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The direct determination of charge, polarization, or piezoelectricity profiles in thin dielectrics is 
now possible if piezoelectrically generated pressure steps or pulses and laser-induced pressure 
pulses are employed. These recently developed high-resolution methods were applied to the same 
piezoelectric poly(vinylidene fluoride) (PVDF) samples. Comparison of the respective results 
demonstrates the feasibility, the advantages, and the limitations of the new techniques for the 
study of piezoelectricity distributions. It is confirmed that, for relatively low poling fields, the 
piezoelectric activity of thermopoled PVDF foils is often confined to a layer near the positively 
biased surface. The same effect is found for poling with a positive corona discharge. For high-field 
corona poling, the piezoelectric activity extends throughout the PVDF film. 

PACS numbers: 77.60. + v, 77.30. + d, 79.20.Ds, 81.70. + r 

I. INTRODUCTION 

Since its discovery I in 1969, the piezoelectricity in poly
(vinylidene fluoride) (PVDF) has attracted widespread atten
tion. Considerable efforts to further the understanding as 
well as the applications of this rather unique material are 
reflected in a number of recent review articles2- 11 and in an 
extensive bibliography. 12 

Under certain poling conditions, the piezoelectric or 
pyroelectric activity of PVDF films becomes strongly depth 
dependent. 13- 16 This effect was originally discovered and 
studied on layered sample stacks. Layering made the sepa
rate measurement of the piezoelectric (or pyroelectric) re
sponse at different depths of the composite sample possible. 
The resolution ofthis technique is limited by the thickness of 
a single foil (between 6 and 25 ,urn). 

A few years ago, the use of pressure waves for nondes
tructive charge- or field-distribution measurements was sug
gested. 17,18 Previous implementations of this idea were based 
on pressure-wave generation by means of a shock tube,I8 a 
ruby laser,19 a high-voltage spark,20 and a CO2 laser.21 The 
direct experimental resolution of all these approaches is li
mited to a few tens of micrometers. 

Recently, two complementary high-resolution methods 
(down to 1 ,urn, depending on sample properties) for the di
rect and nondestructive scanning of polarization (and 
charge) distributions in the thickness direction of thin films 
became available. 22-26 Both techniques are based on the idea 
of using pressure waves: A piezoelectrically generated pres
sure step23-25 (PPS) leads to a uniform deformation of the 
sample volume behind the propagating step, whereas a laser
induced pressure pulse22.26.27 (LIPP) travels as a compres
sion layer through the specimen.28 For the LIPP method a 
short-pulse Nd:YAG laser is utilized rather than the ruby 
and CO2 lasers previously employed. 19,21 

The two new methods, which have already been used 
separately for the investigation of Teflon FEP,22,26,29 Mylar 
PETP,22.26.29 and PVDF23-26 samples, are directly compared 
in the present paper. This is done by studying the same 
PVDF samples with both techniques and comparing the re
sults. Furthermore, some preliminary experimental results, 
obtained with piezoelectrically generated pressure pulses 
(PPP's) are included. It can be assumed that only charge
compensated polarization zones, but no net charges, are 
found in PVDF because of its high conductivity.23-25 There
fore, all the pressure-wave experiments reported provide a 
direct image either of the piezoelectricity profile in the 
PVDF samples or of its gradient (see below). 

II. EXPERIMENTAL METHODS 

A. Samples and poling 

Two different types of commercially available PVDF 
were used: nominally l00-,um-thick "Dyflor 2000" film 
made by Dynamit Nobel AG and nominally 12-,um-thick 
biaxially oriented capacitor-grade "KF" film made by Kur
eha, called Dyflor and Kureha KF, respectively. The sam
ples were poled25 either by thermal poling I or by means of a 
corona discharge30: 

For thermal poling, a circular sample of 5 cm diameter 
was placed between optically flat copper electrodes of 15 mm 
diameter and slightly pressed. A voltage of + 5 kV was ap
plied, and the sample was heated to 120 ·C. After 1 h at 
120 ·C, the specimen was slowly cooled to room temperature 
with the voltage still applied. Finally, the bias was switched 
off. The use of pressed-on copper electrodes leads to the 
same results as the employment of evaporated aluminum 
coatings? I 
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FIG. I. Experimental setup for the piezoelectrically generated pressure
step (PPSI method. The same arrangement is used for the piezoelectrically 
generated pressure-pulse (PPPI technique. 

