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Abstract

Poly(vinylidene fluoride)/lead zirconate titanate nanocomposite thin films (PVDF/PZT-NPs) were successfully prepared by mixing fine

Pb(Zr0.52,Ti0.48)O3 nanoparticles (PZT-NPs) into a PVDF solution under ultrasonication. The mixture was spin coated onto glass substrate and then

cured at 110 8C. X-ray diffraction (XRD), transmission electron microscopy (TEM), and scanning electron microscopy (SEM) were used to

characterize the structure and properties of the obtained thin-film nanocomposites. The dielectric properties of the PVDF/PZT-NPs were analyzed

in detail with respect to frequency. In comparison with pure poly (vinylidene fluoride), the dielectric constant of the nanocomposite (15 vol.% PZT-

NPs) was significantly increased, whereas the loss tangent was unchanged in the frequency range of 100 Hz to 30 MHz. The nanocomposites

exhibited good dielectric stability over a wide frequency range. Different theoretical approaches were employed to predict the effective dielectric

constants of the thin film nanocomposite systems, and the estimated results were compared with the experimental data.
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1. Introduction

‘‘Smart materials’’ are materials that show reproducible and

stable responses through significant variations of at least one

property when subjected to external stimuli [1,2]. Ceramic–

polymer composites constitute a new class of construction and

functional materials of great application potential in having the

combined hardness and stiffness of ceramics and the elasticity,

flexibility, low density, and high breakdown strength of

polymers. Consequently, ceramic–polymer composites are

being increasingly utilized for their specific dielectric, ferro-

electric, piezoelectric, pyroelectric, electro-optic, and super-

conducting properties in microdevices [3]. When polymeric

materials serve for practical uses, they are commonly mixed

with other materials to achieve the desired performance. One of

the best piezo- and pyroelectric polymers is the semicrystalline

polymer poly(vinylidene fluoride) (PVDF) [4]. To achieve
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various performance objectives, high-dielectric-constant ferro-

electric ceramics such as Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT)

[5], Pb(Zr,Ti)O3 (PZT) [6], LTNO [7], CaCu3Ti4O12 (CCT) [8]

and BaTiO3 (BT) [9] have been used as fillers in polymers by

previous researchers. Similarly, metallic fillers have also been

used to achieve ultrahigh dielectric constants in metal–polymer

composites or three-phase composite systems [10–12]. The

high dielectric constant of the ceramic allowed for a high

dielectric constant and a strong piezoelectric effect in the

composite for moderate volume fractions of the ceramic filler.

The dielectric properties of these composites can be controlled

over a broad range by inorganic inclusions [13]. In 1979,

Furukawa et al. [14] published a study on the effect of the

addition of ceramic particles in various polymer/PZT 3-

dimensional systems. For the PVDF/PZT composites, the

authors concluded that the piezoelectric effect originated in the

ceramic particles unless the volume fraction of the PZT was

very small. Later, Yamada et al. [15] developed expressions to

predict the dielectric and piezoelectric constants and the elastic

modulus of binary systems such as PVDF/PZT composites.

In the present study, the polymeric material used to prepare

the nanocomposite thin films was poly(vinylidene fluoride)
d.
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Table 1

PVDF, PVDF\PZT, and PZT-NPs specimen dimensions and dielectric properties at 100 Hz.

Sample Thickness, d (m) Area, A (m2) Capacity, C (F) 100 Hz Dielectric constant er 100 Hz

PVDF 277 � 10�9 4 � 10�6 9.99 � 10�10 7.82

PVDF\PZT 352 � 10�9 4 � 10�6 1.11 � 10�9 11.10

PZT-NPs 3.278 � 10�3 1.308 � 10�4 1.03 � 10�9 2916.84

Fig. 1. X-ray diffraction patterns for PZT-NPs calcined at different tempera-

tures. The pure perovskite phase was achieved at 700 8C.
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(PVDF), and the ceramic material was lead zirconate titanate

nanoparticles (PZT-NPs, with a diameter of �20 nm). Both

materials are dielectric but with quite different characteristics.

PVDF has a low density (r = 1780 kg/m3) compared to the PZT

(r = 7500 kg/m3); the PZT-NPs have a high dielectric constant

(er > 2800 at 100 kHz) compared to the PVDF (er = 12) [4].

