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Abstract

Polyvinylidenefluoride (PVDF) a semicrystalline pieozoelectric polymer was synthesized with vary-

ing process conditions and its ferroelectric domain orientations were studied using piezoresponse

force microscope (PFM). PVDF thin films fabricated using tape casting technique with precursor

solutions of varying viscosities reveal that the polarization components transform from a domi-

nant planar to an out-of-plane configuration with increase in viscosity. Interestingly the planar

components possessed a head to head or tail to tail kind of paired domains separated by a dis-

tance of ~ 380-400 nm. Electrostatic energy minimization of an electrically inhomogeneous sys-

tem containing similar domain arrangements as the experiments shows that the head to head and

tail to tail arrangements with a minimum separation distance are more favorable than head to tail

arrangements of domains. With increment of applied field, the domains grew in size and shape

indicating amorphous to crystalline transformation of PVDF films. Such transformation was evi-

dent from X-ray diffraction studies performed in-situ in the presence of an applied electric field.
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1 | INTRODUCTION

Piezoelectric polymers and hybrid nanocomposites comprising piezo

polymers are gaining attention as smart materials in various applica-

tions, such as sensors, actuators, wearable energy harvesters and flex-

ible electronic devices.[1–4] Amid the few available piezo-polymers,

poly(vinylidenefluoride) (PVDF) and its copolymers are most widely

used due to their improved thermal stability, chemical resistance, and

mechanical strength. PVDF is a semi-crystalline polymer possessing

various crystalline phases. There have been ample studies on PVDF,

its copolymers and nanocomposites, focussing the structure and mul-

tifunctional property.[5–7] PVDF is known to stabilize in five distinct

crystalline phases related to different chain conformations α, β, γ, δ,

and ε, in which the most investigated phases are α, β, γ.[5,8–11] β-phase

commonly known as phase I exhibits superior piezoelectric properties

due to its non-centrosymmetric crystalline state with the dipole

moment of two chains containing C F and C H in the unit cell add-

ing up resulting in a net dipole moment perpendicular to the carbon

backbone with fluorine and hydrogen as the negative and positive

poles, respectively.[6,12–14]

PVDF thin films and its properties are known to be sensitive to

the methods adapted for fabrication.[5,15,16] Literature suggests that

the transformation among the different phases of PVDF occurs in a

given sequence α à γ àβ with varying temperature and/or strain

induced processing.[10,17–19] However, PVDF films results in mixed

phase configuration when prepared under normal tape casting

methods. PVDF films prepared under specific conditions like tensile

stress, electric field, co-polymerization etc., results into homogenous

single phase material.[5,13,16] Electrospinning is another technique

widely used to fabricate nano wire/fabric samples.[5] Though every

synthesis techniques have their unique process conditions, major

characteristics like, crystalline configuration, morphology, porosity,

optical transparency, and mechanical properties of PVDF films synthe-

sized through solution casting technique is dependent on the viscosity

of the initial solution.[20–22]
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Though the macroscopic ferroelectric characteristics of PVDF has

been studied and utilized in applications, [23,24] there have been limited

studies on the formation of nanoscale ferroelectric domains and switch-

ing behavior in PVDF. The earlier studies,[23] on completely crystalline

PVDF- co-polymers show signatures of ferroelectric domain with specific

polarization orientation adding on to the lamellar behavior of the crystal-

line phases.[25,26] This lamella that forms the basis of the crystalline

region of PVDF is known to possess the ferroelectric domains. The net

polarization and its switching is expected to arise due to the rotation of

molecules around the chain. Hence, the electrostatic nature of ferroelec-

tric domain arises due to arrangement of the chain in a particular config-

uration. There are studies that suggest that charged domain wall exists in

ferroelectric ceramic because of head-to-head or tail-to-tail arrange-

ments of domain.[27] The electrostatic strength of domains could possibly

have influence on the adjacent ferroelectric domains in certain region. In

PVDF and its co-polymers, external electric field has a significant influ-

ence on the structural transitions.[28–31] Electric poling induced crystallin-

ity has been studied earlier through x-ray diffraction studies.[32–34] Poling

are usually performed at high electric field where as not much attention

has been given to low electric field studies. Studies that involves low

electric field during fabrication of PVDF fibers like electrospinning has

emphasized on the piezoelectric and ferroelectric property of nano fab-

ric/wire.[35–37] Further enhancement of d33 upto 63pm/V was observed

when composite PVDF fibers were prepared by electrospinning, how-

ever the details of domain pattern remains unclear.[37] Crystalline trans-

formation associated with low electric field provides an insight into the

ferroelectric domains and their piezoresponse behaviors.

