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Abstract  

This work describes the dielectric properties of piezoelectric poly(vinylidene fluoride) (PVDF) thin 

films in the frequency and temperature ranges relevant for usual applications. We measured the 

isothermal dielectric relaxation spectra of commercial piezoelectric PVDF thin films between 10 Hz to 

10 MHz, at several temperatures from 278 K to 308 K. Measurements were made for samples in 

mechanically free and clamped conditions, in the direction of the poling field (perpendicular to the 

film). We found that the imaginary part of the dielectric relaxation spectra of free and clamped PVDF 

samples is dominated by a peak, above 100 kHz, that can be characterized by a Havriliak-Negami 

function. The characteristic time follows an Arrhenius dependence on temperature. Moreover, the 

spectra of the free PVDF samples show two additional peaks at low frequencies which are associated 

with mechanical relaxation processes. Our results are important for the characterization of piezoelectric 

PVDF, particularly after the stretching and poling processes in thin films, and for the design and 

characterization of a broad range of ultrasonic transducers. 
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poly(vinylidene fluoride) – PVDF; piezoelectric thin films; ultrasonic transducers; medical imaging; 
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1. Introduction  

 

Poly(vinylidene fluoride) (PVDF) is a widely used semicrystalline polymer with good mechanical 

properties, resistance to chemicals, high dielectric permittivity and exceptional pyro- and piezoelectric 

properties [1,2]. Amongst other uses, thin films of piezoelectric PVDF are of great interest in 

broadband acoustic and ultrasonic transducers [3], particularly for medical imaging applications, since 

they are flexible and with acoustic impedance similar to water and biological tissues [4]. It is well 

known that quantitative modeling of the frequency response of piezoelectric transducers requires the 

accurate characterization of the material properties [5]. Compared to inorganic piezoelectric materials, 

the internal losses (both mechanical and electrical) are much larger in polymers. In consequence, it is 

very important to consider the frequency and temperature dependence of the relative complex dielectric 

permittivity, , when describing transducers based on piezoelectric polymers.  

Numerous references may be found in the literature about the applications [6-9] and general physical 

properties of PVDF, particularly over limited ranges [9-15]. However, we found comparatively fewer 

works reporting in detail the broadband dielectric properties of piezoelectric PVDF thin films [16-18], 

especially in the frequency and temperature ranges required for the design and characterization of 

ultrasonic transducers. We note that most of those works do not take into account the difference 

between the behavior of piezoelectric materials in the free (zero-stress) and clamped (zero-strain) 

conditions. 

In this work, broadband isothermal dielectric spectra of commercial piezoelectric PVDF thin films in 

the frequency range from 10 Hz to 10 MHz were obtained every 5 K between 284 K and 308 K. The 

electric properties were measured in the direction perpendicular to the film. These ranges cover most of 

the usual medical imaging applications [19]. Measurements were made both in the free and clamped 

conditions. As is clear from rheological considerations, the free dielectric response of piezoelectric 

materials is significantly changed when the sample is clamped, since the interaction between the 

electrical and mechanical responses is eliminated [20,21]. This is an aspect [22] that is often 

overlooked in studies of properties of electrorheological materials. Moreover, the dielectric spectra 

presented in this work are important for the characterization of piezoelectric PVDF, particularly, after 

the stretching and poling processes in thin films. 

 

2. Materials and methods 

 

Circular samples about 6mm in diameter were cut from piezoelectric PVDF film 25 m thick,  

metalized on both sides, provided by PIEZOTECH CORP. During manufacture, the film is stretched 

and then poled by applying an electric field in the direction perpendicular to the film. The poling 

direction is customarily indicated as the reference axis 3 and the stretching direction (in the plane of the 

film) as the reference axis 1. In this work, we measured the dielectric properties in the direction of the 

poling field, 33. For brevity, the subscript '33' will be omitted in what follows.   

Electrical connections to the free sample were made with two short (5 mm) copper wires of small 

diameter (100 m), bonded to the periphery of the metalized surfaces of the sample with speckles of 

conductive silver paint. The clamped sample was placed between two thick metallic disk electrodes 

tightly held together.  

The samples were placed in a glass enclosure flushed with dry nitrogen, in a Lauda thermostatic bath 
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stabilized within +/- 0.02 K. The temperature was measured to within +/- 0.1 K with a calibrated 

thermocouple placed next to the sample. The temperature at the laboratory was stabilized at 299 K +/-1 

K.  

The samples in the thermostat were connected to the dielectric measuring interface with a short length 

(1 m) of low-loss coaxial cable (with a nominal impedance of 50 ). The impedance and propagation 

delay of the cable were accurately determined with an automated reflection bridge at frequencies up to 

30 MHz. We emphasize that the accurate characterization of the cable is essential to correct the 

systematic errors in measurements at high frequencies, where the cable length is not negligible in 

comparison to the signal wavelength.  