The frequency dependence of the electrical properties of the

PVDF/PZT nanocomposite thin films was studied in the

frequency range of 100 Hz to 40 MHz. In previous studies, for

example Furukawa et al. [14] and Firmino et al. [6], constant

values of ceramic particles permittivity were examined over the

entire frequency range to investigate the permittivity of the

composites. In this work, the permittivity of the PZT-NPs was

measured as a function of frequency, and the dielectric

properties of the PVDF/PZT nanocomposites were investigated

by experimental and theoretical approaches.

2. Experimental

2.1. Preparation of PVDF/PZT nanocomposite thin films

The PZT-NP [Pb(Zr0.52,Ti0.48)O3] powder was prepared by a

sol–gel method. Titanium isopropoxide, zirconium n-prop-

oxide and lead acetate were used as starting materials, and 2-

methoxyethanol was used as a solvent. The gel was dried, then

calcined at temperatures of 600 8C, 650 8C or 700 8C for 1 h to

obtain fine yellow PZT-NPs powders [16]. The PZT-NPs

powders was sonicated and dispersed in ethyl methyl ketone

(EMK). Simultaneously, PVDF powder (Sigma–Aldrich) was

dissolved in the EMK at 60 8C and stirred for 2 h. Next, the

dispersed PZT-NPs were added to the PVDF solution and

stirred for 2 h at 60 8C. The initial concentration of the solution

was 0.2 g PVDF per 15 ml of EMK and the PVDF/PZT-NPs

ratio was 85/15. The PVDF/PZT-NPs solution was coated onto

a glass electrode substrate by a spin-coating method at

1500 rpm for 30 s. The samples were then heated in an oven at

60 8C for 1 h to remove the solution and subsequently annealed

on a hot plate at 110 8C for 1 h. Finally, the top electrode was

coated onto the samples using a thermal evaporator (Edward

306).

2.2. Characterization techniques

X-ray diffraction (XRD) studies were carried out using a

Siemens D5000 diffractometer with Cu Ka1 radiation

(l = 0.154056 nm) over a wide range of 2u (58� 2u �808).
The microstructure and the morphology of the samples were

characterized using scanning electron microscopy (SEM, FEI
Quanta 200 FESEM) and transmission electron microscopy

(TEM, Hitachi H-7100). FTIR (ST-IR\ST-SIR spectrometer)

was used to study of the normal vibration modes of PVDF. To

measure the permittivity of the PZT-NPs, they were pressed

under 200 MPa pressure then the PZT-NPs pellet was

electroded with silver paint and cured at 60 8C for 1 h. The

capacitance of the electrode specimen was measured as a

function of frequency (100 Hz to 40 MHz) using an impedance

analyzer (HP 4194A) at room temperature, and the dielectric

constant was evaluated from C = eoerA/d, were C is the

capacitance, er is the dielectric constant, A is the surface area, d

is the sample thickness and eo is the permittivity of vacuum. The

thickness of the thin films was measured by a mechanical

profiler (P-6 KLA-Tencor); the results are presented in Table 1.

Theoretical models, i.e., Maxwell’s, Clausius-Mossotti, Effec-

tive Medium Theory, Furukawa, Rayleigh and Yamada, were

employed to rationalize the dielectric behavior of the

composites under investigation.

3. Results and discussion

3.1. X-ray diffraction analysis

The X-ray powder diffraction patterns obtained for the PZT-

NPs calcined at temperatures of 700 8C is shown in Fig. 1. PZT-

NPs having a pure perovskite structure were obtained at this

calcination temperature. The Scherrer method was used to

calculate the crystalline size of the PZT-NPs, and it was found

to be �17 nm. The X-ray diffraction pattern of the PVDF and

PVDF/PZT nanocomposite thin films is shown in Fig. 2. It was

estimated from these patterns that the PVDF (Fig. 2a) existed in



Fig. 2. X-ray diffraction patterns for (a) PZT-NPs, (b) pure PVDF, and (c)

PVDF/PZT-NPs. The pattern of pure PVDF shows exists of a, b and g phase in

the compound.

Fig. 3. FTIR traces for (a) pure PVDF and (b) PVDF/PZT-NPs. The results

show exists of a, b and g phase in the compound.
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mixed a, b and g phases. The peaks at 2u corresponding to

17.58 (1 0 0), 18.08 (0 2 0), and 38.18 (2 0 0) were assigned to

the a-PVDF, 22.28 (1 1 0) was assigned to the b-PVDF,

whereas the peaks at 2u = 26.48 (0 2 2) could be indexed to the

g-PVDF [8,17]. The X-ray diffraction pattern obtained for the

PVDF/PZT-NPs (Fig. 2b) clearly shows the PZT diffraction

peaks.