In this work we address the tunability of polarization components

offered by the preparation conditions of semi-crystalline pure PVDF

film. The polarization components of the films were investigated using

PFM and computation based on electrostatic energy minimization

was carried out to understand the formation and stability of the FE

domains and their transformation under applied electric field. The

experimental observations of domain separation distance were vali-

dated using the numerical solutions of Poisson's equation for electri-

cally inhomogeneous systems. The plausible enhancement of

crystallinity in the presence of electric field was studied by performing

x-ray diffraction (XRD) studies in the presence of the electric field.

2 | EXPERIMENTAL SECTION

2.1 | Materials and sample preparation by solution

casting method

Commercially available PVDF (Sigma Aldrich, St. Louis, Missouri, USA)

powders and N-Methyl-2-pyrrolidone (NMP) (Sigma Aldrich, St. Louis,

Missouri, USA) solvent with appropriate weight proportion were mixed in

a magnetic stirrer to obtain the solution of PVDF. The stirring was per-

formed at 60
�

C temperature for 90 minutes. The PVDF solutions with

varying viscosities were prepared by varying the weight percentage of

PVDF powder. PVDF solution with varying viscosity range 2–8 Pa.S was

synthesized and further utilized for the fabrication of thin films. The solu-

tions were casted to films on Aluminium foil/borosilicate microslide glass

by the conventional doctor Blade technique and further baked at 60�C for

8 hours. Even though baking temperature is enough to produce β phase,

in order to attain higher content, the thin films were annealed at 90�C.

2.2 | Characterizations

The phase identification of the fabricated films was studied by using

X-ray diffractometer (Bruker D8 Discover, Billerica, Massachusetts,

USA) with Cu Kα radiation. A well separated (Pt) electrode pattern

that could apply a planar field was deposited on PVDF films and

utmost care was taken to make sure the X-ray beam falls on the poly-

mer film between the electrodes for the electric field induced crystal-

linity studies. The vibrational modes of the fabricated PVDF films

were detected using Raman (Bruker SENTERRA dispersive micro

Raman spectrometer, Billerica, Massachusetts, USA) and Fourier-

transform infrared spectroscopy (FTIR) (Bruker ALPHA-T, Billerica,

Massachusetts, USA) studies. The viscosity of the PVDF solutions

were studied using a Rheometer (Physica MCR 301, Anton Paar

GmbH, Anton-Paar-Str. 20, A-8054 Graz, Austria) at shear rate of

100/s. The morphological studies of the films were carried by SEM

(JEOL JSM 7800F, Akishima, Tokyo 196-8558, Japan). Further Piezore-

sponse force microscopy studies were carried out using the Nanoscope

V controller (make; Bruker, Billerica, Massachusetts, USA Model:

Dimension ICON).Commercially available Co/Cr (Spring constant = 2.8

N/m; Resonant frequency = 75 KHz) coated tips were used for map-

ping the IP and OP PFM images. The IP and OP amplitude and Phase

images were obtained by applying an Ac drive amplitude of 20-25 mV

at 15 KHz. A Dc bias of 5 V and 10 V was subjected to the tip along

with the AC signal of 5 V amplitude for inducing the electric field over

the sample surface to observe the domain growth.

3 | RESULTS AND DISCUSSION

3.1 | Crystalline phase identification

In this study we systematically vary the viscosity of precursor solution.

The variation in viscosity plays an important role in our observation.

The viscosities are 2.4, 2.9, 4.6, 8.1 Pa.s respectively. The thin films

prepared by precursor solution of these viscosities are correspond-

ingly labeled as PVDF 2.4, PVDF 2.9, PVDF 4.6, PVDF 8.1. Here

onwards we will be using these labels to refer to films made from par-

ticular precursor viscosity. In this study we have used aluminium foil

and microslide glass substrates to fabricate PVDF thin films. However,

all the samples that were fabricated on aluminium foil was preferred

due to the bottom electrode requirement for PFM studies. Studies

have has shown that aluminium substrate enhances the effective sen-

sitivity (in terms of d33) which also indicate toward in enhancement of

electroactive phase (β/γ- phases).[38] On comparing our results of alu-

minium and glass substrate based PVDF we observe that in both the

samples β-phase was dominating. Hence in this study to avoid the

influence of substrate surface all the samples were fabricated on the

aluminium substrate obtained from the same larger sheet of alumin-

ium with no significant change in morphology between the substrates

chosen for fabrication. In addition, polymer-solvent interaction plays a

vital role to determine the morphology of films.[20,21] Studies show
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that baking temperature has an influence on the pore formation in

