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ABSTRACT: We report on the switching dynamics of P(VDF—
TrEE) copolymer devices and the realization of additional
substable ferroelectric states via modulation of the coupling
between polarizations and space charges. The space-charge-limited
current is revealed to be the dominant leakage mechanism in such
organic ferroelectric devices, and electrostatic interactions due to
space charges lead to the emergence of anomalous ferroelectric
loops. The reliable control of ferroelectric switching in P(VDF—
TrEE) copolymers opens doors toward engineering advanced
organic memories with tailored switching characteristics.
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I. INTRODUCTION

Reliable switching of spontaneous polarization between non-
volatile states in ferroelectric materials has enabled a flurry of
electronic and data-storage technologies."~> Propelled by the
demands from industry, devices with higher storage density,
faster writing/reading operation, and lower energy consump-
tion have been relentlessly pursued. One generally accepted
route toward higher integration densities in ferroelectric devices
is to scale down the feature size of the devices, which, however,
suffers from polarization instability correlated with escalated
depolarization field and current leakage.®™® An alternative route
that has attracted much attention recently is to multiply the
memory states of ferroelectrics via means such as deploying
ferroelectric” or multiferroic® tunneling barriers, using ferro-
electric—insulator— semiconductor heterojunctions,’’ and
engineering interfacial defects."" In a seminal work, Park et
al. realized a tristate memory in Pt/Pb(Zr,Ti)O, (PZT)/AlL,O,/
ZnO/Pt capacitors by controlling the separate charge-trappin
events at the PZT/ALO; and Al,Q,/ZnO interfaces."
Recently, Folkman et al.'* and Lee et al."’> reported on the
systematic manipulation of defects and their coupling with
polarization in BiFeOj; devices, producing multiple nonvolatile
states.

It is worth noting that the above-mentioned works were all
carried out on inorganic ferroelectric oxides. On the other
hand, organic materials like poly(vinylidene fluoride) (PVDF)
and its trifluoroethylene copolymer [P(VDF—T:EE)] can
exhibit decent ferroelectric properties, and they are promising
for applications such as transducers, field-effect transistors, and
energy storage.H_18 In addition, organic ferroelectrics are ideal
candidates for flexible electronics, and their physical properties
remain intact even after bending." It is a general consensus
that polarization switching in ferroelectric materials takes place
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through nucleation and domain growth, and defects are actively
involved in this process.”® The critical role of defects in
dictating ferroelectric properties was confirmed in not only
ceramic ferroelectrics’® but also ferroelectric polymers.”**
Thus, it is reasonable to hypothesize that engineering switching
loops can be realized in ferroelectric polymers via manipulation
of the interfacial charged species, similar to reports on the
inorganic counterparts. However, the electrical realization of
additional nonvolatile states in PVDF polymers has not been
explored so far.

In this work, we demonstrate the active control of
ferroelectric switching in P(VDF—TtEE) copolymers and the
electrostatically realized additional ferroelectric states in
hysteresis loops. The observation of intermediate ferroelectric
polarization states opens an alternative venue toward engineer-
ing the switching characteristics of organic ferroelectrics. The
complementary investigation on the leakage mechanism in such
capacitor devices revealed the important role of space charges
in the electronic processes, and we propose the field-induced
drift of space charges as the driving force in manipulating the
ferroelectric loops in the P(VDF—TrEE) polymer layers.

Il. EXPERIMENTAL PROCEDURE

To prepare the P(VDF-TtEE) (70/30 mol % VDF/TrFE) copolymer
films, P(VDF—TrFE) powders (Piezotech S.A.) were first dissolved in
diethyl carbonate, followed by passing through a poly-
(tetrafluoroethylene) filter with a pore size of 0.45 um. The solution
was then spin-coated onto Cu (100 nm)/Ti (10 nm)/Si(100)
substrates at a speed of 3000 rpm. Subsequently, the as-coated film was
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Figure 1. (a) AFM morphology image of the P(VDF—TIEE) copolymer film. (b) PFM amplitude and (c) phase images exhibiting patterned
ferroelectric domains following the successive writing of two square-shaped regions with different sizes. The initial polarization is pointing down.
Inset of part b: Plot of the piezoresponse profile along the dashed line. (d) Ferroelectric polarization at 1 kHz of the fresh capacitor device and that
after 120 days of the device fabrication. (e) f-dependent dielectric constant (left) and dielectric loss (right). Inset of part e: Device capacitance as a

function of the electric field.

