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ABSTRACT: The free-standing, flexible, and ferroelectric films of poly(vinylidenefluoride-co-hexafluoropropylene) [P(VDF-HFP)] were
prepared by spin coating method. The ferroelectric phase of the films was enhanced by adding magnesium nitrate Mg(NOs3), in dif-
ferent wt % as the additive during the film fabrication. The effects on the structural, compositional, morphological, ferroelectric,
dielectric, and leakage current behaviors of the films due to the addition of salt were analyzed. Based on the X-ray diffraction (XRD)
patterns and Fourier Transform Infrared (FTIR) spectra, it is confirmed that the addition of Mg(NO3), promotes the electroactive
phase that induces the ferroelectric property. The fiber-like topography of the films exhibits a nodule-like structure, and the rough-
ness of the films increases by the addition of Mg(NOs3),. The ferroelectric studies show the higher polarization values for the compos-
ite films than that of the plain P(VDE-HFP) film. The Piezo-response force microscope images also confirm the domain switching

behavior of the samples. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44008.
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INTRODUCTION

Recent advancements in micro/nano electromechanical devices
require electroactive flexible films, which should combine signifi-
cant ferroelectricity, favorable mechanical properties, and easy
processibility. As a natural material that combines all the above is
rare, it has become the focus of recent research'™ to induce fer-
roelectricity in the polymers which possess the other two proper-
ties. Among the variety of polymers, poly(vinylidenefluoride)
(PVDF) and its co-polymers such as poly(vinylidenefluoride-co-
hexafluoropropylene) [P(VDF-HEP)], poly(vinylidenefluoride-tri-
fluoroethylene) [P(VDF-TrFE)], and poly(vinylidenefluoride-
chlorotrifluoroethylene) [P(VDF-CTFE)] are well known for their
ferroelectricity and piezoelectricity, since they have electro active
polymorphic phases due to their more ordered structure that
gives rise to a high dipole moment and dielectric constant.>®
They exhibit five crystalline phases «, B, vy, 8, and € with differ-
ent conformations,” which can transform to each other under
specific conditions such as mechanical deformation, high temper-
ature, and electric field.

P(VDF-HFP), a random co-polymer of PVDE, has interesting
properties such as a high dielectric constant (8.4), low crystal-
linity, and low glass transition temperature (—35 °C) and hence,
it is the ideal candidate for several applications, including elec-
troacoustic and electromechanical convertors, actuators, ferro-
electric memory devices, mechatronics, and artificial muscles.®

© 2016 Wiley Periodicals, Inc.
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Constant efforts have been made by researchers to enhance the
ferroelectric phases in the polymer film to get improved per-
formance by poling, stretching, and by adding additives, nano
fillers, etc. A brief review of such attempts is presented below.

He et al’ have reported an enhancement of the ferroelectric 3
phase when P(VDF-HFP)-Mg(NO3), is coated on a Si substrate
and the remanent polarization is found to be 5.98 puC/cm” at
350 MV/m. Jayasuriya et al.'® have studied the ferroelectric
behaviors of P(VDF-HFP) films obtained through different
preparation techniques. The remanent polarization values are
reported to be 80 and 50 mC/m? respectively, for 5 and 15%
hexafluoropropylene (HFP) molar content samples prepared by
the solvent cast technique. However, the films prepared through
the slow cooled technique are reported to exhibit no ferroelec-
tric property. The stretched films of P(VDF-HFP) copolymer
added with the kaolinite nano fillers are found to have a reduc-
tion in the remanent polarization, as per the report of Tomer
et al.'' Wegener et al.'* observed, that the poled Lead Zirconate
Titanate (PZT)/P(VDF-HFP) composite films have the coercive
field and polarization values of 1.5 MV/m and 4.5 pC/cm?,
respectively, and also reported the maximum piezoelectric coef-
ficient of 11 X 10~° uCN™"! value.

The present work encompasses the fabrication of free-standing,
flexible ferroelectric films of P(VDF-HFP), and a systematic
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Figure 1. XRD patterns of P(VDF-HFP) film and P(VDF-HFP)-Mg(NO3), films for (a) 10-80 range and (b) 15-30 range of 26. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

study of the enhancement of the electroactive phase in the films,
through the incorporation of a Mg(NO3), additive.

