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ABSTRACT 
Permanently charged films with a cellular or porous structure represent a new family of poly- 
mer electrets. These materials show piezoelectric properties with high piezoelectric constants. 
The electromechanical response equations of such films are derived for their operation as sen- 
sors and as actuators. Experimental results are also presented for cellular polypropylene (PP).  
In particular, measurements of the direct and inverse piezoelectric constants in the frequency 
range 0 to 10 kHz and of the variation of these constants across the surface of the films are dis- 
cussed. These measurements, performed by direct application of stress or by the use of a pro- 
filometer, an accelerometer and an interferometer yield a frequency-independent piezoelectric 
$33 constant of 5 220 pC1N. Assuming reasonable charge distributions and charge densities, 
the calculated piezoelectric constants are in good agreement with the measured values. The 
theoretical model shows the reciprocity of the piezoelectric constants. 

1 INTRODUCTION 
HERE has been considerable recent interest in the permanent T charging of films with a cellular or porous structure [l-151. It 

was shown that such films of polypropylene (PP), polytetrafluoroethy- 
lene, and silicon dioxide, when charged with corona or other methods, 
show relatively good electret behavior. These films can be used, either 
as single layers or together with another, less compliant layer, as re- 
versible electromechanical or electroacoustic transducers. They exhibit 
piezoelectric properties and possess piezoelectric constants or sensitivi- 
ties comparable to those of piezoelectric ceramics, but are mechanically 
better matched to air or water. This makes such materials attractive for 
a variety of applications [l]. 

In the present paper, the electromechanical response equations of 
such films are derived for their operation as piezoelectric sensors and 
as actuators, and the reciprocity of the transduction is shown. Follow- 
ing this, various experimental results are reported for cellular films of 
PP. These results demonstrate the piezoelectric activity of such films 
in the frequency range of 0 to 10 kHz in both directions and allow one 
to determine the piezoelectric constants. Finally, a comparison of the 
theoretical and experimental results yields information on the amount 
of charge and on its distribution in the cellular structure of the films. 

2 RESPONSE EQUATIONS 
2.1 MODEL OF CELLULAR FILM 

Typical cross sections of a cellular film are shown in Figure 1. To 
allow for a ready analysis of the electromechanical operation of such 
films, a simplified structure (which cannot be used for a calculation of 
the elastic properties of the film), as shown in Figure 2 is considered. 

The charged material, electroded on top and bottom, consists of plane 
parallel solid layers and air layers of thicknesses SI, and sa,, respec- 
tively, with n = 1 , 2 , .  . . iV and m, = I ,  2 ,  . . . N - I, where N is 
the total number of solid layers. It is further assumed that the two solid 
surfaces confining the m-th air layer carry a total planar charge density 
of om and -oTn, respectively, and that no volume charges exist. The 
quantity cm includes all permanent charges (surface charges and the 
ends of polarization chains, see [16], p. 13 ff.). The permanent charges 
on the two sides of each air gap are taken to be equal in magnitude 
since it is assumed that they originate from discharges in the air gap 
during poling (see Section 3.2.4). Figure 2 also shows the labelling of 
the electric fields El, and E2, in the solid and air layers, respectively. 

2.2 FIELD EQUATIONS 

The electric fields in the solid layers and air layers may be obtained 
from the Gauss and Kirchhoff laws. For the uppermost solid-air inter- 
face, Gauss' law can be written as 

-&E11 + Ea1 = - 

Similar relations hold for the other interfaces. Kirchhoff's second law 
is for short-circuit conditions 

(1) 
01 

CO 

1 s i 2 G z  + 1 s z z E z Z  = 0 (2) 

El = -[&,(SI + E S 2 ) ] - 1  S 2 c J  (3) 
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These equations yield Ell = E12 = . . . = El with 

J 

and 
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In the quasi-static case (well below any resonance), a strain relation 
As2/s = Ap/Y holds, where s equals s1 + sa, Ap is the applied 
stress and Y is Young's modulus for the film. As shown in Section 3.2.2, 
Y is mainly determined by the stiffness of the polymer structure and 
to a lesser degree by the compressibility of the air in the voids. One 
obtains the piezoelectric constant d 3 3  = Aao/Ap from Equation (6) 
in finite-difference form as 

A similar equation was derived before for a two-lairer system [17]. 