For corona poling, samples of 5 cm diameter were 
placed on a grounded copper plate. A wire tip was mounted 6 
or 13 mm above the plate and biased with about + 18 k V for 
2 min. The resulting corona discharge from the wire tip 
charges the sample surface to an equivalent surface potential 
of more than + 10 kV. The surface-charge layer produces a 
strong poling field across the foil, since an image-charge lay
er of opposite polarity and equal charge density is formed on 
the grounded backplate. 

B. Piezoelectrically generated pressure steps (PPS's) 

1. Experimental setup 

The experimental arrangement of the PPS technique is 
schematically shown in Fig. 1. Square pulses of 100-ns dura
tion from a cable-discharge generator are used to drive a 
piezoelectric X-quartz plate. The resulting pair of alternat
ing pressure steps is coupled into the un metallized PVDF 
sample and propagates through it. In a charged or poled 
sample, a short-circuit-current signal is generated. Further 
details of the method are given elsewhere. 23-25.29 

2. Principle of operation 

The acoustical step wave, which consists of a compres
sion (or rarefaction) of sample material, propagates through 
the sample with the velocity c of longitudinal sound waves. 
At a given time t after the step wave entered the sample, its 
compression extends to a depth x = ct. During the following 
time interval .:it, an additional sample layer of thickness 
.:ix = c.:it at the depth x = ct becomes compressed. Thus, 
under short-circuit conditions, the corresponding charge 
.:i Q (t ) flowing between the sample electrodes is given by32 

.:iQ(t) =ef,(ct)S.:ix, (1) 
A' s 

where A, eT3' and s are the area, the apparent piezoelectric 
coefficient in the thickness direction, and the thickness of the 
sample, respectively. The strain amplitude S is determined 
by the particle velocity v or the pressure amplitude p in the 
step wave23

-
25

: S = - vic = - pl(poc2
), where Po denotes 

the density of the sample. In Eq. (1), the factor .:ixls is re
quired, since the charge is generated directly at the layer of 
thickness.:ix whereas the measurement of.:i Q (t ) is taken at 
the sample electrodes of distance s. 

Using .:iQ = I·.:it (I is the short-circuit current) and 
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.:ix = ('·.dt, and dividing Eq. (1) by .dt, one obtains.'L." 

I (t 1 = - ..:i.veT, Ict) = - ..:i.·~t1 (ct I. (2) 
s s Poc " 

According to this equation, the short-circuit current re
sponse to a pressure-step experiment provides a direct image 
of the spatial distribution of the apparent piezoelectricity in 
the sample. 

3. Calibration 

The PPS experiment can be calibrated by means of Eq. 
(2) if the particle velocity v of the step wave in the sample is 
calculated from the acoustic transmission ratio between 
quartz and sample materiaj23.,1J: 

2pQ cQ (3) 

where pQ and cQ are the density and the sound velocity in 
quartz, respectively. The particle velocity vQ in the X-quartz 
plate is determined by the properties of the quartz and by the 
voltage amplitude of the square pulse. 33.34 Thus, a calibrated 
ordinate can be calculated for all the figures presenting PPS 
responses. 

This theoretical calibration is checked by using another 
quartz plate in place of the sample. A typical result of such 
an experiment is depicted in Fig. 2. From the quartz re
sponse, the calibration factor Avis can be determined inde
pendently. Agreement between the experimental calibration 
and the above theoretical method is very good. 25 The quartz 
response shown in Fig. 2 represents a direct image of the 
pressure step,,·34 and demonstrates its short rise time of ap
proximately Ins. 

