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a b s t r a c t
CF4 plasma treatment on n+ -Si wafers as bottom electrodes (BEs) of poly(vinylidene ﬂuoride-cotriﬂuoroethylene) (P(VDF-TrFE)) metal-ferroelectric-metal (MFM) capacitors has been investigated in this
study. Prior to the fabrication of MFM capacitors, comprehensive material analyses are administered to
identify the incorporation of ﬂuorine atoms into P(VDF-TrFE) copolymers, revealing an enrichment in
C2 HF3 (triﬂuoroethylene) bonds and an improvement in the crystallinity of the ﬁlm. The P(VDF-TrFE)
MFM capacitors with CF4 -plasma-treated n+ -Si wafers show a shallower charge trapping level of 0.154–
0.226 eV extracted from the Frenkel–Poole (F–P) emission at 213–273 K for the BE injection compared to
that for the top electrode (TE) injection, which is ascribed to the passivation of deep traps by the ﬂuorine atoms that diffused from the n+ -Si wafers. Thus, asymmetric remanent polarization and a negative
internal bias ﬁeld are obtained because of the signiﬁcant increase in the β -phase at the bottom of the
P(VDF-TrFE) ﬁlms. With the CF4 plasma treatment for 1 min, the P(VDF-TrFE) MFM capacitors demonstrate a remanent polarization (2Pr ) of 6.58 μC/cm2 , a coercive electric ﬁeld (Ec ) of 0.47 MV/cm and stability for more than 3 × 104 cycles with negligible fatigue, making the ﬂuorine-incorporated P(VDF-TrFE)
copolymers suitable for future high-performance nonvolatile memory applications.
© 2019 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction
Recently, organic ferroelectric materials have attracted considerable attention due to their advantages of ﬂexibility, roomtemperature fabrication, low cost, and a simple manufacturing
process [1,2]. Among these materials, polyvinylideneﬂuoride
(PVDF) homopolymer is one of the most promising candidates because of its unique properties, such as good mechanical elasticity,
a high breakdown electric ﬁeld, and self-healing ability [3–5]. The
piezoelectricity of PVDF and its copolymers was ﬁrst discovered
by Kawai et al. [6] and was widely studied from 1980 [7]. As
a semicrystalline homopolymer, PVDF comprises ﬁve crystalline
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phases, α -, β -, γ -, δ -, and ε -phases, depending on the fabricating
process [8]. The α -, β -, and γ -phases are the most common chain
conformation, and the β -phase is the polar phase with a large
spontaneous polarization owing to the parallel arrangement of the
C-F dipole moment [8–11]. The all trans (TTT) planar zigzag for
the β -phase of PVDF can be obtained by the thermal or stress
treatment of the as-deposited α -phase ﬁlm with the trans-gauche
conformation (TGTG’) [12–14], exhibiting better pyro-, piezo-, and
ferro-electric properties [8,15,16]. The ferroelectric properties have
been proposed to originate from the large difference in electronegativity among ﬂuorine, carbon and hydrogen, which have Pauling’s
values of 4.0, 2.5 and 2.1, respectively [17], where the electrons are
attracted to the ﬂuorine side of the polymer chain to create the polarization [18,19]. Compared to the PVDF homopolymer, the P(VDFTrFE) copolymer, which is formed by the addition of some speciﬁc
content of the triﬂuoroethylene (TrFE) monomer unit, increases the
steric hindrance that favors a higher degree of crystallinity, playing
an important role in the phase transition and nucleation behaviors
[20]. With the TrFE monomers in the PVDF system, the interac-
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tions between each unit and between dipole-to-dipole are reduced,
resulting in a lower Curie temperature for the copolymer to be
crystallized into the ferroelectric phase [21]. Consequently, the
P(VDF-TrFE) presents a large remnant polarization (2Pr ) [22], making it suitable for the applications in emerging memories [23], energy harvesters [24], nano-generators [25], and tactile sensors [26].
To enhance the ferroelectric behaviors of P(VDF-TrFE), some
fabricating techniques, such as blending, annealing, doping and
interface modiﬁcation, have been implemented. For tuning the
ﬁlm composition, conventional P(VDF-TrFE) with 72.2/27.8 mol%
and hydrogenated P(VDF-TrFE) with a low TrFE molar content
of 9% have been synthesized to achieve a higher β -phase with
a lower polymer chain length, corresponding to a larger grain
size in its crystalline region [27]. In addition, low-temperature
solvent vapor annealing can induce additional crystallization of
the β -phase, leading to good ferroelectric and piezoelectric properties of P(VDF-TrFE) [28]. For the bilayer structure, devices with
poly(methyl methacrylate) (PMMA) between the metal electrode
and P(VDF-TrFE) ﬁlm exhibit a larger ferroelectric polarization for
a similar voltage drop owing to the improvement in the interface
morphology [29]. It has also been reported that P(VDF-TrFE) and
gold nanoparticles (Au-NPs) can be blended together for enhanced
ferroelectric and piezoelectric characteristics, which are attributed
to an increase in the effective electric ﬁeld induced by the reduction in the effective volume of P(VDF-TrFE) for more aligned
dipoles [30]. On the other hand, Mai et al. proposed that defects, imperfections, and grain boundaries within the ferroelectric