2.4 SENSOR RESPONSE FOR 
ELECTRICAL OPEN CIRCUIT 

Under open-circuit conditions, the electrode charge g o  and thus the 
fields El and E2i remain constant. In particular, they do not change 
with sudden thickness changes of the air layers, but rather maintain 
their quiescent values which are assumed to be the short-circuit values. 
Thus, thickness changes induce a voltage 

1 

corresponding to a mean electric field 

Figure 1. The scanning electron microscopy (SEMI images of the Cross 
section of a larger (top) and two smaller (middle and bottom) segments of Using again the above strain relation and Equation (4), one obtains 

the osen-circuit siezoelectric constant a 70 pm thick &lar PP film. 

Air €21 s 2 1  

- L  

Air €22 s22 
0 2  

-On 
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Figure 2. Simplified model of cellular film with N = 3. 

where s 1  = xi sli and s;! = xi s2i. 

2.3 SENSOR RESPONSE FOR 
ELECTRICAL SHORT CIRCUIT 

The charge on the top electrode is given by 
00 = - E , E ~ E ~  

In this open-circuit mode of operation, the sensor reduces to a con- 
ventional capacitor microphone if one assumes just a single layer of 
dielectric and a single layer of air (thicknesses s1 and s2, respectively). 

Thus Equation (10) yields below resonance 

For capacitor microphones, s.933 is usually referred to as sensitivity 
If the air gap controls the restoring force, s / Y  is replaced by s o / ~ p o ,  
where s g  is the thickness of the air cavity, y is the ratio of the specific 
heats and po is the air pressure ([16], p. 349). 

2.5 ACTUATOR RESPONSE FOR 
MECHANICALLY 

FREE-RUNNING SYSTEM 

An applied ac or dc voltage AV generates additional fields e l  and 
e:! in the solid and air layers, respectively, of the film such that 

AV = e l s l  + e2s2 (12) 
(5) The field e? in the air eass causes an additional force ser unit area 

" 1  In short circuit, it depends on thickness changes of the film caused 
by an applied force. Since the thickness changes are primarily due to 

drrolds2. If drr2,/&s2 = 5 Z 2 / S Z  is assumed then drro/ds2 follows 
from Equations (3) and (5) as 

between any two dielectric layers given by 
I 

AF2, = ~,-,eaE:!, (13) the Of the air layers/ the charge is which, in turn, causes in a mechanically free-running system a thickness 
change of the air layer As2i. The sum of these thickness changes is 

(14) AS =  AS^^ = S ~ ~ A F ~ ~  
(6) ys2 300 ~z E, 5 2 2 0 2  

= E  asa sa(s1 + & S 2 ) 2  
2 
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With Equation (4), (12), and (13), one obtains the inverse piezoelectric 
constant from Equation (14) 

From this relation, the ratio AS/AcoO, where AS is the mechani- 
cal strain A.s/.s, may be obtained 

2.6 RECIPROCITY RELATIONS 

The above equations obey, as expected, the reciprocity relations for 
reversible systems [NI. Using the four-pole equations in admittance 
form and applying the impedance analogy to one side of the four pole, 
the reciprocity relation can be written as 

(17) 

which is also found from Equation (7) and (15). If the four-pole equa- 
tions are expressed in impedance form and if the mobility analogy is 
used, the reciprocity relation reads 

AE AS . .  .. 

which, in turn, follows from Equation (10) and (16). The expressions 
in Equation (17) and (18) correspond to the piezoelectric charge and 
voltage constants, respectively [19]. 

3 MEASUREMENTS 
All measurements presented were performed with PP ?? (EMF) films 

[ l ,  201 (HSO1, from VTT, Finland) of 70 p m  thickness, covered on both 
sides with aluminum electrodes. The corona charging process was car- 
ried out by the manufacturer of the films. Measurements corresponding 
to the direct as well as the inverse longitudinal piezoelectric effect are 
presented in this Section. 

3.1 MEASURING METHODS 

3.1 . I  DIRECT PIEZOELECTRIC 

Mechanical stress was manually applied to and removed from the 
films on a time scale of -1 s. The charges generated were measured 
with a charge amplifier (Briiel & Kjaer 2635) and the output signal of 
the amplifier was recorded with a digital storage oscilloscope (Philips 
PM3350) and an ancillary PC. The ratio of generated charge density to 
applied pressure is the quasi-static direct piezoelectric d33  constant. 