C. Laser-induced pressure pulses (LlPP's) 

1. Experimental setup 

Figure 3 depicts the experimental arrangement of the 
LIPP method as used here. One surfaceofa two-sided metal
lized sample is coated with a thin (2-4,um) graphite layer 
which is illuminated by a laser-light pulse of70-ps duration 
and about lO-mJ energy (corresponding to an average pulse 
power of about 0.14 GW). The ablation, which originates 
from heating of the graphite target, generates a recoil, the 
temperature gradient in the graphite causes thermal stresses, 
and the electromagnetic radiation pressure produces an ad
ditional recoil. Together, these effects launch the desired 
pressure pulse that propagates through the sample with the 
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FIG. 2, PPS response of a 190-,um-thick quartz plate used for calibration. 
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FIG. 3. Experimental setup of the laser-induced pressure-pulse (LlPP) 
method for two-sided metallized samples. 

sound velocity e. A detailed description of the LIPP method 
can be found in the literature.22,26,28 

2. Principle of operation 

Upon propagation of a short pressure pulse of duration 
7, only a sample layer of thickness e7is compressed at a given 
time t. During the following time interval..::1t, this compres
sion zone moves from the location x = et to the location 
x = e(t +..::1t). Thus, the charge on the short-circuited sam
ple electrodes changes from 

Q (t) = e~3 (ct ) U7 = e~3 (et) p7 , 
A S PoCs 

to 

Q(t+..::1t) =e~3[e(t+..::1t)] U7 
A S 

= e~de(t +..::1t)] p7 . 
poes 

Therefore, thechange..::1Q (t) = Q (t +..::1t) - Q (t ) of the elec
trode charge is determined by the change 
..::1e~3(ct) = e~3 [c(t +..::1 t)] - e~3(ct) of the apparent piezoe
lectric coefficient: 

..::1Q(t) u. P7. --- = -7..::1e33 (et ) = --..::1e33 (et ). 
A s sPoC 

(4) 

Use of..::1Q = I·..::1t and..::1x = e·..::1t, division by ..::1t, and transi
tion from differences.J to differentials d leads to 

A de~3 A p7 de~3 
I(t) = -cur-(ct) = -. - ·-(et). (5) 

s dx s Po dx 
According to Eqs. (2) and (5), a pressure-step experi

ment reveals the piezoelectricity profile directly, whereas a 
pressure-pulse measurement discloses the gradient of the 
piezoelectricity distribution in the sample. 

3. Principle of calibration 

A quartz plate in place of the sample can be utilized to 
calibrate the LIPP method. As an example, the LIPP re
sponse of a 190-J.lm-thick two-sided metallized X-quartz 
disk is shown in Fig. 4. The signal indicates the arrival of the 
LIPP at the quartz surface. Here, the change L1e~3 (0) of the 
apparent piezoelectric coefficient is equal to the coefficient 
ell of X-quartz. Therefore, Eq. (4) can be employed to deter
mine the calibration factor Ap7/lpoS) required for the quanti
tative evaluation of LIPP results by means of Eq. (5). This 
factor is directly obtained by dividing..::1 Q (0), which is equal 
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FIG. 4. LlPP response of a 190-llm-thick quartz plate. 

to the area under the curve in Fig. 4, by the piezoelectric 
coefficient ell and the sound velocity cQ of quartz. 

As with the PPS method, the quartz response (Fig. 4) 
provides an image of the pressure pulse itself. 33

•
34 However, 

the rise and fall times of the signal in Fig. 4 are limited by the 
bandwidth of the oscilloscope (1 GHz). Thus, the real dura
tion of the LIPP may be even shorter than the signal dura
tion of about 1 ns shown here. The full width at half maxi
mum (FWHM) of the signal amounts to approximately 0.5 
ns, which corresponds to a spatial resolution ofless than 1.5 
J.lm in PVDF (sound velocity e:::::2.3 km/s). This resolution 
can, of course, only be realized if the sample capacitance is so 
small that the time constant of the measuring circuit remains 
well below 0.5 ns. 