The dielectric measuring interface, together with the measurement method and the calibration 

procedures, were described in detail in a previous work [23].  

At low frequencies, between 10 Hz and 100 kHz, a Stanford Research SR-810 Lock-in Amplifier was 

used for magnitude and phase measurements, using its internal source to provide the excitation signal. 

In the frequency range from 20 kHz to 10 MHz, signals were captured with a Tektronix TDS 210 real-

time digital sampling oscilloscope, and processed with an FFT routine. The excitation signal was 

provided by an Instek GW-830 synthesized signal generator. We checked the overlap of experimental 

results from both sets of instruments in the frequency range between 20 kHz and 100 khz. As an 

additional verification, we made measurements at 1 kHz, 10 kHz and 100 kHz using a stand-alone 

Tonghui 2822C RCL Meter.  

Results at frequencies above 100 kHz were corrected with the usual formulas for low-loss transmission 

lines [24], using the impedance and propagation delay data of the coaxial cable. The instruments were 

controlled by a personal computer through GPIB interfaces, and the software for instrument control and 

signal processing was developed using the Agilent VEE environment. In all cases ceramic reference 

capacitors were used for calibration. 

 

3. Results and Discussion  

 

The complex relative permittivity characterizes the macroscopic response of the material to electric 

fields with a harmonic time dependence. As described in the previous section, we measured the 

dielectric properties for the free and clamped samples. Figures 1 to 4 show the real and imaginary parts 

of the relative complex permittivity (as a function of frequency) for both samples. Results are shown 

only for three of the measured temperatures. The imaginary part of the dielectric relaxation spectra of 

both the free and clamped PVDF samples is dominated by a peak above 100 kHz.  

As it can be seen from the low-frequency behavior, the zero-frequency (DC) conductivity of the 

samples may be neglected. We emphasize that, if that were not the case, the imaginary part of the 

permittivity at low frequencies would exhibit a characteristic -1 dependence that is clearly absent 

from our experimental data (see, for instance, figure 4). 

The Cole-Cole plots (imaginary vs. real part of the complex permittivity) for the same temperatures are 

given in Figures 5 and 6. We note that the spectra of the free PVDF samples show two additional 

relaxation processes at low frequencies, that are absent from the spectra of clamped samples. This is 

not surprising since in piezoelectric materials the mechanical and electrical responses are coupled and, 

therefore, the mechanical relaxation processes clearly dominate the measured low-frequency dielectric 

losses in free PVDF (below 100 kHz). Low frequency losses in the free condition cannot be neglected 

and increase with temperature. In contrast, in the clamped condition, low-frequency losses are very low 

in the entire range of measured temperatures.  
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The piezoelectric constitutive equations for isothermal processes are [25]: 

 

EXdD

EdXsx

XTET

XTET





,

0

,

,,



                                                            (1) 

 

where the independent variables are x the strain field, X the stress field, E the electric field, and D the 

displacement field. Furthermore, s is the elastic compliance tensor, d the piezoelectric tensor and  the 

dielectric tensor. The superscripts indicate which variable keeps constant (temperature, T, electric or 

stress field). 0 is the free space permittivity. A harmonic time dependence is assumed, therefore all the 

above parameters depend on the frequency and may be considered as complex [26]. Please note that in 

this work we only measured the components along the reference axis 3. 

As explained in reference [25], from the comparison with the results of the sample in a clamped 

condition (i.e. the strain, x, is negligible) it can be deduced that the measured complex permitivitty for a 

free sample includes the electromechanical coupling with the strain through the piezoelectric 

coefficients d: 

   ETXTETxTXT sdd ,

0

,,,,                                                   (2) 

    

It is useful to consider the elastic modulus, G, defined as the reciprocal of the elastic compliance. 

Therefore, for the previous equation it follows that: 

 

0

,,,,,  ETXTETxTXT Gdd                                                  (3) 

 

From the above, it may be seen that the difference between the free and clamped permittivities depends 

on the mechanical properties of the sample through G; this is highlighted in the plots of figures 7 and 8. 

The imaginary part shows a peak between 1 kHz and 10 kHz and the side of another peak below 100 

Hz that shifts to higher frequencies with increasing temperature. 