materials serve as the pinning sites, hindering the switchable polarization because of the capture of charges by the pinning centers
[31]; thus, the reliability properties, such as the cycling endurance
of P(VDF-TrFE) ﬁlms, are not suﬃcient [32]. The imperfections may
be caused by the high-temperature and unsuitable solvent annealing, breaking the molecular bonds in the organic matrix, especially
the C-F bonds [33], which have not been passivated to date. In this
study, the characteristics of P(VDF-TrFE) MFM capacitors with CF4 plasma-treated n+ -Si wafers are investigated. The material nature
of P(VDF-TrFE) copolymers on CF4 -plasma-treated n+ -Si wafers
is identiﬁed by X-ray photoelectron spectroscopy (XPS) depth
proﬁling and X-ray diffractometer (XRD) patterns. By analyzing the
conductive mechanisms at different bias polarities and temperatures, the energy band structures and charge trapping levels of the
P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si wafers
are proposed, demonstrating the superior ferroelectric behaviors
for future applications of organic materials in NVMs.
2. Experimental
2.1. Preparation of P(VDF-TrFE) MFM capacitors with
CF4 -plasma-treated n+ -Si wafers
P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si
wafers as the bottom electrode (BE) were prepared. The wafers
were ﬁrst cleaned using the standard Radio Corporation of America
(RCA) cleaning procedure. Then, the wafer surface was treated with
CF4 plasma at a radio-frequency (rf) power of 100 W for 1, 3 and
5 min by using an inductively coupled plasma (ICP) system (KDICP/RIE, KaoDuen Tech. Corp., Taipei, Taiwan). The working pressure of the chamber was 300 mTorr, and the gas ﬂow of the CF4
ambient was 300 sccm. Continuously, for the material synthesis,
the P(VDF-TrFE) powder (70:30 mol%) provided by Piezotech S.A.S.
(Arkema, Colombes, France) was dissolved in dimethylformamide
(DMF) at a concentration of 5.0 wt%. The solution was spin-coated
on the n+ -Si wafers at 750 rpm for 30 s in the glove box. The
ﬁlm thickness of the P(VDF-TrFE) measured by ellipsometry was
approximately 350 nm. After the ferroelectric thin ﬁlms had been
formed, all samples were baked at 120 °C to dry the ﬁlms and
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then annealed at 130 °C for 2 h on the hot plate to induce the
crystallinity of the P(VDF-TrFE) ﬁlms, especially the β -phase. Finally, a 300-nm-thick Al ﬁlm was deposited by a thermal evaporator at 10−6 Torr with a pure Al bullet (99.999% purity), then
deﬁned lithographically and etched to form the top electrode (TE)
with a diameter of 0.018 cm. Fig. 1 illustrates the schematic device structure and the entire fabrication process of the P(VDF-TrFE)
MFM capacitors with CF4 -plasma-treated n+ -Si wafers.
2.2. Characterization of materials and devices
Following the CF4 plasma treatment, the crystallinity of the
PVDF-TrFE ﬁlms on the CF4 -plasma-treated n+ -Si wafers was examined by X-ray diffractometer (XRD) using a Bruker D2 phaser
system (Bruker AXS GmbH, Karlsruhe, Germany) with Cu Kα
(8.04 keV) radiation as the excitation source. The composition of
chemical bonds of the P(VDF-TrFE) ﬁlms on n+ -Si wafers under different CF4 plasma treatment conditions was detected by the X-ray
photoelectron spectroscopy (XPS) using a VG ESCA scientiﬁc theta
probe spectrometer (Thermo Fisher Scientiﬁc Inc., Waltham, MA,
USA) with a pass energy of 50 eV at a take-off angle of 53° and Al
Kα (1486.6 eV) radiation as the excitation source. The F 1s depth
proﬁling was performed by Ar ion sputtering with a controlled bias
of 3 kV and a controllable sputter area of 2 × 2 mm2 to obtain a
depth resolution of 15 nm. For the device characterization, the current versus electric ﬁeld (I–E) curves, the polarization versus electric ﬁeld (P–E) hysteresis curves, and the capacitance and dissipation versus electric ﬁeld (C–E and D–E) curves were measured with
a Keithley 4200 semiconductor characterization system (Keithley
Instruments, LLC, Solon, OH, USA). The ferroelectric behaviors of
the P(VDF-TrFE) MFM capacitors were measured using the PositiveUp Negative-Down (PUND) method [34,35] and the leakage current of the devices was measured directly by the source measurement unit (SMU) of Keithley 4200 with the measuring conditions
for step voltage and delay time of 0.1 V and 1 s, respectively. The
voltage bias was applied on the Al TE and the BE was grounded.
3. Results and discussion
3.1. Material analyses of P(VDF-TrFE) ﬁlms
Fig. 2(a) shows the XRD spectra of the P(VDF-TrFE) ﬁlms on
the untreated and treated n+ -Si wafers. The XRD patterns illustrate
that the CF4 plasma treatment on n+ -Si wafers has a strong effect on the crystallinity in P(VDF-TrFE) as shown by the changes in
the intensity of the peak at 2θ ≈ 20°. To evaluate the crystallinity
of the ﬂuorine-incorporated P(VDF-TrFE) ﬁlms, a curve deconvolution method from the XRD pattern of different crystalline phases
was performed in Fig. 2(a). From the deconvoluted curves, two distinct crystalline phases at 20.2° and 20.8°, belonging to γ (110)and β (110/220)-phases [36,37], respectively, can be observed. Then,
the proportion of crystalline β -phase (χ β ) is calculated using the
following equation [38],