CONSTANT 

3.1.2 INVERSE PIEZOELECTRIC 

In the frequency range from 10 to 30 Hz a profilometer (Veeco Instru- 
ments Dektak 8000) was used for these measurements. A sinusoidal 
voltage (V,,,t350 V) was applied to the EMF samples while the surface 
vibration was recorded by the profilometer. Profile scans with this in- 
strument are made electromechanically by moving the film beneath a 
diamond-tipped stylus which rides over the surface of the sample. The 
relevant quantity, i.e. the amplitude of the periodic thickness change 
as function of the surface position, was obtained by applying a digital 

CONSTANT 

bandpass filter to the raw data. The ratio of thickness change to applied 
voltage yields the inverse piezoelectric d33 constant. 

Measurements of the inverse d33 constant for frequencies from 10 Hz 
to 10 kHz were performed with an accelerometer (Briiel & Kjaer 4344), 
which was connected to a charge amplifier (Briiel & Kjaer 2635) whose 
output was fed into a lock-in amplifier (EG&G Instruments 5110). The 
EMF samples were excited with sinusoidal voltages (V,,n,<lOO V) and 
the displacements of the surfaces were calculated from the measured 
accelerations. The ratio of displacement to applied voltage yields the 
inverse piezoelectric d 3 3  constant. 

In the experimental setup, one side of a glass plate with an area 
of 2.5 cm2 and 1 mm thickness was glued to the film surface and 
the accelerometer with a mass of 30 g was bonded to the other side. 
This enlargement of the contact area shifts the resonance frequency 
of the masslspring system accelerometerlfilm to a higher frequency 
(-1.5 kHz) and allows measurements of the piezoelectric constant to 
10 kHz. Reference measurements in the frequency range of 0 to 300 kHz 
were made also with two different Michelson interferometers. For these 
measurements, the samples were excited electrically with sinusoidal 
voltages and the vibration amplitudes were determined. The results 
of these measurements will only be discussed briefly for comparison 
purposes. 

3.2 EXPERIMENTAL RESULTS 

3.2.1 DIRECT PIEZOELECTRIC 

An example of a measurement of the direct effect, performed as de- 
scribed in Section 3.1.1, is presented in Figure 3. The time of applying 
and removing the force of 3.8 N is marked in the figure. The slow vari- 
ation of the charge during times of constant force is due to the charge 
amplifier. The analysis of Figure 3 yields a piezoelectric constant of 
220 pC/N. Further measurements, performed with other HSOl films us- 
ing different stress, yielded comparable mean piezoelectric constants. 

C 0 N STANT 

600 1 F=3.8N F=ON 

: -600 
I . 4 , 1 1 1 . , , I  

0 1 2 3 4 5 
Time [s] 

Figure 3. Change of output signal of the charge amplifier upon periodic 
application and removal of a force of 3.8 N to an E M F  film. 

3.2.2 INVERSE PIEZOELECTRIC 

In Figure 4 measurements with the profilometer (see Section 3.1.2) of 
the inverse piezoelectric effect are presented. All measurements were 

CONSTANT 



540 Hillenbrand et al.: Piezoelectricity in Cellular Electret Films 

performed at exactly the same surface position of the film with a later- 
ally fixed stylus. The film was excited with a frequency f = 13.64 Hz 
and at different voltages. Bandpass filtering at 13.64 and 27.27 Hz was 
performed and the mean vibration amplitudes were calculated. At 
13.64 Hz a linear relation between these amplitudes and the applied 
voltages can be found, rendering an inverse piezoelectric constant of 
176 pm/V = 176 pC/N. 

//, , , , 
100 200 300 400 500 

Voltage Amplitude [VI  

Figure 4. Mean amplitudes of the surface vibration after bandpass fil- 
tering at 13.64 and 27.27 Hz. The EMF film was excited with different volt- 
ages at 13.64 Hz. 