3.2. FTIR study of the PVDF and PVDF/PZT-NPs

In Fig. 3, FTIR transmittance spectra of PVDF (a) and

PVDF/PZT (b) are shown in the range of 285–1700 cm�1. The

identified reigns are rich in information on the conformational

isomerism of the chain, providing information on a and b phase

content. The absorption bands at 426, 532, and 1287 cm�1 are

related to b-phase characteristic bands [18]. The band at 1287

and 532 cm�1 are assigned to CH2 and CF2 bending vibration

bands, respectively. The mode at 426 cm�1 is parallel to a-axis

of PVDF chain.

The a-phases are observed at 492, 615, 765, and 989 cm�1

[18]. The absorption band at 765 cm�1 can be related to a

rocking vibration in the PVDF chain. The bending vibration of

CF2 is observed at 615 cm�1 also, bending and wagging
vibration of CF2 groups ascribed to the a-PVDF polymorph are

detected at 492 cm�1 [19].

The absorption bonds at 310 and 362 cm�1 are attributed to

Ti, Zr–O normal vibration modes, also, there is C–H stretching

vibration mode at 362 cm�1 [16]. The g-phase is estimated

from the band occurred at 811 cm�1 [18]. The results which

obtained from FTIR are summarized in Table 2.

3.3. Morphology study of the PVDF and PVDF/PZT-NPs

Fig. 4a shows a transmission electron micrograph of the

PZT-NPs. The average initial size of the PZT-NPs was�24 nm,

as evidenced by the TEM micrographs. The surface morphol-

ogy of the PVDF/PZT-NPs, dried PVDF, and annealed PVDF

revealed by scanning electron microscopy (SEM) are shown in

Fig. 4b, c, and d respectively. The SEM image of the composites

(Fig. 4b) shows the excellent distribution of the PZT-NPs fillers

within the PVDF matrix. The morphology of the dried PVDF

(Fig. 4c) and the annealed PVDF (Fig. 4d) indicate that the

lamellas were formed during the annealing process. As it shown

in Fig. 5, the lamellas start growing from a nucleus of a crystal.

A slow diffusion leads to tree-like architecture of branches and

twigs with built-in depletion zones [20].

3.4. Experimental study of the frequency dependence of the

dielectric constant

Fig. 6 presents the variation of dielectric constant and loss

with frequency for the PZT-NPs calcined at 700 8C for 1 h. The

dielectric constant and the loss value start from 2917 and 3.67,

respectively, at 100 Hz, and then decrease to 330 and 0.08 as the

frequency increases to 31 MHz. A resonance accurse at

38 MHz above this frequency, the value of the dielectric

constant and the loss decreases again as frequency increases.

The frequency dependence of the dielectric constant and loss of

the nanocomposite thin films with 15% PZT-NPs and pure



Table 2

Characteristic bands with specific vibrational modes and crystalline phases.

Wave number cm�1 Group Vibration Comments Ref.

310 (Zr, Ti)–O

C–H

Stretching

Stretching

[16]

362 (Zr, Ti)–O Bending [16]

426 b-Phase [18]

492 CF2 Bending and wagging a-Phase (in-phase combination) [24]

532 CF2 Bending b-Phase [18]

615 CF2 and C–C–C CF2 bending and C–C–C skeletal vibration a-Phase [24]

690 Presence of head to head and tail

to tail configurations

[24]

765 In-plane bending Or rocking a-Phase [24]

811 g-Phase [18]

876 CH2 and CF2 CH2 rocking and CF2 stretching b-Phase [18]

989 a-Phase [18]

