qown/Ia-down X 1.2
(120%), due to a small difference in the doping concentration
(7.4 x 10" and 6.1 x 10" em™?) caused by the strong electro-
negativity of F (3.98 vs. 2.55 of C and 2.20 of H).** This
asymmetry is consistent with an experimental report on the
shift of the charge neutrality point under a poling bias.'® Both
currents (Zg-gown and I.qown) are much higher than the current
under the FH-down PVDF (Ixg-down, black), i.e., Ir-qown/Irm-down =
22 (2200%) and Iip.qown/Trtr.down = 19 (1900%).

The switching mechanism of the B-PVDF/graphene type
field-effect transistor is typically presented using an electric
hysteresis loop (Fig. 5b)."7>>7*%%” The minimum resistivity is
achieved by increasing the gate voltage V, in two opposite
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Fig. 5 (a) /-V curves at different polarization orientations of PVDF. (b)
Conventional resistivity hysteresis loop scheme with different polarization
orientations of PVDF.
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directions. Two low-resistance (ON) states (LRS) with the max-
imum polarizations, A (F-down) and D (H-down), are created.
The slight asymmetry (i.e., the non-unity ratio) between the
resistivities of the two oppositely saturated states (D/A ~ 1.2;
Fig. 5a) is again well depicted and confirmed experimentally:
2.5 at 20 V,*® 1.37 at +40 V,'® and ~1 at £80 V.? Since their
polarizations stay as the remnant polarizations even after the
gate is turned off for low-power operation (V; = 0 V), these two
states (Ro and R;) can be used as non-volatile switches between
low and high resistance states (LRS and HRS; Fig. 5b) despite
the extremely small switching ratio (x1.2).

In fact, the true high-resistance (OFF) states corresponding
to the FH-down configurations are B and C (Fig. 5b), which
mediate the two LRS states (A and D). The switching ratio
involving them would be much higher (e.g., C/A ~ 20 from our
DFT-NEGF calculations, Fig. 5a), and our CI-NEB DFT calcula-
tion identifies them as stable minimum-energy states (Fig. 3).
However, according to our MD simulations (Fig. 4 and Movies
S1 and S2, ESIY), the two LRS states, A and D, are converted to
each other in an avalanche-type propagation to the entire phase
above the critical E-field without stopping at the intermediate
states, B and C. We observe only a complete polarization
reversal (between A and D), instead of a controlled polarization
reorientation (between A and C). We thus envision that a small
fraction of amorphous or defective buffer regions introduced
inside the all-trans PVDF chains or between the crystalline
B-PVDF domains®””’' may decrease the strong correlation
between the all-trans PVDF chains and thus prevent (or slow
down) such an avalanche-type polarization reversal. The amor-
phous regions may be able to stabilize the intermediate zero-
polarization OFF states (true HRS) at intermediate gate voltages
in addition to the original ON (LRS) states, realizing a ferro-
electric field-effect transistor with a high ON/OFF switching
ratio. Indeed, the PVDF-TrFE copolymer with such defective
TrFE units'® and smaller crystalline domains’? is more popular
than PVDF itself.

Conclusions

E-Field is applied during a top gate voltage (V,) sweep across a
ferroelectric B-PVDF film of a B-PVDF/graphene field-effect-
transistor model device. It controls the polarization orientation
of the all-trans PVDF chains and in turn the conductance of the
graphene channel underneath. The nucleation rotation barrier
reached by the critical (i.e., minimum) E-field E, required for a
single chain rotation around its backbone is estimated to be
0.9 eV per C,F,H, monomer unit in our MD simulations. It is
much higher than the propagation rotation barrier required for
the synchronous rotation of all the PVDF chains (0.2 eV per
C,F,H, monomer unit) estimated by our CI-NEB DFT calcula-
tions. Therefore, once a single PVDF chain flips over at E. as the
initial seed formation (domain nucleation), it is followed by an
avalanche-type propagation of chain rotation and the polariza-
tion reversal is completed very fast (domain expansion). Such
behaviours and energies are compatible with the widely
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accepted domain nucleation-growth mechanism. The energetic
feasibility of polarization reorientation supports the polariz-
ation-dependent resistive switching in the B-PVDF/graphene
ferroelectric field effect transistor. However, the current
avalanche-type fast polarization reversal in the perfect f-PVDF
crystal allows only a negligible close-to-unity switching ratio
(~1.2) between two asymmetric ON states (F-down and H-
down). Utilizing all the three major polarizations (i.e., the
OFF state corresponding to FH-down or a mixture of F-down
and H-down, in addition to the F-down and H-down ON states)
would significantly enhance the switching ratio (~20). We thus
propose to slightly reduce the strong correlation between the
all-trans PVDF chains by introducing an amorphous or defec-
tive region inside the all-trans PVDF chain or between the
crystalline B-PVDF domains as in the popular PVDF-TrFE
copolymer.
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