χβ =

Aβ
Atotal

× 100%

(1)

where Atotal and Aβ represent the total integrated areas of crystalline diffraction peaks and crystalline β -phase, respectively. With
the increase in the CF4 plasma treatment time, both the peak intensity and the proportion of crystalline β -phase of P(VDF-TrFE)
ﬁlms are remarkably enhanced. Furthermore, it is reported that the
surface wettability of the underlayer is directly related to the ﬁlm
thickness by spin-coating technique [39], as revealed in the characteristics of P(VDF-TrFE) ﬁlm thickness and water contact angle of
n+ -Si wafers in Fig. 2(b). The water contact angle images shown in
Fig. S1a–d were measured using the sessile drop method with a
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Fig. 1. Fabrication procedures of the P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si bottom electrodes. (a) n+ -Si (100) wafers with standard RCA clean, (b) CF4
plasma treatment on n+ -Si wafers in an inductively coupled plasma (ICP) system, (c) spin-coating P(VDF-TrFE) ﬁlms, (d) thermal annealing at 130 °C for 2 h on the hot plate,
and (e) Al electrode formation to fabricate the P(VDF-TrFE) MFM capacitors.

water droplet partially wetting the n+ -Si wafers [40,41]. It can be
found that the water contact angle of the original n+ -Si wafer was
72°. After the CF4 plasma treatment, the water contact angle of
the n+ -Si wafers decreases dramatically and the wafer surface becomes more hydrophilic. The hydrophilic nature of the wafer surface contributes to the increase in the spin-coated P(VDF-TrFE) ﬁlm
thickness, as shown in Fig. 2(b).
Fig. 2(c) shows the C 1 s XPS spectra of the P(VDF-TrFE) ﬁlms
on CF4 -plasma-treated n+ -Si wafers. In this ﬁgure, there are four
distinct peaks within the spectra. The C 1 s core level binding
energies for poly-[–CH2 –CF2 –]-, i.e., PVDF, are 286.3 (C–H2 ) and
291.2 eV (C–F2 ), while those for poly-[–CF2 –CFH–]–, i.e., TrFE, are
287 (C–F) and 288.7 eV (C–FH) [42]. To understand the change
of the peaks after the CF4 plasma treatment, the XPS peak-arearatios (PARs) of C–F, C–FH and C–F2 bonds related to the C–H2
bond are respectively calculated and illustrated in the bar chart of
Fig. 2(c). It should be noted that the XPS PAR of the ﬂuorinated
carbon bonds increases with an increase in the CF4 plasma treatment time, manifesting the reaction of ﬂuorine atoms with the
P(VDF-TrFE) ﬁlms. Furthermore, the depth proﬁles of F 1 s XPS
spectra taken at different etching levels in the P(VDF-TrFE) ﬁlms
on the untreated and 1-min CF4 -plasma-treated n+ -Si wafers are
presented in Fig. 2(d) and (e) respectively to investigate the diffusion of ﬂuorine atoms from the n+ -Si wafers into the P(VDFTrFE) ﬁlms after annealing. We can observe the F 1 s peaks at
689.9 and 689.1 eV, indicating the C2 HF3 (TrFE) and C-F (PVDF and
TrFE) bonds, respectively [43,44]. For the pure P(VDF-TrFE) ﬁlm,
the spectra are almost identical throughout the ﬁlm (Fig. 2(d)). On
the other hand, the F 1 s peak at 689.9 eV increases signiﬁcantly
from the surface to the bulk of the P(VDF-TrFE) ﬁlm on the 1-min
CF4 -plasma-treated n+ -Si wafer, implying that some imperfect TrFE
and C–H2 bonds of PVDF are passivated by the ﬂuorine atoms from
the CF4 -plasma-treated n+ -Si wafers to achieve the increased intensity of the C2 HF3 bond. The depth proﬁles of the F 1 s XPS spectra in the P(VDF-TrFE) ﬁlms on 3- and 5-min CF4 -plasma-treated
n+ -Si wafers were also investigated and are shown in Fig. S2a,b,
respectively. For the ﬁlms on n+ -Si wafers with longer CF4 plasma
treatment times, more ﬂuorine atoms diffuse into the P(VDF-TrFE)