EXPERIMENTAL

The chemicals used for the fabrication of the films were
P(VDF-HFP) of molecular weight 130,000 purchased from
Sigma Aldrich Co., USA, dimethylformamide [(CH;),NCH],
and magnesium nitrate [Mg(NO3),] from Merck Specialities
Private limited, Mumbai. The polymer solution obtained by dis-
solving P(VDF-HFP) in dimethylformamide (DMF) was used as
the precursor and the films were fabricated using the spin coat-
ing method. Films of various thickness values were prepared at
various drying temperatures. The films of thickness 120 pm,
which are dried at 100 °C, were found to be free-standing and
flexible whereas, the other films roll at the corners and they
were not free-standing. So, the films of thickness 120 pm were
prepared by optimizing the concentration of the polymer-DMF
solution to be 0.2 wt %, drying temperature to be 100 °C, and
by setting the spin at 250 rpm, and the rotation time of 5 sec in
the spin coating unit. The P(VDF-HFP) films thus obtained
were coded as PA0O. To prepare the composite films, an appro-
priate amount of Mg(NOs), was dispersed uniformly in the
polymer solution through vigorous stirring for 30 min, and
then casted as films maintaining the above mentioned opti-
mized conditions. The films loaded with 0.2, 0.6, 0.8, 1.0, and
1.4 wt % of magnesium nitrate were coded as PA02, PAOG6,
PA08, PA10, and PA14, respectively.

The structural analyses of the films were made using an X-ray
diffractometer pattern, obtained with Cu Kal radiation
(A =10.15406 nm) for 26 values ranging from 10 to 80° (Rigaku
ultima 3). The Fourier Transform Infrared (FTIR) spectra of the
samples were recorded on a Perkin Elmer spectrophotometer
(Spectrum RX1), and the spectra were collected from 600 to
1,400 cm™'. The morphological studies were done by taking
Scanning Electron Microscope (SEM) images, using TEScan
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Vega-3 LMU. The surface roughness and topography studies
were analyzed by Atomic Force Microscope (AFM) (Park system
NX10) in the contact mode with a Si tip. The ferroelectric
property and domain switching process were investigated by
PiezoForce Microscopy (PEM). The ferroelectric hysteresis of
polarization versus electric field was plotted at room tempera-
ture, using a sawyer tower circuit based PE loop tracer, by
applying the maximum electric field of 30 MV/m, and using a
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Figure 2. FTIR spectra of P(VDF-HFP) film and P(VDEF-HFP)-Mg(NO;),
films. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Table I. Characteristic Bands with Specific Vibrational Modes and Crystalline Phases

Sample code Band (cm™%) Phase Vibration
PAOO 612 a —C—F— wagging modes (Ref. 16)
757 a CF5 bending and skeletal bending (Ref. 18)
794 a CH> rocking of o (Ref. 18)
855 a CH out-of-plane deformation (Ref. 16)
875 o CC asymmetric stretching vibration (Ref. 16)
977 a CH out-of-plane deformation (Ref. 16)
1070 B Symmetric C—F stretching (Refs. 16-18)
1179 a Symmetrical stretching mode of CF, (Ref. 16)
PAO2-PA14 836 B CH> rocking of g (Ref. 18)
875 a CC asymmetric stretching vibration (Ref. 16)
1070 B Symmetric C—F stretching (Ref. 16)
1165 a CH»> symmetric stretching mode (Ref. 18)
1227 B CF out-of-plane deformation (Ref. 17)

silver electrode of area 9 mm? The dielectric properties of all
the films were studied at room temperature over the range of
frequencies from 50 Hz to 100 kHz with the applied signal of 1
V, using an impedance analyzer (solartron). The leakage current
measurements were made using an electrometer (6517A) from
Keithley instruments over a range of voltage —30 to +30 V
with a step voltage of 1 V and time delay of 7 sec.