PVDF thin films.[39] Higher drying temperatures lead to higher solvent

evaporation rates, which in turn avoid the formation of pores, thus

resulting in low porous samples.[40,41] High porosity is attributed to

the polymer chains mobility which reduces with decreasing tempera-

ture and prevents the polymer chains to occupy the free space left

behind by the evaporated solvent. It is known that higher the porosity

leads to higher roughness thus influencing the appearance of the

film.[22] From scanning electron microscopy(SEM) studies (not shown)

we found out that with increase in viscosity the pore size and the dis-

tribution of pores in 100 μm × 100 μm decreases significantly. PFM

studies were performed at nanoscale regions such that the porosity

does not interfere with the imaging of domain pattern. The inset of

Figure 1A shows the X-ray diffraction pattern of PVDF 4.6 sample.

The peak at 2θ = 20�2� relative to the sum of diffraction from the

planes (200) and (110) confirms the presence of β-phase in PVDF films

and the shoulder peak at 18�5� corresponding to (020) plane indicates

the existence of a minute amount of γ-phase.[5,9,17,42–44] The films

prepared from varying viscosities seem to have no change in the per-

centage of mixed phases present, however a minor enhancement in

the crystallinity of PVDF films was observed when synthesized from

higher viscous solutions.

Figure 1A shows the Raman spectra of PVDF 4.6 sample. It is

observed that the spectra are dominated by a band at 839 cm−1. The

high intensity peak at 839 cm−1 confirms the high percentage β-phase

for annealed films. The Raman bands at 811 cm−1 in PVDF films, cor-

responds to γ phase and the peak at 882 cm−1 corresponds to the

mixed phases.[18] It is known that the solution casting method often

gives rise to mixed phases which is also evident from our results. As

our interest is mainly on understanding the ferroelectric domains of

pure PVDF and its semi-crystalline nature we continued our studies

with PVDF and not sticking to the methods known to enhance the

β-phase.[5,14,44,45] The above studies confirm that the PVDF film

mainly consists of β-phase along with minor fraction of other γ phase.

Figure 1B shows the FTIR spectrum of PVDF 4.6 sample in absorption

mode. The intensity peak at 833 cm−1,875 cm−1 confirms the pres-

ence of γ and β phase. The peak at 1070 cm−1 corresponds to mixed

phase. The phase fraction of γ to β phase was found to be 0.86. It is

evident that the β phase is predominant in the film. On a comparative

observation of the results from these methods it can be concluded

that overall crystallinity of β phase fraction ranges from 80% to 85%

which is in correlation with the Raman scattering studies.

3.2 | Piezoresponse force microscopy

The PFM studies of the piezoelectrics and ferroelectrics include

domain imaging, polarization switching and local spectroscopic stud-

ies. In this method a ferroelectric sample is placed between the bot-

tom electrode and the PFM tip, which act as a top electrode during

the measurements. We carried out measurements in the contact

mode to gather surface response information normal (out-of-plane

component) and parallel to the film plane (in-plane component) via the

frictional forces.[46] The PFM scan give images of morphology, ampli-

tude, and phase which corresponds to topography, piezoelectric coef-

ficient (d33) and the orientations of the polarization field relative to

the plane of the films. An application of the positive or negative dc

bias to the tip can induce 180
�

polarization switching, orienting polari-

zation upward or downward.[47]

Figure 2A-H shows the in-plane and out-of-plane PFM amplitude

of four different viscosities. Piezoresponse amplitude values for every

sample were determined by averaging amplitude values from 25 differ-

ent position in the scan area. Figure 3A shows the variation of in-

plane piezoresponse amplitudes with varying viscosity. With the

increase in viscosity, the in-plane response of the sample increases up

to a viscosity of 4.6 Pa-s and decreases thereafter. This is also evident

from the Figure 2C of PVDF 4.6 sample where the contrasts in PFM

amplitude from polar domains are more prominent in comparison to

surrounding nonpolar matrix. Out-of-plane polarization component

from PFM amplitude images shows a weaker contrast. The d33 of the

film is calculated using the out-of-plane components. Figure 3B shows

the variation of d33 with varying viscosity. It was observed that PVDF

2.9 has the highest d33, which indicates that it has the highest out-of-

plane polarization component. With increasing viscosity there is a

weakening in out-of-plane components and the d33 decreases.