The high frequency peak in the dielectric loss is originated by the  relaxation process, attributable to 

fluctuations of the dipolar moment of localized parts of the main polymer chain [27]. This peak can be 

described by a Havriliak-Negami (HN) function [28], 

 

   01  jHF                                                     (4) 

 

where HF is the limiting value of the permittivity at high frequencies,  the relaxation strength, 0 the 

characteristic relaxation time, and  and  are shape parameters that describe the broadening of the 

relaxation peak. The shape parameters are related to symmetric and asymmetric broadening of the 

relaxation peak, and they are both positive numbers (for a relaxation processes the product ∙ must 

always be less than 1 [27]. The HN function is a generalization of the single-time (Debye) relaxation 
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function. The dynamical response of a Debye process is described by  =  = 1; this corresponds to an 

exponential decay of the polarization. In contrast,  < 1 implies a relaxation peak symmetrically 

broader than a Debye peak, and  < 1 implies a nonsymmetric broadening of the relaxation peak. In the 

time domain this corresponds to a decay of the polarization described by a “stretched exponential” 

function [27].   

The HN parameters for the main relaxation peak at each measured temperature are given in tables 1 

and 2 for the free and clamped samples, respectively. In figures 1 to 6, the solid lines correspond to the 

HN function with the fitting parameters from tables 1 and 2. In all cases, the root-mean-square error 

(RMSE) in the fitting is less than 0.3. The activation energy is of (0.81+/-0.21 ) eV for the free sample, 

and (0.74+/-0.11) eV for the clamped sample. The uncertainties correspond to 95 % confidence 

interval. We present the Arrhenius plots of the characteristics times in figures 9 and 10. It is well known 

that the Arrhenius dependence of the relaxation time is a typical feature of the  relaxation, together 

with the increase of the relaxation strength with temperature [27]. It is important to note that the 

dielectric relaxation peak corresponding to the  process is well below the minimum measured 

frequency, within the temperature range studied in this work. 

 

4. Summary 
 

We performed broadband isothermal spectroscopy in samples of PVDF thin films in the frequency 

range from 10 Hz to 10 MHz, and for temperatures between 284 K and 308 K. The samples were 

measured along the direction of the poling field, in the free and clamped conditions. The  relaxation 

process dominates the electric losses above 100 kHz. The temperature dependence of the relaxation 

times are well described by an Arrhenius process and the fitted activation energies for the free and 

clamped condition are similar (0.81 eV and 0.74 eV, respectively). We have not found in the literature 

parameters of the  relaxation process obtained from broadband isothermal dielectric spectra. The zero-

frequency DC conductivity of the samples may be considered as negligible. The spectra of the free 

PVDF samples show two additional relaxation processes at low frequencies, originated by the 

electromechanical coupling with the mechanical relaxation. In contrast, low frequency losses in the 

clamped condition are very low.   

Widespread application of piezoelectric polymers requires a detailed description of dielectric properties 

in the range of frequencies and temperatures of interest, both in the free and clamped conditions. The 

results presented in this work are relevant for the characterization of piezoelectric PVDF thin films and 

for the design and characterization of a broad range of ultrasonic transducers, such as hydrophones and 

medical imaging systems.  
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Table Captions 

 

Table 1.  Havriliak-Negami parameters for the main relaxation peak at each measured temperature for a 

free sample. 

 

Table 2. Havriliak-Negami parameters for the main relaxation peak at each measured temperature for a 

clamped sample. 

 

 

Figure Captions 
 

Figure 1. Real part of the relative complex permittivity for a free sample. Symbols: experimental data. 

Solid lines: HN function with the fitting parameters from table 1. 

 

Figure 2. Imaginary part of the relative complex permittivity for a free sample. Symbols: experimental 

data. Solid lines: HN function with the fitting parameters from table 1. 

 

Figure 3. Real part of the relative complex permittivity for a clamped sample. Symbols: experimental 

data. Solid lines: HN function with the fitting parameters from table 2. 

 

Figure 4. Imaginary part of the relative complex permittivity for a clamped sample. Symbols: 

experimental data. Solid lines: HN function with the fitting parameters from table 2. 

 

Figure 5. Cole-Cole plot (imaginary vs. real part of the complex permittivity) for a free sample.  

Symbols: experimental data. Solid lines: HN function with the fitting parameters from table 1. 

 

Figure 6. Cole-Cole plot (imaginary vs. real part of the complex permittivity) for a clamped sample.  

Symbols: experimental data. Solid lines: HN function with the fitting parameters from table 2. 

 

Figure 7. Real part of  the difference between the free and clamped permittivities. 

 

Figure 8. Imaginary part of  the difference between the free and clamped permittivities. 

 

Figure 9.  Arrhenius plot of the characteristics times for a free sample. kb is the Boltzmann constant. 

 

Figure 10. Arrhenius plot of the characteristics times for a clamped sample. kb is the Boltzmann 

constant. 
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