1072 C–C–C Bending [24]

1193 CH2 Wagging b-Phase [18]

1287 CH2 Rocking b-Phase or g-Phase [18,24]

1403 CH2 In-plane bending Or scissoring [24]

Fig. 4. TEM morphology of the PZT-NPs (a), SEM micrographs of PVDF/PZT-NPs film (b), dried PVDF film (c), and PVDF film annealed at 110 8C. The inset

image of (b) shows the coverage of the polymer surrounding the nanoparticles.
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Fig. 5. Crystallization starts from a nuclus of a crystal and grows in a blend melt with a tree-like architecture.
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PVDF are shown in Figs. 7 and 8, respectively. As expected, the

effective dielectric constant (e) was increased at all frequency as

the PZT-NPs were added to the matrix under study. The effective

dielectric constant obtained was higher than that of pure PVDF

but much lower than that of the pure PZT-NPs. The low dielectric

constant of the PVDF/PZT-NPs thin films compared to the PZT-

NPs may be due to the causes apart from the connectivity and

particle-size effects. Based on the X-ray studies, it was confirmed

that PVDF is present as mixed a and g phases, which are both

nonpolar. Due to the nonpolar nature of PVDF, and the

constrained polymer chain hindering the formation of electrical

polarization, the value of e is lower than that of PZT-NPs [8].

It was observed that the dielectric loss decreased as frequency

increased for both pure PVDF and PVDF/PZT nanocomposite

thin films from 100 Hz to 15 MHz, but increased as frequency

increased further up to 39 MHz (Fig. 8). The inset of Fig. 8 shows

that the frequency dependence of the dielectric loss of the pure

PVDF and the PVDF/PZT nanocomposite were almost same in

the frequency range of 100 Hz to 30 MHz. This suggests that the

PVDF molecular chains play a more important role in this
Fig. 6. The experimental dielectric constant and loss of the PZT-NPs as a

function of frequency at room temperature, from 100 Hz to 40 MHz. The inset

shows the resonance area.
frequency range but that above 30 MHz the PZT-NPs play the

main role in the dielectric loss behavior of the PVDF/PZT

nanocomposite thin films.

3.5. Theoretical study of the dielectric behavior of PVDF/

PZT nanocomposite thin films

To better understand the nature of the dielectric response of

the composite material with increasing ceramic concentration,

several theoretical models were employed. The first model

developed to predict the dielectric behavior of the composites

was proposed by Maxwell in 1904 [21]; this model is still

widely used. In this model, the dielectric response of the

composite is given by:

e ¼ ðð2=3Þ þ ðe2=3e1ÞÞ þ a2e2

a1ðð2=3Þ þ ðe2=3e1ÞÞ þ a2

(1)

where e1 is the dielectric constant of the polymer, e2 is the

dielectric constant of the filler, and a1, a2 are the volume

fractions of the polymer and filler, respectively.
Fig. 7. The experimental dielectric constant of the pure PVDF and PVDF\PZT-

NPs as a function of frequency at room temperature, from 100 Hz to 40 MHz.



Fig. 8. The experimental dielectric loss of the pure PVDF and PVDF\PZT-NPs

as a function of frequency at room temperature, from 100 Hz to 40 MHz. The

inset shows that the loss value of PVDF\PZT and PVDF are almost same in

frequency range of 100 Hz to 30 kHz.
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In 1979, Furukawa et al. [14] derived an expression for

biphasic composites with 0–3 connectivity. This model also

assumes that the particles are spherical and uniformly dispersed

throughout the polymer matrix. The entire system is

dielectrically homogeneous and the response depends on the

dielectric constant of the matrix. The dielectric behavior of the

composite can be obtained from the following relation:

e ¼ 1þ 2a

1� a
e1 (2)

where e1 is the dielectric constant of the matrix, e is the effective

dielectric constant and a is the volume fraction of the ceramic

particles.

The Maxwell and Furukawa theories were used as the basis

for a new theory that was presented by Rayleigh [22]. The

Rayleigh equation correctly predicts the increase in permittivity
Fig. 9. Dielectric constant of PVDF\PZT-NPs obtained from experimental test

and theoretical calculation (Furukawa, Maxwell and Rayleigh theories) at room

temperature, from 100 Hz to 40 MHz.
when a small amount of inclusions are added to the matrix. In

this model, the dielectric behavior of the composites is given

by:

e ¼ e1

2e1 þ e2 þ 2aðe2 � e1Þ
2e1 þ e2 � aðe2 � e1Þ

� �
(3)

where e1 and e2 are the dielectric constants of the matrix and

ceramic particles, respectively, e is the effective dielectric

constant and a is the volume fraction of the ceramic particles.