In any case, the total charge ..::1 Q (0) flowing when the 
LIPP enters the quartz plate is truly represented by the area 
under the signal (S Idt). The termAp7 in Eq. (5) describes the 
total mechanical momentum contained in the pressure 
pulse, and therefore remains constant during the first transit 
of a LIPP through the sample. The pressure-pulse energy, 
however, is affected by attentuation in the sample (see be
low) . 

The negative part of the signal in Fig. 4 presumably 
originates from the thermal-stress effects which partly gen
erate the LIPP. These effects produce both compression and 
rarefaction in the target, whereas the other two main LIPP
generating mechanisms (ablation and radiation pressure) 
lead to compression only. The relative contribution of each 
of these three mechanisms to the LIPP is influenced by the 
target material and by the laser pulse itself. Almost purely 
compressional LIPP's can be achieved by optimization of 
the influencing parameters. 27 

Quantitative evaluation of typical LIPP results ob
tained with the 190-J.lm-thick quartz plate (see e.g., Fig. 4) 
yields a mechanical momentum Ap7 of approximately 
3 X 10-9 Ns and thus a pressure amplitude p of about 0.5 
MPa. This evaluation is in close agreement with a previous 
estimate26 of 0.6 MPa, derived from the known charge den
sity of a Teflon FEP sample. An exact calibration of the 
LIPP results would require a measurement of the actual la
ser-pulse amplitude which varies considerably from pulse to 
pulse. Therefore, only estimates of the absolute ordinates are 
given with the present LIPP results. 

D. Piezoelectrically generated pressure pulses (PPP's) 

The experimental arrangement of the PPS method (Fig. 
1) can also be used to perform pressure-pulse experiments. 
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FIG. 5. Responses of a 109-llm-thick Dyflor PVDF film measured with la) 
the PPS, (b) the LIPP, and (e) the PPP method. The sample was thermally 
poled (I h at 120 0c) with a poling field of about 50 MV 1m. Arrows indicate 
signals caused by reflections at the preamplifier input. 

For this purpose, short square pulses of about 1-ns duration 
are produced by means of the cable-discharge generator 
(short cable) and are applied to the quartz plate. The princi
ple of operation and the theoretical description of this pie
zoelectrically generated pressure-pulse (PPP) technique are 
analogous to those of the LIPP method [Eqs. (4) and (5)]: the 
PPP response represents the derivative of the respective PPS 
response. PPP results presented here are preliminary and 
were not calibrated. The piezoelectric generation of even 
shorter pressure pulses than those used here is possible and 
will be attempted in the future. 

III. RESULTS AND DISCUSSSION 

A. High-temperature-poled samples 

The responses of a 109-pm-thick Dyflor PVDF foil, 
poled by the thermal method ( + 5 kV at 120·C for 1 h), are 
shown in Fig. 5. As seen from Fig. 5(a), the piezoelectric 
activity as measured with the PPS technique rises sharply at 
the sample surface which was in contact with the positive 
electrode during poling. The activity gradually decreases 
with increasing depth and is zero at the other sample surface, 
whose position is calculated from the known25

•
26 longitudi

nal sound velocity c in PVDF (;:::;2.3 km/s). 
This result agrees well with the reported nonuniformity 

of the piezo- and pyroelectric activity in thermo poled 
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PVDF. 1 \~lh·23-c, Since the sample investigated here was 
poled with the relatively low field of less than 50 MV /m, it 
only exhibits piezoelectric activity close to the positive elec
trode. The present high-resolution technique also revels the 
shape of the piezoelectricity distribution quite accurately. 
From such shapes and their dependence on several param
eters, a detailed model of the piezoelectric effect in PVDF 
was derived.:> 1-:':< 