annealed at 140 °C in air for 2 h to improve the crystallinity of the
ferroelectric # phase. This annealing temperature is above the bulk
paraelectric-to-ferroelectric transition temperature of ~115 °C but
below the solid-to-liquid transition temperature of ~1S5 °C. The
formation of a ferroelectric  phase was confirmed using an X-ray
diffractometer (Bruker AXS D8 DISCOVER). The surface morphol-
ogy was examined by atomic force microscopy (AFM; Veeco), and the
film thickness was determined using a surface profiler (Dektak 150).
The details of synthesis and characterization were given in a previous
report.”® For the ferroelectric measurements, the top copper electrodes
with a size of 100 X 100 gm* were prepared by thermal evaporation.
The polarization—electric field (P—E) loops were measured using a
Radiant multiferroic tester. The quasi-static switching I (V) curves
were collected using a Keithley 2635A multimeter. The piezoresponse
force microscopy (PFM) images were measured by a commercial
scanning probe microscope (MFP3D, Asylum) equipped with a lock-
in amplifier. In the PFM measurements, an alternating-current voltage
of 600 mV at a contact resonance frequency of ~320 kHz was used for
electrical modulation. In all of the measurements, the positive voltage
corresponds to a current flowing from the top electrode to the bottom
electrode, and the polarization state induced by a large positive/
negative bias is defined as down/up.

lll. RESULTS AND DISCUSSION

Figure 1a shows the AFM topography of a P(VDF—TrEE) film
with a thickness of 66 nm. The root-mean-square roughness is
2.6 nm for a scanning area of 6 X 6 um” Details on the
morphology of the films with different thicknesses are provided
in the Supporting Information, Figure S1. The ferroelectricity
was confirmed by the out-of-plane PFM images, as shown in
parts b (the amplitude image) and c (the phase image) of
Figure 1. A region of 4 X 4 ym® was first polarized with a tip
bias of —7 V, and the center region of 1.8 X 1.8 ym* was
subsequently switched with a tip bias of 6 V. Because the phase
of the as-grown film is the same as that of the center area, the
initial polarization in the P(VDF—TrEE) film is down. The
coarse boundary around the downward-pointing domain is also
in line with the scenario that the downward polarization is
more favorable. The line profile of the piezoelectric response,
shown in the inset of Figure 1b, further reveals the sharp

contrast of piezoresponse between the inner polarized square
region and the rest of the area.

As shown in Figure 1d, the as-grown P(VDF—TtEE) film
shows a well-defined P—E loop measured at 1 kHz with a
remanent polarization P, ~ 8.2 uC/cm® The characteristic
“butterfly” shape of the capacitance curve shown in the inset of
Figure le further confirms the ferroelectric switching with two
peaks corresponding to the reversal of polarization dipoles.
Figure le shows the dielectric constant and dielectric loss
measured over frequencies (f) from 100 Hz to 1 MHz. The
dielectric constant is 9.8 at 100 Hz, and it decreases with
increasing frequency, which is accompanied by increased
dielectric loss, consistent with previous reports.'” Overall, the
ferroelectric and dielectric characteristics suggest the good
quality of the device, which allows us to systematically
investigate the switching behavior of the device in the quasi-
static frequency region without any breakdown.

A close inspection of the P—E loop of the as-grown film in
Figure 1d reveals a small negative shift of ~1.5 MV/m in
coercivity. This shift increases to ~—18 MV/m after about 120
days. The horizontal negative shift of the P—E loop indicates
that the downward polarization state is preferred relative to the
upward polarization state, which is consistent with the PFM
results. Such a negative imprint effect originates from the
presence of an internal built-in electric field at the film—
electrode interface, and the imprint effect is enhanced with
time.>>***% In fact, we will show that the shape of the P—E
loops can be modulated by tailoring the coupling between the
polarization dipoles and the accumulated charges at the
interface.

The domain switching kinetics is commonly investigated by
measuring the time-dependent responses of the switchin
current after electric pulses are applied in tailored sequences.”
In the sequence shown in the inset of Figure 2a, the initial
triangular pulse with a half-period of 65 s and a peak electric
field of 115 MV/m is used to preset the sample to a full P state,
the second square pulse with an adjustable duration time
switches P to the opposite direction, and the amount of
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Figure 2. (a) Reading of the I-V curves after square-shaped switching
voltage pulses of —58 MV/m with a pulse width varying from 1 ms to
65 s. (b) Plot of the switching polarization Py, versus the pulse width
for various switching electric field E from —26 to —115 MV/m using
both the half sequence (dashed lines) and full sequence (solid lines).
The half and full sequences are illustrated in the insets of parts a and b,
respectively.

switched P (P,,,) is read finally by the third triangular pulse with
a half-period of 65 s. We named such a preset—switch—read
sequence a “half sequence”, and combining it with another half
sequence with opposite electric polarity constitutes a full
sequence (shown in the inset of Figure 2b). The main
difference between the full and half sequences is that the former
is symmetric with regard to the polarity of the applied electric
field, whereas in the latter, extra charges are introduced into the
capacitor because the switch and preset pulse processes are
usually not equivalent. Thus, with the half sequence, we expect
that the residual charges at the electrode—P(VDF—TrEE)
interface after the switching process may couple with the
terroelectric polarization and affect the subsequent switching
behavior.