ﬁlms to passivate the imperfect bonds, leading to a higher intensity
of the C2 HF3 bond, as revealed by the change in the main peak in
the F 1 s XPS spectra of the P(VDF-TrFE) ﬁlms from a low to a high
binding energy at the depth of 180 nm (Fig. S2c). To characterize
the diffusion distance of the ﬂuorine atoms from the n+ -Si wafers
to the P(VDF-TrFE) ﬁlms, i.e., the ﬂuorine-doped P(VDF-TrFE) layer
(dF_doped ), the XPS PARs of the C2 HF3 bond related to the raw intensity are calculated and depicted in Fig. 2(f). The typical XPS PAR
of the C2 HF3 bond for the pure P(VDF-TrFE) ﬁlm is approximately
30%, which is identical to the TrFE mole% of P(VDF-TrFE) powder.
With the CF4 plasma treatment on n+ -Si wafers, the PAR of the
C2 HF3 bond for the P(VDF-TrFE) ﬁlms is signiﬁcantly enhanced. The
distance from the P(VDF-TrFE) ﬁlm surface to the position the ﬂuorine atoms diffused, i.e., the pristine P(VDF-TrFE) layer (dpristine ),
can be extracted by the intercept of the slope of the curves at the
XPS PAR of the C2 HF3 bond equal to 30%. The dpristine is found to be
150, 75, and 40 nm for the P(VDF-TrFE) ﬁlms on 1-, 3- and 5-min
CF4 -plasma-treated n+ -Si wafers, respectively. Thus, the dF_doped is
obtained according to the following equation,

dF _doped = tP (V DF −T rF E ) − d pristine

(2)

where tP(VDF-TrFE) is the thickness of the P(VDF-TrFE) ﬁlms on
the untreated and CF4 -plasma-treated n+ -Si wafers as depicted in
Fig. 2(b).
3.2. Electrical behaviors
In addition to the treatment on n+ -Si wafers, the CF4 plasma
was also performed on the P(VDF-TrFE) ﬁlms directly to understand the effects of ﬂuorine incorporation (Fig. S3a). The electrical behaviors of the fabricated MFM capacitors were measured and
are shown in Fig. S3b. Compared with those with the pure P(VDFTrFE) ﬁlm, the MFM capacitors with CF4 -plasma-treated ﬁlms show
worse P–E hysteresis characteristics, especially the low remanent
polarization values and obvious non-saturated polarization, owing
to the severe plasma induced damage. The plasma damage is conﬁrmed by the extremely high leakage current of the CF4 -plasmatreated P(VDF-TrFE) ﬁlms as revealed by the current versus elec-
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Fig. 2. (a) Curve deconvolution of XRD spectra in 16–24° (2θ ) range of the P(VDF-TrFE) ﬁlms on the untreated and CF4 -plasma-treated n+ -Si wafers. The degree of crystallinity of β and γ -phases is indicated. (b) Statistical distributions of ﬁlm thickness of the pure and ﬂuorine-incorporated P(VDF-TrFE) ﬁlms and contact angle of the
untreated and CF4 -plasma-treated n+ -Si wafers. (c) C 1s XPS spectra and XPS peak-area-ratios (PARs) of C-F, C-FH and C-F2 bonds related to the C–H2 bond of the P(VDFTrFE) ﬁlms on CF4 -plasma-treated n+ -Si wafers. The depth proﬁles of the F 1 s XPS spectra taken at different etching levels in the P(VDF-TrFE) ﬁlms on the (d) untreated
and (e) 1-min CF4 -plasma-treated n+ -Si wafers. The F 1s XPS spectra at 15-nm and 300-nm depth from the P(VDF-TrFE) ﬁlm surface are shown in inset of these ﬁgures. (f)
The XPS PARs of the C2 HF3 bond related to the raw intensity at different distances from the P(VDF-TrFE) ﬁlm surface of all samples.