Pressure-pulse experiments on the same PVDF sample 
resulted in the LIPP and PPP responses of Figs. 5(b) and 5(c), 
respectively. As discussed above, both signals depict the gra
dient of the piezoelectric activity in the sample. The LIPP 
response [Fig. 5(b)] indicates that the piezoelectric activity 
rises within about the first 4 pm from the sample surface, 
since the LIPP itself (cf. Fig. 4) is much narrower than the 
signal shown in Fig. SIb). The detailed shape of the LIPP 
signal is influenced by the shape of the LIPP itself as shown 
in Fig. 4. Both the PPS and the PPP response contain a 
negative peak [marked by arrows in Figs. 5(a) and 5(c)] which 
stems from a partial relfection of the signal at the preampli
fier input. Because of the length of the cable used, the reflect
ed part reaches the preamplifier only after a delay of approx
imately 20 ns. The delay was chosen to avoid any 
interference between signal rise and cable reflection. 

From the maximum LIPP current of about 0.4 mA 
[Fig. SIb)], the maximum piezoelectric gradient in the sam
ple can be estimated. With Eq. (5), the sample thickness of 
109 pm, the PVDF density of 1.76 X 103 kg/m\ and an 
estimated LIPP momentum of 3 X 10- 9 Ns (see above), the 
maximum gradient becomes 25 X 103 As/m'. Together with 
the FWHM of the LIPP peak (;:::; 2 um), this maximum gra
dient results in an estimated maximum piezoelectric coeffi
cient of about 50 mC/m=', in reasonable agreement with the 
PPS measurement [Fig. 5(a)]. 
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positively charged surface. Arrows indicate signals from reflections. 
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opposite to the charged surface. The sample is the same as the one described 
in Fig. 6. 

B. Corona-poled samples 

The PPS, LIPP, and PPP responses ofa 120-pm-thick 
Dyflor PVDF film are depicted in Figs. 6(a), 6(b), and 6(c), 
respectively. The sample was charged at room temperature 
(RT) by means of a positive corona discharge ( + 18 kV, 2 
min). As with the thermopoled sample of the same material, 
the piezoelectric activity is concentrated near the positively 
charged surface-a result not reported before. Here again, 
the peaks caused by reflections in the cable are marked by 
arrows [Figs. 6(a) and 6(b)]. 

Figures 7(a) and 7(b) contain the PPS and LIPP re
sponses of the same sample, respectively, in this case mea
sured through its rear surface. Again, both parts of Fig. 7 
show the piezoelectric sample layer which is now reached by 
the pressure wave only after transit through most of the sam
ple volume. In addition, a small current signal is generated 
when the LIPP enters the sample [Fig. 7(b)]. This peak could 
be caused by a small level of piezoelectric activity in the bulk 
of the sample between the more prominent layer and the 
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FIG. 8. Responses of an II-pm-thick corona-poled Kureha-KF PVDFfilm 
measured with (a) the PPS and (b) the PPP method through its positively 
charged surface. 
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other surface or by a small amount of charge at the rear 
electrode. 

After reaching the piezoelectric layer, the PPS and the 
LIPP are partially reflected at the sample surface and tra
verse the layer again. As a result, a second smaller signal 
follows in both cases [Figs. 7(a) and 7(b)] immediately after 
the first signal from the layer. The fact that the signal ampli
tudes in Fig. 7 are smaller than those in Fig. 6, indicates some 
attenuation of the pressure waves during transit through the 
sample. This signal reduction in charged or polarized sam
ples can be used to estimate the ultrasonic attenuation di
rectly from such pressure-wave experiments. 35 Further
more, the signals after reflection of the pressure waves in 
Figs. 7(a) and 7(b) are smaller and wider than those before 
reflection because of reflection losses and nonparallelity of 
the sample surfaces. Both effects have to be accounted for in 
attenuation estimates. 35 