For the second harmonic at 27.27 Hz, a quadratic dependence of the 
vibration amplitudes vs. the voltage was observed in our measurements 
(closed symbols in Figure 4). This electrostrictive effect is due to the 
electrostatic forces between the two electrodes and therefore should be 
independent of the electret charges. This independence was confirmed 
by measurements on thermally depolarized films. 

For Young's modulus a value of Y = 9 . 5 ~ 1 0 ~  Pa for a film of 
70 p m  thickness was calculated from the data for 27.27 Hz in Figure 4. 
This value is mostly determined by the stiffness of the polymer struc- 
ture since the contribution of the compressibility of the air in the voids 
amounts only to Y' = oosz/s, where po is the air pressure. Thus, 
Y' = 1 . 6 ~ 1 0 ~  N/m2, indicating that Y' << Y .  
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Figure 5. Piezoelectric d33 constant of an E M F  film as function of ap- 
plied bias voltage Vi. 

The magnitude of the piezoelectric constant of an EMF film can be 
influenced by an additional dc-voltage (which is normally not present) 

applied to the electrodes since this external voltage alters the electric 
field inside the air voids. Figure 5 presents profilometer measurements 
of the variation of the inverse piezoelectric constant as function of the 
bias voltage 
110 V at 13.64 Hz. A linear dependence was found. Extrapolating the 
measured data to d33 = 0 yields a voltage of - - 1100 V. This is 
obviously the voltage that cancels the field in the air voids. 

applied in addition to the sinusoidal voltage of V,,, 

l O 0 O A O  

Figure 6. Inverse piezoelectric constant d33 of an EMF film measured 
within an area of lx  1 mn?. 

To eliminate the influence of a locally varying piezoelectric constant, 
the preceding measurements were performed on a single point of the 
surface. In contrast, Figure 6 presents the variation of the piezoelectric 
constant d33 of an EMF film within an area of 1 mm2. For this measure- 
ment 20 scans of 1000 p m  length and 50 s duration were performed. 
A voltage of KmS = 280 V at 27.27 Hz was applied to the EMF film 
during the measurement. The first and the last of these scans are shown 
again in Figure 7. The non-uniformity of d33 is expected to be due to 
the cellular structure, which has typical dimensions of 30 to 50 p m  (see 
Figure 1). 
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Figure 7. First and last scan of the piezoelectric profiles shown in Fig- 
ure 6. 

To clarify this question, the relationship between d33 and Young's 
modulus is presented in Figure 8. In this measurement the film was ex- 
cited with a voltage of V,,, = 280 V at 13.64 Hz and a scan of 600 p m  
length was performed. It can be seen that the vibration amplitude of the 
fundamental (proportional to d33)  and the second harmonic (inversely 
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Figure 8. Vibration amplitudes of the fundamental and second har- 
monic of an EMF film, excited with a voltage of Kn,s = 280 Vat 13.64 Hz. 

proportional to Young's modulus) are approximately proportional. This 
indicates that the variations in d33, as seen in Figures 6 and 7, are to a 
large degree caused by lateral fluctuations in Young's modulus. These 
are, of course, due to the cellular structure with the typical dimensions 
of about 50 p m  mentioned above. 

10 100 1000 10000 
Frequency [Hz] 

Figure 9. Measured vibration amplitude of an EMF film (open circles) 
and best-fit curve (solid line) calculated for a damped mass/spring reso- 
nance. Also shown is the piezoelectric d33 constant (full circles) calculated 
from the vibration amplitude data with resonance analytically eliminated 
(see text). 

The profilometer used in the measurements is restricted to frequen- 
cies below 30 Hz. To extend the frequency range of the piezoelectric 
measurements, the thickness vibration amplitudes of the EMF films 
were determined indirectly by measuring the acceleration of the film 
surface, as described in Section 3.1.2. From the measured accelera- 
tion the displacements (vibration amplitudes) were calculated. They 
are shown in Figure 9 together with the corresponding inverse piezo- 
electric constants. These measurements indicate an almost frequency 
independent d33 constant of - 120 pC/N between 20 and 500 Hz. The 
slight increase toward lower frequencies could not be confirmed with 
measurements (not shown) with a commercial Michelson interferome- 
ter which yielded constant d33 values between 0 and 500 Hz. 