tric ﬁeld (I–E) characteristics (Fig. S3c) [45]. Therefore, the CF4
plasma treatment was performed on the n+ -Si wafers instead of
the P(VDF-TrFE) ﬁlms to avoid damage to the copolymers and to
obtain the ferroelectric advantages of the incorporation of ﬂuorine
into the P(VDF-TrFE) ﬁlms. Fig. 3(a) shows the P–E characteristics
of the P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ Si bottom electrodes. The P(VDF-TrFE) MFM capacitor without any
treatment presents a typical P–E hyteresis loop while the samples
with CF4 -plasma-treated n+ -Si bottom electrodes show a slightly
non-saturated polarization with an increase in the electric ﬁeld.
Some literatures suggested that the non-saturation of polarization
of the ferroelectric ﬁlms is caused by the high leakage current
[46,47]. Nonetheless, for the P(VDF-TrFE) ﬁlms on the CF4 -plasmatreated n+ -Si bottom electrodes, the ﬂuorine atoms diffuse from
the n+ -Si wafers into the P(VDF-TrFE) ﬁlms, contributing to the
non-saturated polarization of the ﬁlm because of the non-uniform

polarization and the generation of the depolarization ﬁeld by the
polarization gradient [48]. With an increase in the CF4 plasma
treatment time, the remanent polarization ﬁrst increases and then
decreases; meanwhile, the coercive electric ﬁeld ﬁrst decreases and
then increases, which can be ascribed to the enhancement in the
crystalline β -phase and the increase in the P(VDF-TrFE) ﬁlm thickness, respectively, as shown in Fig. 2(a) and (b). Thus, the optimal
CF4 plasma treatment time is 1 min (Fig. 3(b)), achieving the highest 2Pr of 6.58 μC/cm2 and the lowest Ec of 0.47 MV/cm. Fig. 3(c)
displays the C–E characteristics of the P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si bottom electrodes measured at
a frequency of 1 MHz. The stable butterﬂy-shaped hysteresis loop
indicates the ferroelectric properties of the P(VDF-TrFE) ﬁlms with
ﬂuorine incorporation. Moreover, the permittivity (ε r ) and dielectric loss (tanδ ) of the P(VDF-TrFE) MFM capacitors as a function
of frequency were measured at the electric ﬁeld of the largest
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Fig. 3. (a) P–E characteristics of the P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si bottom electrodes. (b) Statistical distributions of remanent polarization (2Pr )
and coercive electric ﬁeld (Ec ) of the P(VDF-TrFE) ﬁlms on the untreated and CF4 -plasma-treated n+ -Si bottom electrodes. (c) C–E characteristics measured at the frequency
of 1 MHz of the P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si bottom electrodes. (d) The permittivity (ε r ) and dielectric loss (tanδ ) measured at the bias of
the largest capacitance of the P(VDF-TrFE) MFM capacitors as a function of frequency from 1 kHz to 1 MHz. (e) I–E hysteresis loops of the P(VDF-TrFE) MFM capacitors with
CF4 -plasma-treated n+ -Si bottom electrodes. (f) Switching mapping as a function of Ebias and Ec for the P(VDF-TrFE) ﬁlms on the untreated and CF4 -plasma-treated n+ -Si
bottom electrodes.

capacitance and are shown in Fig. 3(d). All samples exhibit an
obvious decreasing trend of dielectric permittivity in the frequency
range from 1 kHz to 1 MHz as a result of the delayed response
of the β -phase against the switching speed of the applied electric ﬁeld. It is worth noting that a permittivity at the frequency
of 1 MHz increases from 10.89 for the pure P(VDF-TrFE) ﬁlms to
12.28 for the ﬁlms on the 5-min CF4 -plasma-treated n+ -Si bottom
electrode, thanks to the increase in the C2 HF3 bond as proposed
by Xia et al. [27]. As a consequence, a reduced dielectric loss can
be observed for the P(VDF-TrFE) ﬁlms on the 1-min CF4 -plasmatreated n+ -Si bottom electrode, as shown in Fig. 3(d), improving
the characteristics of well-known ferroelectric relaxation because
of the enhancement in crystallinity [49] and the reduction in defects and imperfections within the P(VDF-TrFE) copolymer chains

[50], as shown in Fig. 2. However, for the ﬁlms on the CF4 -plasmatreated n+ -Si bottom electrodes with a longer plasma treatment
time, a higher dielectric loss is observed due to the higher ferroelectric leakage current [51], which will be discussed later.
Fig. 3(e) shows the I–E hysteresis loops of the P(VDF-TrFE) ﬁlms on
the CF4 -plasma-treated n+ -Si bottom electrodes. By contrast, the
ﬂuorine-incorporated P(VDF-TrFE) ﬁlms show quite distinctive I–E
curves compared to that of the pure P(VDF-TrFE) ﬁlm. The switching peaks in both positive and negative electric ﬁeld regions shift
toward the negative direction, suggesting the asymmetric behaviors of the ﬂuorine-incorporated P(VDF-TrFE) ﬁlms [52]. Here, the
Ec value can be calculated from Eq. (3), where the peaks observed
in the positive and negative electric ﬁeld regions of Fig. 3(e) correspond to the positive-switching ﬁeld (Eps ) and negative-switching
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ﬁeld (Ens ), respectively.