The responses of a positively corona-charged ( + 18 k V, 
2 min, RT) lljUm-thick Kureha-KF PVDF film, measured 
through its front and rear electrodes, are depicted in Figs. 8 
and 9, respectively. The PPS and PPP results of Fig. 8, as 
well as the PPS and LIPP results of Fig. 9, are affected by the 
capacitance of the very thin sample. The sample capacitance 
of approximately 50 pF and the impedance of 50 n, which is 
used in the high-frequency circuitry of the experiments, re
sult in a time constant of about 2.5 ns. This time constant is 
of the same order as the transit time of the pressure waves 
through the sample (:::::4.3 ns) and surpasses the rise time of 
the PPS as well as the duration of the LIPP and the PPP. 
Therefore, the PPS responses of Figs. 8(a) and 9(a) show a 
gradual current increase followed by a similar decrease in
stead of a rectangular shape. Accordingly, the PPP [Fig. 
8(b)] and LIPP [Fig. 9(b)] signals exhibit a relatively steep 
rise and an exponential decay which are influenced by the 
time constant. Thus, the direct experimental resolution in 
thinner samples is deteriorated by their larger capacitances. 
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FIG. 9. Responses of an II-pm-thick positively corona-poled Kureha-KF 
PVDF film measured with (a) the PPS and (b) the LIPP method through the 
surface opposite to the charged surface. The sample is the same as the one 
described in Fig. 8. 
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The prolongation of the signals caused by the sample 
capacitance may be avoided by use of a second unpoled foil 
of the same sample material together with the sample under 
investigation25

,36 or by insertion of an air gap between rear 
surface and rear electrode. Employment of smaller elec
trodes for the same purpose has the disadvantage of increas
ing the role of edge effects. All these measures significantly 
reduce the sample capacitance and the time constant at the 
expense of the signal amplitude. They thus lead to a better 
direct experimental resolution. 

From the LIPP response shown in Fig. 9(b), the maxi
mum piezoelectric coefficient in the II-flm-thick sample is 
estimated to be about 50 mC/m2, in close agreement with the 
PPS result of Fig. 9(a). The four current responses of the 
corona-poled Kureha-KF sample (Figs. 8 and 9) lead to the 
conclusion that the II-flm-thick foil is poled throughout its 
volume, since all deviations from a rectangular polarization 
profile can be explained with the long time constant of this 
sample. In all three samples described here, the maximum 
piezoelectric coefficient is of about the same size. Thus the 
poling field across the piezoelectric layer in the thick sam
ples (Figs. 5-7) must have been of the same order as the field 
across the thin specimen (Figs. 8and 9). This result can only 
be explained in terms of charge injection into the sample 
volume during poling in agreement with earlier find
ings. 23- 25 

IV. CONCLUSIONS 

It was demonstrated that the two recently developed 
high-resolution pressure-wave methods, based on piezoelec
tric and laser-pulse generation of pressure discontinuities, 
produce comparable results when applied to piezoelectric 
PVDF samples. The pressure-step method (rise time z Ins) 
gives a direct image of the piezoelectricity profile, whereas 
the pressure-pulse techniques (pulse widths> 0.5 ns) reveal 
the gradient of the distribution. The differential distribu
tions measured with the latter methods provide an even bet
ter resolution than the profiles obtained with the former 
technique. The pressure amplitude of the LIPP's is of the 
order of 0.5 MPa (see above), whereas that of the PPS's and 
PPP's is at least ten times smaller. 25 Therefore, often a 
preamplifier is not required for LIPP measurements (see 
above), and the signal-to-noise ratio is relatively high. How
ever, the much better reproducibility of the amplitude of the 
PPS's and PPP's allows for the use of sampling and signal
averaging techniques which improve the signal-to-noise ra
tio. Thus, the presented experimental methods complement 
each other in several aspects. In principle, deconvolution 
techniques can be used with all three methods to further 
improve the resolution. However, the presently possible di
rect experimental resolution is sufficient for most applica
tions of the new methods. 

It was confirmed that the piezoelectric activity of ther
mopoled PVDF samples is confined to a layer close to the 
positively biased electrode if relatively low poling fields are 
used. 13- 16,z}-25 The same effect was found for the first time 
on positively corona-poled PVDF foils. Higher poling fields 
lead to a more or less uniform distribution of the piezoelec
tric activity in a corona-poled sample. 36 Previously found 
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piezoelectricity distributions in PVDF23
-

25 are supplement
ed by the present findings. 
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