It is evident from the above observations that the in-plane and

out-of-plane polarization components exhibit different behavioral pat-

tern with the variation in viscosity. In our PVDF films the in-plane

domains are dominant for the entire range of viscosities. There is a

pronounced increase in the out-of-plane domains for lower viscosities

and there after we see increase in in-plane domain until an optimum

viscosity is reached. The optimum viscosity of in-plane polarization is

FIGURE 1 A, X-ray diffraction (XRD) and Raman spectra of polyvinylidenefluoride (PVDF) film. B, Fourier-transform infrared spectroscopy (FTIR)

spectra of PVDF film
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4.6 Pa.s and out-of-plane polarization is 2.9 Pa.s. The variation in

polarization component can be attributed to the crystalline nature of

PVDF which in turn is sensitive to the viscosity of precursor solu-

tion.[48] Viscosities of melt has an influence on crystallization condi-

tions which in turn effects crystalline structures. Hence viscosity plays

a vital role in deciding the crystallinity (chain structure) of a poly-

mer.[48,49] Higher viscosities results in reduction of both in-plane and

out-of-plane domains. This reduction might be due to reason that

polymeric chains of crystalline and amorphous phase entangle each

other that hinders any movement or rotation of monomers.

PFM studies reveal the presence of various polarization compo-

nents in which, the piezoresponse amplitude and phase image of the

respective films gives better understanding of the ferroelectric domain

patterns present. Figure 4 represents the PFM images of PVDF 4.6

sample. Various features like morphology, out-of-plane (OP) and in-

plane (IP) amplitude, phase images were shown in Figure 4A-F. Inter-

estingly the Figure 4E reveals the presence of dominant IP polariza-

tion components in this particular film. It evidently shows the

presence of paired regions with opposite domain orientations either

left or right with respect to the probe tip. The domains are out of

phase to each other by 180� and are separated by a distance of

380-400 nm. This distance observed is relatively larger in comparison

to conventional ferroelectric domain separations. However,

conventionally the ferroelectric domain walls are 180� with either

head-to-tail or tail-to-head configuration. In this case we believe that

the intermediate region presumably amorphous is capable of storing

excess charge.[50–52] Hence, maintaining a distance of few 100 nm is

necessary to stabilize the head to head or tail to tail configurations.

As these planar domains are of similar to same charges facing

each other, it results in an electrostatic interaction within the pair of

domains. Hence, electrostatic force from domains is expected to influ-

ence the nucleation of other domain in the surrounding area. It is evi-

dent from Figure 4F that a criss-cross configuration of domain

orientation was observed between the adjacent pair of domains. The

arrow marks are representative guide for the eyes and an opposite

representation with 180� rotation is equally plausible.

The PFM scan are said to be sensitive to surface roughness and

have higher chances of topographic cross talk. In order to confirm that

our results are not surface dominated we did a study on the morphol-

ogy influence on the domain pattern. We have highlighted ferroelec-

tric domains and corresponding areas in morphology image as shown

in Figure 5A. We have observed the domain patterns are evolving

from a thick, bright uniform region. Moreover we do see some rough

regions in the morphology and the corresponding phase image is not

showing any color contrast in those regions. A closer look to the

domain was also performed as seen in Figure 5B, it was observe that

there was no change in height with respect to the morphological

region corresponding to occurrence of domain. This implies that the

observed domain pattern is independent from its morphological influ-

ence. Further the topographic cross talk takes place if we operate the

tip close to its contact resonance frequency (typically few hundreds of

kHz). To avoid such topographic influence we have operated the tip at

a frequency (operated frequency: 15 kHz) far from its resonant fre-

quency. Large area scans show the presence of uniformly distributed

paired domains were found to be distributed uniformly throughout

the sample and the scalable nature of the domain patterns is evident

(Figure 6).