Figure 2a shows the typical reading of the I—E data after
switching pulses with an electric field of —58 MV/m and
different duration times from 1 ms to 65 s were applied. The
current peak originates from the switching of the ferroelectric
dipoles, which can be calculated as P,,, = (1/A)(dt/dV) /31 dV,
where A is the area of the capacitor. With increasing width of
the voltage pulse, the switching peak in the I (V) curve
becomes wider and the peak current increases, suggesting that
more polarizations are switched from pointing-up to pointing-
down. Switching data in a full sequence (Supporting
Information, Figure S2) show that the switching is easier
under a positive electric field compared to the negative field
case. This is consistent with the negative imprint effect
observed in the P—E loop and the PFM data. Figure 2b
shows the plot of P, versus the duration of the switching pulse
at various electric fields from —26 to —115 MV/m by using
either the full (solid line) or half (dashed line) sequence. No
obvious P, was observed until ~—45 MV/m in both cases,
close to the coercive field (~56 MV/m) determined from the
P—E loop at 1 Hz. Interestingly, polarization switching is
delayed for about a half-decade when using the half sequences

compared to the full-sequence counterpart. This dependence
on the previous “pulse history” is presumably correlated with
the charge accumulation at the electrode—P(VDF—TrEE)
interfaces in the asymmetric pulse sequences, which, in turn,
couples with the ferroelectric polarizations.

The coupling between the interfacial charges and ferro-
electric polarizations was further confirmed by the I—E data and
the corresponding P—E loops. As expected, smooth I—E
(Figure 3a) and P—E (Figure 3c) curves were collected after

T
0.06(-(a) 0.06((b) _nitias
—-51 MVim
0.03| 0.031- 115 MVIm
0.00 0.00 — e L —

&

£
-0.03F <003

~
-0.06]- -0.06

/(AIm?)

AP (uClem2) |
©
AN

1 1 1 1 1
0.02 Hz
— Initial

1
8F(c) 8
- — Initial —
NE 4 —26 MV/m NE 4
9y -39 S o —-26
S —51 T:’L -39
= —64 - - —-45
o -4f —77 & Ar — 51
103 —-58
-8+ —115 -8 == — 15

1 1 1 1 1 1) 1 1 1 1 1 1
-120-80 -40 0 40 80 120 -120-80 -40 0 40 80 120
E (MV/m) E (MV/m)

Figure 3. I-V curves and the corresponding P—E loops at 0.02 Hz
after full-sequence (a and c) and half-sequence (b and d)
measurements. Peaks and steps appear in the I-V and P—E loops,
respectively, after the half-sequence measurements. Inset of part b:
Subswitching polarization AP (black squares) determined from the P—
E loop versus the magnitudes of the switching pulse applied in the half
sequence. The total switching polarizations in the half sequences (red
circles, extracted from Figure 2b) are also shown for comparison. The
nonswitching polarization has been calculated from the nonswitching I
(V) curves and removed from the P—E loops.

the full electrical pulse sequences. In contrast, after the half
sequences, additional switching peaks and correspondingly
subswitching steps appear in the I—-E (Figure 3b) and P—E
(Figure 3d) curves, respectively. The inset of Figure 3b shows
the subswitching polarization (AP, black squares), determined
from the P—E loops with reference to the maximum
polarization, as a function of the electric field applied in the
switching pulse during the half-sequence measurement.
Remarkably, the values of AP are roughly equal to the total
switching polarizations during the half-sequence measurements
(red circles, extracted from Figure 2b). For example, AP is ~0.8
uC/cm? for the case of —39 MV/m and increases to ~15 uC/
cm? for the case of —58 MV/m. Note that the P—E
measurements (Figure 3d) for each electric field were carried
out immediately after the half sequences (Figure 2b). This
behavior indicates that the switching polarization during the
half sequences will switch “normally”, while the nonswitching
polarization is more “stable” against the electric field, and the
retarded switching gives rise to the anomalous features in the
I-E and P—E data. Subswitching steps were also observed in
the positive voltage bias after opposite pulse sequences were
applied (Supporting Information, Figure S3). This flexibility
makes our electrical approach different from that previously
reported for metal—ferroelectric—semiconductor—metal
(MFSM) devices, where additional switching peaks were
observed only in one bias direction because of the asymmetry
of the device structure.””
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The mechanism of modified P—E loops with stable
subswitching steps observed in P(VDF—TtEE) devices is
rooted in the coupling between the trapped charges and
polarization dipoles, similar to the inorganic counterparts.'>"?
By controlling the amplitude of the switching electric field, we
could tune the positions of these substeps in a well-controlled
way, as indicated by the arrows in Figure 3d and the inset of
Figure 3b. From the viewpoint of applications, these substable
states, in addition to the two opposite full-polarization states,
provide an opportunity to realize multibit data storage in
individual devices.