Fig. 9 shows the typical experimental and theoretical

permittivities of the PVDF/PZT nanocomposite thin films. It

can be seen here that dielectric permittivity measured at lower

frequencies (below 100 Hz) was always greater than that

measured at higher frequency. The dielectric constant

decreased slowly with increasing frequency up to 25 MHz,

and with further frequency increase the dielectric constant

decreased very rapidly up to 40 MHz, the upper limit of the

frequency range in this study. It was also observed that the

results of the Furukawa theory were almost the same as the

experimental results observed in the frequency range of 100 Hz

to 25 MHz. There was an�8% deviation between the results of

the Rayleigh theory calculations and the experimental results,

but the results of the Maxwell calculations were very different

from the experimental results in this frequency range. These

theories are based on a spherical morphology of the ceramic

particles. Due to the nonspherical morphology of the PZT-NPs

(see Fig. 4a), the theoretical calculations of the dielectric

constant were not completely in accord with the experimental

results. Above 25 MHz, the Rayleigh theory seems to be more

reliable for calculating the dielectric constant compared to the

others. In this case, the results showed that the Maxwell and

Garnett theory was not a suitable theory for calculating the

dielectric constant of the PVDF/PZT nanocomposite thin films.

In the effective medium theory (EMT) [23] and Yamada

et al. [15] theory, the morphology of the particles is considered

in the calculation of the dielectric constant. By the EMT

method, the dielectric constant of the composite can be

estimated from the following equation:

e ¼ e1 1þ aðe2 � e1Þ
e1 þ hð1� aÞðe2 � e1Þ

� �
(4)

where e1 and e2 are the dielectric constants of the matrix and

ceramic particles, e is the effective dielectric constant, a is the

volume fraction of the ceramic particles and n is the fitting

factor.

The value of n depends on the morphology of the particles.

When the morphology of the particles is almost spherical, then

the value of n is very small. A high value of n indicates largely

nonspherically shaped particles. The experimental values in the

frequency range of 100 Hz to 27 MHz were well fit by the EMT

model with the shape parameter n = 0.47.

According to Yamada’s model the dielectric constant is

obtained from:

e ¼ e1 1þ kaðe2 � e1Þ
ke1 þ ð1� aÞðe2 � e1Þ

� �
(5)



Fig. 10. Dielectric constant of PVDF\PZT-NPs obtained from experimental test

and theoretical calculation (Yamada and EMT theories) at room temperature,

from 100 Hz to 40 MHz.
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where k is the parameter related to the morphology of the

particles.

It is clear that for k = 1/n Eqs. (4) and (5) are equal. Thus, the

results of this theory would be the same as obtained from the

EMT when k = 2.13. The difference between the experimental

data and the predicted values was close to zero in the frequency

range of 100 Hz to 27 MHz, but the difference increased to 5%

in the high-frequency range from 27 MHz to 40 MHz. The

difference can be related to the resonance frequency of the

nanoparticles (see Fig. 6) because the resonance behavior of the

PZT-NPs is affected by the polymer matrix. The results are

shown in Fig. 10.

4. Conclusions

Nanocomposite thin films of PVDF/PZT with a PZT-NP

content of 15% were fabricated and characterized. The XRD

and TEM results showed that the particle size of the PZT-NPs

was about 24 nm, and the SEM of the composites revealed an

excellent distribution of PZT-NPs fillers within the PVDF

matrix. As expected, the effective dielectric constant (e) of

PVDF was increased when it was mixed with PZT-NPs over the

entire frequency range. The dielectric loss remained constant in

the frequency range from 100 Hz to 30 kHz. However, as the

frequency was increased above 30 kHz, the dielectric constant

for the PVDF/PZT was higher than the pure PVDF. The results

showed that the dielectric constant of the PVDF/PZT-NPs

nanocomposite was increased by about 40% above that of pure

PVDF. Among the various models used for rationalizing the

dielectric behavior, it was found that in the frequency range

from 100 Hz to 27 MHz the experimental data were compar-

able with those obtained from the EMT model (with n = 0.47)

and the equivalent Yamada model (with k = 2.13). The

discrepancy between the experimental data and the predicted

value was less than 5% in the frequency range from 27 MHz to

40 MHz.
However, all these models have their limitations, as the

interfacial structure and chemistry have not been taken into

account. For example, the difference between the response

predicted by the Yamada and EMT theories and the

experimental data at high frequency can be attributed to the

resonance frequency of the PZT-NP occurring in this range.
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