FIGURE 2 (A-D), in-plane and (E-H), out of plane PFM amplitude scans of different samples

FIGURE 3 A, Graph showing in-plane response for different

viscosities B, graph showing d33 coefficient for different viscosities
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3.3 | Theoretical analysis

We constructed checkerboard-type domain configurations similar to

those in PFM images and implemented an inhomogeneous poisson

solver to compute electric field and electrostatic energy density to

study the effect of electrostatic interactions between the polar

domains separated by a nonpolar medium. Further, these calculations

are useful to estimate the equilibrium separation distances between

different domain arrangements. Figure 5A shows one typical initial

configuration of in-plane ferroelectric domains separated by a para-

electric matrix (red). Each pair of domains (denoted by yellow and

black) in the checkerboard structure shares a 180� domain wall. The

separation distance along x-axis is kept constant while that along y-axis

is varied systematically using a step size of 10 nm. We compute the

electrostatic energy of each configuration as a function of vertical sepa-

ration distance. The minimum in electrostatic energy is used as a crite-

rion to determine electrostatically most stable configuration. We used

an average domain width of 600 nm and a horizontal separation dis-

tance of ~250 nm to mimic experimentally observed domain patterns.

The electrostatic energy density and electric field distribution for a

given configuration of domains is computed by solving the electrostatic

equilibrium equation for electrically inhomogeneous systems [53]:

r� ϵ rð Þrφ rð Þ½ � ¼r�P rð Þ, ð1Þ

where ϵ(r) is position-dependent dielectric permittivity, φ(r) is the elec-

tric potential distribution and P(r) denotes the inhomogeneous polari-

zation field. [53] The electric field is given as E = − rφ and the

electrostatic energy density is given as

Felectric ¼
1

2
ϵ rð ÞE2 +P �E: ð2Þ

The electrostatic equilibrium equation was solved using INTEL

MKL Library assuming periodic boundary conditions in absence of

external field.[54] Our calculations show a minimum electrostatic

energy for the given configuration is minimum when the vertical sepa-

ration distance varies between 350-450 nm. Further increasing the

distance increases the energy of the system (Figure 5C). The good

agreement between the experimental findings and numerical results

indicate that arrangement of in-plane polar domains is primarily gov-

erned by the minimization of electrostatic interactions. Such a config-

uration is energetically stable because the amorphous layer

FIGURE 4 PFM images of PVDF films A, morphology (B,C), out of plane amplitude and phase images (D,E), in-plane (IP)amplitude and phase

images F, zoomed region of two E, showing the nucleation of opposite orientations adjacent to the larger domains

FIGURE 5 (A,B), Shows the influence of surface morphology on

domain nucleation A, for a 10 μm region B, for a particular domain
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(of 350-450 nm width) can effectively compensate the excess charge

associated with the head-to-head/tail-to-tail configurations of the in-

plane domains when the separation distance is ~390 nm.) Most

importantly, the domain size and separation distances obtained from

the calculations corroborates well with the experimental observations.

Figure 5D shows the electric field distribution in criss-cross domain

configuration as shown in Figure 5A. In the central region (at the con-

fluence of four domains), the electric field is almost fully compensated

leading to very low electrostatic energy (Figure 5B). The β phase of

PVDF is thermodynamically meta-stable phase with all trans (TTTT)

zigzag chain conformation.[13,44] PVDF exhibits ferroelectric property

as its electric dipole due to C F and C H can be changed in the pres-

ence of external electric field,[23] which is confirmed by the ferroelec-

tric hysteresis loop. The Switching spectroscopy (SS)-PFM studies

performed in all the samples at various locations confirm the presence

of ferroelectric hysteresis with switching characteristics. All the hys-

teresis loop in Figure 8 shows 180� phase shift, Since the out-of-plane

components contributes mainly to the hysteresis loop it is no surprise

that our results seems to have weaker hysteresis as our films have

shown dominating in-plane components. The PVDF 2.9 shows good

hysteresis loop when compared to lower and higher viscous films. This

can be attributed to increase in out-of-plane component with rise in

viscosity.

3.4 | Bias induced structural transformation

Earlier studies suggest that application of electric field during the

preparation of PVDF samples had its effect on the degree of

FIGURE 6 (A-D), Morphology of the scanned region (E-H), scalable distribution of domain across the scanned regions of PVDF film

FIGURE 7 A, A typical configuration of the ferroelectric domains to compute electrostatic interactions between domains (similar to the domain

arrangement observed in experiments). B, Electrostatic energy distribution when the vertical separation distance between the domains is

390 nm C, electrostatic energy vs vertical separation distance (along y-axis). D, Distribution of electric field in criss-cross domain configuration.