At higher frequencies, the above-mentioned resonance due to the 
film stiffness (Young's modulus) and the mass of the accelerometer de- 
termines the behavior of the displacement data in Figure 9. After peak- 
ing at the resonance frequency of 1.5 kHz, the displacement drops off 

proportional to 1 / w 2  at higher frequencies. A best-fit resonance curve, 
calculated on the basis of a damped mass/spring system, is also shown 
in Figure 9. Since the resonance is external to the film, its effect on the 
piezoelectric constant should be eliminated. This was achieved by us- 
ing displacements obtained by dividing the measured displacements 
by the values of the best-fit curve. 

The resulting d33-values shown in Figure 9 are fairly frequency in- 
dependent up to -5 kHz. This is also evident from measurements with 
a second Michelson interferometer [21]. These measurements demon- 
strate the frequency independence of the piezoelectric constants in the 
frequency range from 300 Hz to 200 kHz. 

The results for d33 determined with the profilometer at 13.64 and 
27.27 Hz (- 176 and 150 pC/N, see Figures 4 and 6, respectively) agree 
fairly with the data in Figure 9. The differences between these mea- 
surements can be explained by the fact that the d33 constant is not only 
subject to small-scale variations (see Figures 6 and 7) but differs even 
more considerably on a larger scale, such as between different samples. 
Also, systematic measuring errors may contribute to the difference of 
results obtained by the various experimental methods. The significantly 
higher quasi-static d33 constant (220 pC/N, see Section 3.2.1) may be 
due to the much larger displacement (typically 1 pm as opposed to 
~ 1 0  nm for the other measurements) if one assumes that Young's mod- 
ulus is displacement dependent. Also to be considered is the fact that 
the quasi-static method measures the direct piezoelectric effect while 
all the other methods measure the inverse piezoelectric effect. There 
may be some physical reason that the direct and inverse piezoelectric 
constants differ due to the electrical and mechanical inhomogeneities 
of the film. 

3.2.3 THERMAL STABILITY 
Another series of measurements was taken to investigate the ther- 

mal stability of the piezoelectric constants. The films were heated at a 
constant temperature (60 or 80°C) for a time period of - 30 min. Then, 
the film was cooled down to room temperature and its piezoelectric 
constant was measured. Several such annealing and measuring cycles 
were applied to the samples. As shown elsewhere [5], the piezoelectric 
constant decreased to approximately half of its original value in five 
hours at 80°C. 

3.2.4 CHARGE DISTRIBUTION 
In order to obtain information about the polarity of the surface 

charges within an EMF film, a voltage step not causing any discharge in 
the film was applied, and the direction of the resulting thickness change 
was measured. Positive voltage steps applied to an already positively 
charged film increased the thickness of the film. This result can be 
explained if discharges occur in the air gaps during poling. This mech- 
anism has been assumed to be responsible for the charging in previous 
studies. 

4 DISCUSSION AND 

For a comparison of the experimental results with theory, an evalu- 
ation of Equation (7) and (15) is necessary. From the constants in these 
equations, E = 2.35, Y = 9.5~10'  Pa (for 27.27 Hz, see Section 3.2.2), 

CONCLUSIONS 
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s = 70 pm, SI = 26 pm, sa = 44 p m  (SI and s2 are deter- 
mined from the densities) are known. The remaining quantities s 2 i  

and pi have to be estimated. From microphotographs such as Figure 1 
it can be inferred that there are N 10 voids of >2 pm thickness and a 
larger number of smaller voids across a 70 pm thick film. Assuming 
further that only the surfaces of the large voids are charged and that 

= lop3 C/m2, one obtains d33 FZ 200 pC/N (or pm/V) in agree- 
ment with the above data at low frequencies and [I, 8,9]. The assumed 
charge density yields from Equation (4) a voltage of 450 V even across 
large voids, which is below the Paschen voltage of ~ 4 0 0  V for such 
gaps. This indicates that the above model for the piezoelectric behavior 
of the cellular material is based on reasonable assumptions. 

Cellular films also can be used for microphones or hydrophones. 
From Equation (lo), sensitivities of N 1.7 mV/Pa, corresponding to 
-55 dB vs. 1 V/Pa, are expected below resonance. Actually, a mi- 
crophone sensitivity of N 2 mV/Pa was found in another study [22]. 
This value and relatively high sensitivity show that cellular electrets 
also are useful in such applications. 
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