RESULTS AND DISCUSSION

The X-ray diffraction (XRD) patterns of the plain P(VDF-HFP)
film (PA00) and P(VDE-HFP)-Mg(NO;), films (PA02, PAO6,
PA08, PA10, and PA14) are shown in Figure 1. The pattern of
PAOO indicates the semicrystalline nature. The peaks present at
20 =17.8% 19.3°% 21.2°% and 26.2° are due to the characteristic
(100), (020), (110), and (021) planes of P(VDF-HFP), which are
indexed with the standard XRD patterns of PVDE'? The peak at
21.2° corresponds to the (B phase crystallization whereas, the
other three peaks correspond to the o phase crystallization.'*

Figure 1(b) is drawn for low values of 26 ranging from 15 to
30° in order to analyze the possible changes in the peaks with

the inclusion of Mg(NO3),. It is observed from the patterns of
PA0O2 to PAl14 films that there is a broadening of (110) and
(100) peaks, shift in (110) peak, and missing of (020) and (021)
peaks. The peak shift of (110) indicates the interaction between
the B phase polymer and the additive, whereas the broadening
of (110) and (100) represents the reduced dimension of crystals.
The missing of (020) and (021) peaks also indicates the reduc-
tion of the o phase. Hence, the changes in the patterns prove
the reduction of the non-electroactive a phase in the polymer
matrix, as well as the interaction of the 3 phase polymer with
the additive of Mg(NOs),. It is noticed that Mg(NOs3), favors
the polymer to crystallize in the electroactive § phase that indu-
ces its ferroelectric nature. This observation is similar to the
report made by Dong et al. that the addition of 1-butyl-3-meth-
ylimidazolium [BMIM] bis(trifluoromethylsufonyl)imide [TESI]
into the polymer containing cations and anions could promote
the B phase due to the presence of ions and their polarity.'”
The average crystallite size of Dy1¢) is calculated using Debye
Scherrer equation'® and is found to be 16 nm.

FTIR spectra of P(VDF-HFP) film and P(VDF-HFP)-Mg(NOs3),
films are shown in Figure 2. The absorption spectra lying within

Figure 3. SEM images of (a) P(VDF-HFP) film and (b) P(VDF-HFP)-Mg(NOs3), PA06 film.
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Figure 4. 2D AFM images of P(VDF-HFP) (a) PAOO film and P(VDEF-
HFP)-Mg(NOs3),, (b) PA08, and (c) PAIO films. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

1,000-1,400 cm™" correspond to the C—F stretching of the
strong vibration band. The bands at 836 and 875 cm™' are
characteristic of all-trans sequences. Table I represents the char-
acteristic vibrations assigned to the absorption bands. In sample
PA0O the absorption bands observed at 612, 757, 794, 855, 875,
977, 1,165, and 1,179 cm ! are assigned to the non-polar o
phase and the peaks present at 836, 1,070, and 1,227 cm ™' are
assigned to the B phase."®™"® Further, it can be observed from
the spectra that after the incorporation of magnesium nitrate
into the P(VDF-HFP) matrix, the absorption bands correspond-
ing to the a phase partially disappear, and on the other hand,

the polar B phase is found to emerge. Although there is no
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Figure 5. Ferroelectric hysteresis loops of P(VDF-HFP) film and P(VDE-
HFP)-Mg(NO3), films. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

discernible change of peaks in the FTIR pattern observed upon
increasing the composition of Mg(NOs3),, there is an increase of
intensities with the increase of the additive concentration. This
confirms the increase of the crystalline order in the matrix with
the inclusion of Mg(Nog,)z.14 Thus, the FTIR spectra also con-
firm the enhancement in the electro-active B-phase in the poly-
mer with Mg(NOs), content.

The SEM micrographs of PA0O and PA06 films with the magni-
fication of 225 kX are shown in Figure 3. In Figure 3(a), the
plain P(VDF-HFP) film shows a smooth and uniform surface
with a fiber-like 2021 Figure 3(b) that
Mg(NOs), is dispersed into the polymer uniformly and forms
the nodular morphology on the top. The average size of nodules
is found to be 120 nm.

structure. reveals

The 2D topography of the films is analyzed with AFM and is
described in terms of the surface roughness. Small area scan (5
X 5 pm) images are obtained through the non-contact mode
and are shown in Figure 4.