Ec =

E ps − Ens
2

(3)

For the pure P(VDF-TrFE) ﬁlm, the absolute magnitude of Eps
and Ens can be found to be identical. If the magnitudes of Eps and
Ens are not identical, the ﬁlm might contain a non-uniform ferroelectric polarization most likely due to the asymmetric ﬁlm composition, which induces a non-uniform ﬁeld distribution. Thus, the
internal bias ﬁeld (Ebias ) is deﬁned to identify the uniformity of
electric ﬁeld and can be obtained according to the following equation:

Ebias =

E ps + Ens
2

(4)

In Fig. 3(f), the switching map is plotted as a function of
Ebias and Ec for the P(VDF-TrFE) ﬁlms. For the pure P(VDF-TrFE)
ﬁlm, there is no notable internal Ebias ; i.e., the data would appear
around Ebias = 0, meaning that the composition of the ﬁlm is uniform. However, the Ebias gradually shifts toward the negative direction for the ﬂuorine-incorporated P(VDF-TrFE) ﬁlms, e.g., Ebias = –
0.03 MV/cm for the samples with 5-min CF4 -plasma-treated n+ Si bottom electrode. The negative shift could be ascribed to the
asymmetric polarization of the P(VDF-TrFE) ﬁlm, which is accompanied by the non-uniform C2 HF3 bond distribution, as revealed in
Fig. 2(f), leading to the non-saturated polarization of P–E hysteresis
loops (Fig. 3(a)).
Fig. 4(a) depicts the leakage current versus the electric ﬁeld
(IL –E) characteristics of the P(VDF-TrFE) MFM capacitors with CF4 plasma-treated n+ -Si bottom electrodes measured at room temperature. For the ﬂuorine-incorporated P(VDF-TrFE) ﬁlms, an increase
in leakage current is observed, especially for samples under a positive TE bias, which is responsible for the higher dielectric loss
shown in Fig. 3(d). It is reported that the carrier transport mechanism of the MFM capacitors with P(VDF-TrFE) ﬁlms can be ascribed
to Schottky emission, Frenkel–Poole (F–P) emission, and spacecharge-limited-current (SCLC) conduction depending on the different measurement temperatures [52]. To understand the charge
trapping levels of the pure and ﬂuorine-incorporated P(VDF-TrFE)
ﬁlms, the leakage currents of the MFM capacitors were measured
at 213–273 K and are shown in Figs. 4(b) and S4a,c,e. Then, the current density divided by the electric ﬁeld (J/E) as a function of the
measured temperature at positive and negative TE biases is also
plotted and presented in the inset ﬁgure of Figs. 4(b) and S4b,d,f.
The linear ﬁt of the curve means that the dominant carrier transport mechanism of the P(VDF-TrFE) MFM capacitors is F–P emission, as expressed by the following equation:

⎛

J ∝ E × exp ⎝

−q



ϕt −



kB T

qE /π ε

⎞
⎠

(5)

where T is the absolute temperature, κ B is the Boltzmann constant, q is the electric charge, E is the electric ﬁeld, ε is the permittivity, and ϕ t is the charge trapping level of the P(VDF-TrFE)
ﬁlms. The permittivity of the P(VDF-TrFE) ﬁlms on the untreated
and CF4 -plasma-treated n+ -Si bottom electrodes is approximately
11–12 as presented in Fig. 3(d). To obtain the charge trapping levels, the slopes of the curves in the inset ﬁgure of Figs. 4(b) and
S4b,d,f were calculated as the equivalent charge trapping energy
(Eact = –q[ϕ t –(qE/π ε )1/2 ]), and the Eact versus E1/2 curve is plotted in Fig. 4(c). By extrapolating the curve to the y-axis, the charge
trapping level at a positive TE bias; i.e., the bottom electrode injection, of the pure P(VDF-TrFE) ﬁlm can be determined to be
0.253 eV, which is larger than that of the ﬂuorine-incorporated
ﬁlms for 0.154 – 0.226 eV. Thus, it can be concluded that the ﬂuorine atoms can passivate the deep traps of the P(VDF-TrFE) ﬁlms. It
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is important to note that the charge trapping levels of the ﬂuorineincorporated P(VDF-TrFE) ﬁlms for the BE injection are lower than
those for the TE injection (negative TE bias), implying that the ﬂuorine atoms are diffused from the n+ -Si bottom electrode.
To obtain a physical insight into the polarization of the P(VDFTrFE) ﬁlms on the CF4 -plasma-treated n+ -Si bottom electrodes, we
consider the device with a pristine P(VDF-TrFE) layer (dpristine ) on
the top and ﬂuorine-doped P(VDF-TrFE) layer (dF_doped ) on the bottom of the bilayer ﬁlm as an ideal bilayer capacitor. The thicknesses of these two layers can be determined by XPS depth proﬁling (Fig. 2(f)) and are obtained using Eq. (2). For a voltage applied
across the bilayer capacitor, the potential drop across these two
ferroelectric layers and the corresponding charge on the electrodes
can be calculated. At the pristine and ﬂuorine-doped P(VDF-TrFE)
interface, the following charge equality equation applies [29]:

ε0 V f p
+ Pf p =
d pristine

ε0 Va − V f p
dF _doped

+ Pf t − Pf p

(6)

where dpristine and dF_doped are the thicknesses of pristine and
ﬂuorine-doped P(VDF-TrFE) layer, respectively; Vfp and Va are the
voltage drops across the pristine P(VDF-TrFE) layer and the applied
voltage, respectively; Pfp and Pft are the polarization in the pristine P(VDF-TrFE) layer and total polarization value, respectively;
and ε 0 is the vacuum permittivity of 8.854 × 10−14 F/cm. To obtain
the polarization values of the pristine and ﬂuorine-doped P(VDFTrFE) layers, the P–V curves of single-layer P(VDF-TrFE) capacitors
for thicknesses of 290, 380 and 520 nm were measured and are
shown in Fig. S5. In the bilayer capacitors, the thicknesses of pristine P(VDF-TrFE) layer for the samples with 1-, 3- and 5-min CF4 plasma-treated n+ -Si bottom electrodes were 150, 75, and 40 nm,
respectively. Therefore, the polarization Pfp of each of the sample
can be determined by the characteristics of Pf as a function of Vf
with different thicknesses (Fig. 4(d)) and scaled for several thicknesses used in the different bilayer capacitors. For Va = 20 V and
Pf versus Vf curves in Fig. 4(d), the solution of Eq. (6) yields Vfp as
11.31, 8.6 and 6.44 V and the corresponding voltage drop across the
ﬂuorine-doped P(VDF-TrFE) layers; i.e., Va – Vfp , as 8.69, 11.4 and
13.56 V, and the electrode charge density in ﬂuorine-doped P(VDFTrFE) layers; i.e., Pft – Pfp , as 3.544, 2.699 and 2.386 μC/cm2 , for the
samples with 1-, 3- and 5-min CF4 -plasma-treated n+ -Si bottom
electrodes, respectively. The enhanced electrode charge density in
the ﬂuorine-doped P(VDF-TrFE) layer indicates that more polarization of the ﬁlm can provide better ferroelectric properties, as
shown in the three-dimensional (3D) 2Pr contour plot in Fig. 4(e),
compared with those of the pristine layer. Next, the cycling stabilities of the P(VDF-TrFE) ﬁlms on the CF4 -plasma-treated n+ -Si
bottom electrodes were examined in detail. Fig. 4(f) demonstrates
the endurance behaviors of the P(VDF-TrFE) MFM capacitors measured at a pulse electric ﬁeld of 0.5 MV/cm for 0.5 s. An obvious
drop of 34% in 2Pr for pure P(VDF-TrFE) samples is observed after
3 × 104 switching cycles. For the samples with 1-min CF4 -plasmatreated n+ -Si bottom electrode, a negligible polarization fatigue of
less than 6% in the same period is achieved due to the reduction in defects and imperfections within the P(VDF-TrFE) copolymer chains and at the crystallite boundaries [53,54]. However, too
much ﬂuorine incorporation in the P(VDF-TrFE) ﬁlm contributes to
a higher injection of electrons from the n+ -Si bottom electrode,
as revealed in Fig. 4(a), increasing the amount of charge trapping
and hence fatigue [55]. All material and electrical characteristics
of the P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si
bottom electrodes obtained above are summarized in Table 1.
3.3. Chemical reaction schematics and energy band diagrams
Fig. 5(a) and (b) shows the chemical structures of the P(VDFTrFE) ﬁlms on the untreated and CF4 -plasma-treated n+ -Si bottom
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Fig. 4. (a) IL –E characteristics of the P(VDF-TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si bottom electrodes measured at room temperature. (b) IL –E characteristics
measured at 213 – 273 K of the P(VDF-TrFE) MFM capacitors with 1-min CF4 -plasma-treated n+ -Si bottom electrode. The current density divided by the electric ﬁeld (J/E) as
a function of the measured temperature at positive and negative TE biases is plotted in the inset of this ﬁgure. (c) The equivalent charge trapping energy (Eact ) versus E1/2
curves at positive and negative TE biases. (d) The characteristics of Pf as a function of Vf with different thicknesses of P(VDF-TrFE) ﬁlms (290, 380, and 520 nm) and scaled
for several thicknesses used in bilayer capacitors (40, 75, and 150 nm). (e) 3D 2Pr contour plot of the P(VDF-TrFE) MFM capacitors with different operation voltages and
ﬁlm thicknesses. The 2Pr of P(VDF-TrFE) ﬁlms on 1-, 3- and 5-min CF4 -plasma-treated n+ -Si bottom electrodes are also shown in this ﬁgure. (f) The endurance behaviors of
P(VDF-TrFE) MFM capacitors measured at the pulse electric ﬁeld of 0.5 MV/cm for 0.5 s.