The black arrows represent the direction of the electric field
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crystallinity.[55] It is known that the external electric field contributes

in direction perpendicular to carbon backbone causing dipoles to

rotate only with in-plane perpendicular to backbone.[45] In this study

on application of dc-bias across the PVDF thin films a variation in the

domain pattern was observed which was similar to the domain pat-

terns observed in completely crystalline PVDF-TrFE co-polymers.[46]

Figure 9A-F shows the PFM morphology, in-plane amplitude and in-

plane phase images for with and without bias. During PFM scan when

the unpoled PVDF is subjected to sample bias 5 V and then further to

10 V, we observe there is a significant change and uniform distribu-

tion in the domain contrast which also indicates enhancement in the

crystallinity of the film. The enhancement was prominent in the in-

plane compared to out-of-plane polarization. This growth is also visi-

ble in in-plane amplitude where the region of the domains undergoes

similar change of shape and contrast growth. The electrostatic force

within the PVDF during PFM alter the polymer chain causing mono-

mer to rotate in the direction of electric field thus leading to change in

the arrangement of irregular amorphous region and converting them

FIGURE 8 Piezoresponse force microscope (PFM) phase loop of PVDF film with different viscosities

FIGURE 9 (A-C), Morphology, in-plane amplitude and phase of PVDF films under zero DC bias (D-F), morphology, in-plane amplitude, and phase

of PVDF films induced under 5 V DC bias
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to a crystalline region. Literature has also suggested that in the pres-

ence of uniform electric field they observe increase in contrast in

presence of dc bias which is similar our results.[23,27,56] As Pure PVDF

is expected to be semi-crystalline such a transformation of in-plane

phase contrast in the domains is expected to be associated with an

amorphous to crystalline transformation. In order to confirm such a

transformation if any present, we performed the XRD studies in the

presence of an applied electric field.

PVDF samples with thickness of ~20 μm on glass substrate with

both platinum electrodes on top facilitating an applied field in planar

configuration was fabricated. Sample was aligned carefully such that

the x-ray scans only the region between the electrodes. XRD on the

sample was performed at 0 V-20 V and the corresponding change

was observed as a function of the peak intensity. As voltage increases

from 0 V to 5 V a significant rise in β phase peak intensity was

observed. The rise was almost 15% when compared to the intensity

obtained at 0 V. The intensity oscillates around the same value

between 7 V and 11 V and then a further increase in peak intensity is

observed up to 20 V and saturates further. Figure 10 shows schematic

representation of the correlation between the intensity rise and

domain growth in association with amorphous to crystalline transfor-

mation. At 0 V the semi-crystalline polymer contains fewer crystalline

regions (represented by chains structure) which are also indicated by

the low peak intensity value in graph. As the voltage increases the

peak intensity increases. This rise in peak intensity can be considered

as increase in crystalline region and thereby increase in domain region.

At voltage above 20 V when the intensity saturates it resembles that

the maximum crystallinity for the film was obtained and further rise

will not affect the amorphous to crystalline transformation. Previous

studies showed similar enhancement in intensity when PVDF films

were subjected to poling and later analyzed by x-ray diffraction

studies.[13,55]

In the present case we have studied the variation of intensity

with an in-situ application of external bias and the variation of inten-

sities are in good correlation with earlier studies. This increase in β

phase intensity of our PVDF films confirms the increase in degree of

crystallinity under application of electric field. The γ peak also fol-

lows the similar trend indicating the ratio of mixed phase remains

unchanged across the transformation. Hence, the changes observed

in the crystal structure due to electric field do not seem to affect the

crystal phase of PVDF.

4 | CONCLUSION

In summary, we studied the polarization behavior of PVDF film over a

viscosity range. The PVDF films exhibits a dominant planar domains

with a unique pairing of domains. The amorphous region separating

the domains is capable of holding excess charge and hence facilitates

head-to-head or tail-to-tail kind of domain pair configuration in PVDF

films. The electrostatic energy of such domain configuration was cal-

culated and found to be in good correlation with the experimental

observations. The influence of external bias leads to a change in

domain configuration and size and is associated with an amorphous to

crystalline transformation. Such a transformation was evidently

observed in XRD studies in the presence of applied electric field.

FIGURE 10 A, Variation of X-ray diffraction peak intensity of β-phase PVDF thin films obtained in the presence of DC bias B, schematic

representation of polymer amorphous to crystalline transformation in the presence of DC bias
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