Like the SEM micrograph in Figure 3(a), the AFM image in
Figure 4(a) also shows the common fiber-like morphology of
P(VDF-HFP) which turns into a nodule-like morphology (refer
Figure 4(b,c) with the inclusion of Mg(NO3), This can further
be explained as the Mg(NOs3), behaving like a nucleating agent
that tends to reduce the surface energy, which leads to the

Table II. The Values of Maximum Polarization at 30 MV/m, Remanent
Polarization, and Coercive Field

Sample code  Pmax (uC/em?  Pr (uClcm?) Ec (MV/m)
PAOO 0.9 0.03 1.2

PAO2 1.0 0.4 11.8
PAOG 11 0.2 7.5

PAOS8 1.6 0.6 111
PA10 1.8 1.3 20.6
PA14 3.2 2.4 23.0
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Figure 6. Plots of (a) Dielectric constant and (b) Dielectric loss as function of frequency. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

formation of nodules.**** The surface roughness is character-
ized by the average roughness parameter (Ra), and that of the
plain polymer is found to be 6 nm. With the addition of
Mg(NOs3),, the surface roughness values are found to increase
systematically as 23 nm for PAO8 and 35 nm for PA10. This
indicates that the roughness of the surface is increased by the
formation of nodules.

The ferroelectric properties of plain P(VDF-HFP) film and
P(VDF-HFP)-Mg(NO;), films are studied by tracing the P-E
loops at room temperature, these are presented in Figure 5. As
seen from the Figure 5, the loops are symmetrical in the posi-
tive and negative applied potentials. PAOO exhibits a narrow
symmetrical loop with low values of remnant polarization (Pr)
and coercive field (Ec), which can be attributed to the predomi-
nance of a non-electro active a phase in the plain polymer film.
As the Mg(NO3), content increases, the loops get wider and the
Pmax, Pr, and Ec values are found to increase.

From Table II, it is observed that PA14, the sample having the
highest Mg(NOs3), content, exhibits the highest Pmax value of
3.2 pC/cm® at 30 MV/m. From the shape and size of the P-E
loops, and also from the above results, it is understood that the
incorporation of magnesium nitrate in the PVDF-HFP matrix
induces an appreciable increase in the electroactive 3 phase
crystallization. The addition of magnesium nitrate into the
polymer increases the cations and anions, which could promote
the B phase due to the presence of ions and their polarity. Also,
Mg(NOs3), behaves as the heterogeneous nucleation centers for
ferroelectric domains during the polarization and hence, there is
enhancement of the ferroelectric properties of the films, as evi-
denced by the XRD and FTIR studies. While applying the elec-
tric field, all the films have experienced an electrical breakdown
at 30 MV/m.

The variation of dielectric constant with respect to the variation
of frequency is shown in Figure 6(a) and the values obtained at
50 Hz are given in Table III. The dielectric constant varies from
3.2 to 23.2 at 50 Hz and from 2.8 to 16.7 at 100 kHz with the
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incorporation of magnesium nitrate. Moreover, in the PVDF
based molecules, as the polarization is decided by the crystalline
domains and B-phase,”* the increase in the dielectric constant
can be attributed to the changes in domains and the enhance-
ment in the B phase created by the additive Mg(NOs3), and also
to the higher ionic conductivity offered by the dissociation of
Mg’* and NOj ions. The frequency dependent dielectric loss is
shown in Figure 6(b), which decreases gradually as similar to
the dielectric constant, and reaches a value of 0.05 over the fre-
quency range of 50 Hz to 100 kHz. Though the incorporation
of magnesium nitrate leads to increase in the dielectric loss at
low frequency, it maintains the value as low as possible at high
frequency.

It is observed that the dielectric constant and dielectric loss values
are large at low frequencies, and decrease gradually at higher fre-
quencies. The high values at low frequencies can be attributed to
the electrode polarization effect due to the accumulation of
charge at the electrode—polymer composite interface and space
charge effect, as reported by Ramesh et al.>> At high frequencies,
the dipoles are unable to follow the fast changing of alternative
electric field hence, the polarization decreases, thereby decreasing
the values of dielectric loss and dielectric constant.”*

As leakage current is the major drawback observed in ferroelec-
tric materials, the films are also subjected to leakage current

Table III. The Values of Dielectric Constant and Loss at 50 Hz

Concentration Dielectric Dielectric
of Mg(NO3)s (wt %) constant loss

0 3.2 0.05

2 15.8 0.24

6 17.0 0.25

8 17.8 0.27

10 18.7 0.28

14 23.2 0.43

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44008
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tests. The leakage current density (J) is obtained for various
electric fields (E) and plotted as shown in Figure 7. The J-E
loops of all the films show the non-linear behavior of the
butterfly-like loop, which is the characteristic property of ferro-
electric materials.