Table 1
Summary of material and electrical characteristics of the P(VDF–TrFE) MFM capacitors with CF4 -plasma-treated n+ -Si bottom electrodes.
Para./Split

Film
thickness
(nm)

Contact
angle (◦)

dF_doped
(nm)

Relative
permittivity @
1 MHz (ε r )

2Pr
Dielectric loss
@ 1 MHz (tanδ ) (μC/cm2 )

Ec
(MV/cm)

Ebias
(MV/cm)

qϕ t @ pos. qϕ t @ neg. Polarization
TE bias (eV) TE bias (eV) fatigue @ 3 × 104
cycles (%)

w/o
1 min
3 min
5 min

346.17
351.00
358.20
377.46

72
56
45
32

–
201
283
337

10.89
11.03
11.51
12.28

0.204
0.177
0.215
0.282

0.498
0.471
0.492
0.509

0.0002
−0.0101
−0.0173
−0.0293

0.253
0.226
0.191
0.154

3.574
6.578
4.897
3.789

0.245
0.244
0.245
0.244

38
6
19
53
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Fig. 5. Illustration of the chemical structures of the P(VDF-TrFE) ﬁlms on the (a) untreated and (b) CF4 -plasma-treated n+ -Si bottom electrodes. Energy band diagrams with
charge trapping levels of the P(VDF-TrFE) ﬁlms on the (c) untreated and (d) CF4 -plasma-treated n+ -Si bottom electrodes.

electrodes respectively. P(VDF-TrFE) is a crystalline copolymer in
which monomer units of PVDF (–CH2 –CF2 –) and TrFE (–CF2 –CFH–)
are connected. However, there are some defects and imperfections
within the P(VDF-TrFE) copolymer chains, as shown in Fig. 5(a),
leading to the capture of charges and hindering the switchable polarization. For a P(VDF-TrFE) ﬁlm on the CF4 -plasma-treated n+ -Si
bottom electrode (Fig. 5(b)), the ﬂuorine atoms can diffuse from
the Si wafer to the P(VDF-TrFE) ﬁlm during annealing, passivating
the imperfections and increasing the number of C2 HF3 bonds in
the P(VDF-TrFE) ﬁlm, as examined by the XPS analysis in Fig. 2.
Thus, the ferroelectric behaviors of the P(VDF-TrFE) ﬁlms on the
CF4 -plasma-treated n+ -Si bottom electrodes are signiﬁcantly enhanced, as revealed in Fig. 3. The energy band diagrams of the
Al/P(VDF-TrFE)/n+ -Si MFM structures with the untreated and CF4 plasma-treated n+ -Si bottom electrodes at thermal equilibrium are
illustrated in Fig. 5(c) and (d), respectively. The charge trapping
levels obtained from Fig. 4(c) are also illustrated in this ﬁgure. As
shown in Fig. 5(b), the CF4 plasma treatment on n+ -Si bottom electrodes can increase the number of C2 HF3 bonds in the P(VDF-TrFE)
ﬁlm, thereby enhancing the percentage of TrFE in the P(VDF-TrFE)
ﬁlm, especially the part of the ﬁlm near the P(VDF-TrFE)/n+ -Si interface. Consequently, the energy band gap at the bottom of the
ﬂuorine-incorporated P(VDF-TrFE) ﬁlm is smaller than that of the
pristine P(VDF-TrFE) ﬁlm [56,57]. The modiﬁed energy band diagram and charge trapping level of the P(VDF-TrFE) ﬁlms on the
CF4 -plasma-treated n+ -Si bottom electrodes are responsible for the
enhancement in the aforementioned electrical behaviors shown in
Figs. 3 and 4.

depth proﬁling and XRD analysis. By examining the I–V curves, an
asymmetric P(VDF-TrFE) ﬁlm due to the enrichment in C2 HF3 (triﬂuoroethylene) bonds and the increase in the β -phase at the bottom of the ﬁlm is found. Hence, the charge trapping level of 0.154–
0.226 eV for BE injection was extracted from the F–P emission at
213 – 273 K, which is lower than that for the TE injection. To enhance the ferroelectric behaviors of P(VDF-TrFE) MFM capacitors,
n+ -Si bottom electrode subjected to the CF4 plasma treatment for
1 min are found to exhibit a large remanent polarization of 6.58
μC/cm2 , a low coercive electric ﬁeld of 0.47 MV/cm, and excellent
endurance for more than 3 × 104 cycles with negligible fatigue.
The ﬂuorine-incorporated P(VDF-TrFE) copolymers offer a material
for high-performance ferroelectric memory that can be integrated
into organic electronics.
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