There are a few structure-based approaches reported in the
literature toward engineering the polarization states in P(VDF—
TrEE) devices. In a recent work, multibit ferroelectric P(VDF—
TrEE) polymer capacitors were realized through modulation of
the film thickness in a thermal imprinting process.”’ In the
MFSM structures,””*® the semiconducting channel contributes
additional capacitance and affects the polarization reversal. In
this work, we took a different approach by electrically realizing
the multistate switching, which is easier to implement in device
fabrication and operation. Such a multilevel switching capacity
could be used to enhance the data storage density of
ferroelectric random access memories, where the electric
ON/OFF of the semiconductor channel is controlled by the
polarization state of the ferroelectric gate.”

Data retention and write/erase endurance are two critical
parameters and are closely related to the characteristics of the
polarization states. For the retention test, after different
retention times from 10 to 10000 s, P—E reading loops were
collected after a half sequence with an electric field of =71 MV/
m applied. As shown in Figure 4a, the position of the
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Figure 4. (a) Retention and (b) write/erase endurance of the
intermediate polarization state.

intermediate state remains the same and its width increases
with the retention time. For the endurance test, combinations
of half and full electrical sequences were applied, and the data
in Figure 4b show that no obvious degradation of the
intermediate state was observed over 50 cycles.

The nature of space-charge injection and accumulation was
elucidated by the leakage I—V measurements of the devices.
Unlike the inorganic counterparts, the transport mechanism in
P(VDF-TrEE) polymer devices has not been thoroughly
investigated so far. Figure S shows the leakage I-V curves of
P(VDF—TrEE) capacitors with organic layer thicknesses of 156
and 286 nm, respectively. In the past, several conducting
mechanisms have been proposed for ferroelectric capaci-
tors,>'™>* such as the bulk-limited Pool—Frenkel conduction
in which the current is dominated by electrons hopping among
defects,®" the Schottky emission conduction for which the
current is limited by the interface Schottky barrier,*>** and the
space-charge-limited current (SCLC) conduction, where the
current is limited by the space-charge layer formed at the
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Figure 5. Typical leakage data for films with thicknesses of 156 nm

(gray) and 286 nm (blue). The straight lines are fitting results
according to SCLC model. Inset: ] vs V curves in the linear scale.

electrode—film interface.***® These models are featured with
different equations, and fitting the I-V data to these equations
is commonly used to determine the conduction mechanism.

In our case, unreasonable values of the dielectric constant or
depletion length are obtained when Pool—Frenkel and
Schottky emission models are used for data fitting (Supporting
Information, Figure S4). On the other hand, the I-V data can
be well fitted by using the SCLC model according to the
following equation:

o v

J= gt 0
where ], ft.g € €, d, and V are the current density, effective
carrier mobility, absolute dielectric constant, relative dielectric
constant (~10, as shown in Figure 2b), thickness of the
P(VDF-T:EE) film, and applied voltage, respectively. The
fitting, as shown in Figure 5, leads to p.g = 9.0 X 107" and 2.7
X 107! m?/V's, respectively, for 156 and 286 nm P(VDF—
TrEE) films. These values are much smaller than that reported
for the PVDF polymer (~107'° m*/V:s) by the method of
radiation-induced conductivity using laser/X-ray as the
radiation source.>” Such a discrepancy has also been reported
for other polymers such as polyethylene, which may be
attributed to the different excitation conditions of the
measurement methods.>®?® Other factors such as the
crystallization and doping level may also have some effect.*®
We also estimated the free carrier density n of P(VDF—TrEE)
films through n = 6/eu, where o is the conductivity and e is the
electron charge. The values of n fall in the range of (1—4) X
10"7/cm? for the two P(VDF—T1EE) films. This value is quite
close to the density of states near the Fermi level of the PVDF
polymer, taking into account the radius of the carrier wave
function, which is on the order of 1 A™.* This consistency
underlines the validity of not only the above estimation of the
carrier mobility but also the SCLC as the transport mechanism
in the P(VDF—TrEE) devices. The good fitting to the SCLC
model suggests that the injection and accumulation of electrons
at the polymer—copper electrode interface are responsible for
the substeps in the P—E loops, as shown in Figure 3d.