The leakage current density is in the order of 10~ "' to 10 * A/
cm® for the plain film (PA00) in the range of —2,000 to 2,000
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V/cm. However, for the films with Mg(NO;),, it is in the order
of 107*° to 1077 A/cm?®. Figure 7 shows that the increase of
additive increases the leakage current density by 10 times. The
common dielectric leakage mechanisms in polymer films are the
Poole-Frenkel and Schottky effects shown in Figure 8.7 The
Poole-Frenkel effect™® arises due to the field-assisted emission of
electrons from the columbic traps in dielectrics and is given by

q@—BVE }

EKT =

J=CE exp{ -
where C is the proportionality constant and & is called the slope
parameter of the Poole-Frenkel effect. The Schottky effect® is
the electric field-induced lowering of the barrier, which natu-
rally forms at the interface between a metal and an insulator
and strongly influences the leakage current in polymer films. It
is represented by the Richardson-Dushman equation,

q@—1BVE }

KT (2)

J=AT2 exp{ -
where A is the Richardson constant, T is the absolute tempera-
ture, @ is the barrier height, K is the Boltzmann’s constant, and
B is a material constant. The plot of In (J/E) versus |E shown in
Figure 8(a) does not linearly fit with the applied electric field,
proving the absence of the Poole-Frenkel conduction mechanism.

The plot of In (J) versus |E shown in Figure 8(b) is yields char-
acteristic linear lines with R*=0.9, which proves the presence
of the Schottky effect in the films.

The sample area of 5 X 5 um? is scanned by applying the tip
bias of +10 V and —10 V alternately. The ferroelectric domains
in the films tend to align in the direction of the applied bias.
Hence, in Figure 9(a,b) the areas subjected to +10 V of bias are
seen brightly, as the polarization aligns upwards, and the alter-
nate areas subjected to —10 V of bias appear dark, as the polar-
ization aligns downwards.
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Figure 8. (a) Poole-Frenkel effect and (b) Schottky effect of films P(VDEF-HFP) film and P(VDE-HFP)-Mg(NO3), films. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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The areas in Figure 9(b) appear brighter and darker than those
observed in Figure 9(a), which shows the influence of magne-
sium nitrate in P(VDF-HFP) on the switching of the ferroelec-

. . 30
tric domains.

CONCLUSIONS

This article provides a systematic investigation on the enhance-
ment of the electroactive B phase, in free-standing, flexible
P(VDE-HFP) films induced by the incorporation of magnesium
nitrate. The structural and compositional studies made by XRD
and FTIR spectroscopy confirm the enhancement of the electroac-
tive B phase in the films. The fibrous structure of the polymer
changes to a nodule-like morphology with increasing roughness,
as a result of the increasing magnesium nitrate content. The maxi-
mum polarization observed is 3.2 pC/cm? for the film with 1.4 wt
% of magnesium nitrate salt, when it is subjected to the electric
field of 30 MV/m. The dielectric constant and dielectric loss of the
films follow a similar trend of being high at low frequencies and
low at high frequencies. Higher leakage current density is observed
in the P(VDF-HFP)-Mg(NOs), films than that of plain P(VDF-
HEFP) films, by an order of 10. The root cause for this increase in
leakage current is proved to be the Schottky effect, that lowers the
barrier at the polymer-Mg(NO;), interfaces. The piezo response of
P(VDE-HFP)-Mg(NOs), confirms the ferroelectric switching
behaviors. In addition to the enhanced and functional ferroelec-
tricity, the piezoelectric properties, the cost effective fabrication
method, flexible structure, and porous-free nature, suggest that
these films would be suitable for device applications in energy
storage, ferroelectric memory, actuators, and sensors.
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