To explain the subswitching behavior observed in the
P(VDF-TrFE) capacitors, we propose the model shown in
the schematic in Figure 6. It is known that an interface field (E;)
exists between the electrode and ferroelectric polymer due to
the polarization-induced screening effect, which induces the
dynamic injection and accumulation of charges (Q,) into the
polymer.*' These charges are trapped by defects such as the
grain boundaries or the crystalline/amorphous interfaces. They
couple with the adjacent ferroelectric polarizations (P) and
hinder their switching (Figure 6a). Figure 6b shows a typical
half sequence (@ to ®) applied on the devices followed by a full
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Figure 6. Schematic illustration of ferroelectric switching in a half sequence that produces anomalous switching loops in the PVDF devices. (a) At
the interface between the electrode and film, electric field E, drives partially screened charges into the polymer, and the trapped charges (Q,) at the
defect sites are coupled with the polarization (P). (b) Schematic of a half sequence (@ to ®), followed by a subsequent P—E loop scan (@ and ®).
(c—j) Corresponding domain and charge states schematically shown for the ferroelectric switching of both low- and high-switching electric field

cases.

loop test (@ to ®). The characteristics of space charges and
their coupling with polarization are dynamically modulated by
the applied electric field in the half sequences (as shown in c to
j). When the electric field is not high enough, only some of the
domains are switched (c to h). An inhomogeneous distribution
of the trapped charges could be formed during such a process
(e), leading to the intermediate states in the P—E loops (f to g).
On the other hand, these intermediate states are eliminated if
the electric field in the half sequences is strong enough to unpin
all of the domains from the coupling with the space charges (c
to i to j), and no intermediate states exist in the subsequent P—
E loops (Figure 6g). However, the situation is different in the
full-sequence measurements: the magnitudes/polarities of
electric pulses are well balanced so that the ferroelectric
domains can switch “normally” without any substable states
(Figure 3c).

It is insightful to compare the organic P(VDF—TrFE) with
the inorganic ferroelectrics such as BiFeOj; in terms of defects
and switching characteristics. In BiFeO;, the trapped charges
mainly originate from the point defects such as oxygen
vacancies, which are homogeneously distributed and coupled
with the polarizations.'”"*** Such a coupling could be
stabilized by thermal annealing, inducing stable substates in
the ferroelectric switching loops. In addition, electron injection
at the ferroelectric/metal electrode interface could also pin the
domains and affect the shape of the P—E loops especially after
prolonged cycling.*’ In the P(VDF—TrEE) polymers, however,
neutral defects due to molecular conformation and packing are
dominant.”” Because the defects near the polymer/electrode
interfaces are featured with shallow energy levels,***> the
trapped space charges could be easily released when the
external reversed electric field is strong enough. This results in a
weaker charge—polarization coupling compared to that for the
inorganic counterparts. The overlapped positive branches of the
P—E loops (Figure 3d) and the recovery of the P—E loops to
the initial one after several scans of complete hysteresis loops
(Supporting Information, Figure SS) further suggest that the
trapped charge states in the P(VDF—TrEE) polymer can be
easily emptied. We should note here that the bonding and
structural nature of the PVDF—electrode interface remains as
an open question; previous works suggest weaker interface
chemical bonding and strain coupling in the organic devices

compared to those for the inorganic counterparts.**** In future
studies, intentionally introducing new defects with deep energy
levels through doping®® and promoting the concentration of
defect densities through high-energy irradiation*” may be viable
approaches to realizing stable multimemory states in P(VDF—
TrEE) copolymers.

IV. CONCLUSION

In summary, we demonstrated that the ferroelectric P—E loops
of P(VDF—TrEE) polymer capacitors could be electrically
controlled and intermediate states with tailored polarizations
were prepared by applying half sequences. We also found that
the space-charge-limited current is the main leakage mechanism
in such devices. Stable subswitching states were realized by
leveraging the electrical coupling between the ferroelectric
polarizations and space charges. Our experiment may open
doors toward advancing high-density multilevel data storage
devices based on organic ferroelectric materials.
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