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Abstract

Hearing aids are generally equipped with electret microphones. These transducers are of simple design,
can be miniaturized, and have good electro-acoustic properties. Recently, a new type of electret micro-
phone, based on piezoelectrets, was introduced. Piezoelectrets consist of a closed-cell foam, often of
polypropylene. The foam is poled by a corona discharge and thus assumes piezoelectric properties.
Microphones have been built with such piezoelectrets with sensitivities of about 2.5 mV/Pa which can be
increased to 15 mV/Pa by stacking a number of films. Also, directional microphones based on this princi-
ple have been designed. Piezoelectret microphones are of even simpler design than electret microphones
and also have good electro-acoustic properties.

Introduction

For several decades, most hearing aids have been equipped with electret condenser microphones
(ECMSs). Recently, silicon condenser microphones have also been considered for use in hearing aids, but
ECMs are still the dominating type. The reasons for the predominance of ECMs are their good electro-
acoustic properties and that they can be miniaturized [1]. Silicon microphones offer similar properties,
although their ENL is somewhat higher. They have the additional advantage that they may be exposed to
temperatures up to 260°C for short periods of time without degradation. Thus, they can withstand the heat
produced during reflow soldering processes and may be used as SMDs on printed circuit boards. Never-
theless, ECMs are still the microphones of choice in present-day hearing aids.

Some years ago, a modified type of electret microphone, utilizing a charged cellular polymer such as
polypropylene (PP), was introduced and characterized [2,3]. Since the charged, cellular polymer assumes
piezoelectric properties, these transducers are now generally referred to as “piezoelectret” microphones.
They also have advantageous properties but are of even simpler construction than the classical ECMs.
For this reason, such microphones may be suitable for use in hearing aids. A discussion of their proper-
ties, and a comparison with ECMs, is therefore of interest and will be presented in this review. A compari-
son of piezoelectret microphones with silicon microphones has been given before [4].

Electret microphones

The schematic design of an ECM is shown in Fig. 1 (left). It consists of an electret which is mostly a
polytetrafluoroethylene (PTFE) or polyfluoroethylenepropylene (FEP) film of about 12 um thickness. This
film is cemented to a back electrode and then charged by a corona discharge or a similar process to a
surface potential of about 200 V. A membrane, often a metallized polymer film, is mounted opposite the
electret, but separated from it by a shallow air gap [1]. These microphones can be miniaturized down to
dimensions of about 2 to 3 mm. A few typical transducers of this kind are shown in Fig. 1 (right).

The electro-acoustic properties of electret microphones are described by the following data [1]: Their
frequency responses are relatively flat in the range extending from 20 Hz to 20 kHz and they have high
sensitivities of about 10 to 20 mV/Pa. Their equivalent noise levels are generally below 25 dB(A) and their
dynamic range, as determined by nonlinear distortion, extends up to 140 dB sound pressure level (SPL).
The vibration sensitivities are about -60 dBV/g. They can also be exposed to mechanical and thermal
shocks and to humidities in accordance with IEC standards.

Piezoelectret microphones

Piezoelectrets (also referred to as ferroelectrets) are a new group of charged polymer foams often con-
sisting of cellular polypropylene (PP) [5-8]. A cross section of such a piezoelectret film is shown in the
upper part of Fig. 2 (left). For the films to assume piezoelectric properties they have to be electrostatically
charged, which is preferably achieved by a corona process, see Fig. 2 (right). The charge distribution so
obtained is schematically illustrated in Fig. 2 (left, bottom). The voids with their positive and negative
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charges at the air/polymer-interfaces possess large dipole moments which induce image charges on the
metal electrodes. Application of an external force changes the dimension of the voids, which in turn
changes their dipole moments and thus the image charges. This is the origin of the piezoelectric activity.
An advantage of PP piezoelectrets is that their piezoelectric and mechanical properties can be easily
adapted to specific applications by pressure expansion processes, which change the thickness and
Young’s modulus of the films [9-11]. Further advantages of piezoelectret films are their high piezoelectric
Os3-coefficients, low weight, high flexibility, mechanical stability, availability in large areas, and low mate-
rial cost [7].
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Figure 1: Schematic representation and operating principle of the electret microphone (left) and view of
various electret microphones (right).
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Figure 2: SEM picture and schematic cross section of a piezoelectret film (left) and corona apparatus
used for charging the films (right).

Because of their small elastic modulus, piezoelectrets are easily compressed by sound waves and elec-
trical signals are therefore generated upon acoustic excitation. If used as a microphone, an air gap as in
conventional electret microphones or an additional air volume is not required. The design of such micro-
phones, schematically illustrated in Fig. 3, is thus very simple [2,3]. Apart from the piezoelectret film, only
provisions for film mounting, shielding, and contacting are required. The sensitivity M of these micro-
phones is given by [12]

(s, +E&s,)
EE,

M=d.,

where s; and s, are the combined thicknesses of all solid or gas parts of the cellular film, respectively,
and & and ¢ are the absolute and relative permittivities, respectively. Since M is proportional to ds3, one
expects the sensitivity to drop slightly with frequency, as observed for ds3 [12]. For a microphone consist-
ing of a stack of n films, connected electrically in series, the open-circuit sensitivity increases proportion-
ally to the number of films and is therefore given by nM. This is experimentally confirmed by the results
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depicted in Fig. 4. The figure also shows that all microphones have relatively flat frequency responses
and a microphone consisting of a stack of 6 films has a rather high sensitivity of about 15 mV/Pa [12].
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Figure 3: Schematic view of two piezoelectret microphone designs.
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Figure 4: Frequency responses of piezoelectret microphones with stacks of 3 (bottom), 4, 5, and 6 (top)
films.

The total capacitance of the film stack decreases inversely proportional to the number of films. Since
lower microphone capacitance diminishes the output signal because of capacitive voltage division at the
FET input stage, piezoelectret microphones of relatively large area are desirable. To reduce the dimen-
sions of such microphones, coiled film stacks have been used [13,14]. Although a slight reduction of
sensitivity due to the coiling process is observed, sensitivities of about 9 mV/Pa have been achieved with
a microphone consisting of a stack of five films.

Another advantage of piezoelectret microphones is their very low total harmonic distortion (THD) [12].
Measurements indicate that the THD increases approximately proportionally to sound pressure and
reaches 1 % at 164 dB SPL. This is lower than the distortion of conventional condenser microphones.

The A-weighted noise spectra of piezoelectret microphones with 1, 2, or 4 piezoelectret films combined
with a preamplifier are depicted in Fig. 5. Integrated noise voltages of 2.75, 3.4, and 4.2 pV, respectively,
were measured. This yields A-weighted equivalent noise levels (ENLs) of 35, 31, and 26.5 dB(A), respec-
tively [12]. These noise figures correspond closely to the values for the FET preamplifier, as specified by
the manufacturer. The improvement of the ENL with the number of films is primarily due to the rise in
sensitivity but somewhat reduced by the increase of preamplifier noise with decreasing stack capaci-
tance.

A drawback of the present PP piezoelectret microphones is their thermal instability at temperatures above
50°C. At these temperatures, the positive and negative charges on the walls of the voids inside the mate-
rial become mobile and recombine. This problem can best be solved by using film materials with better
electret properties, such as the fluoropolymers FEP and PTFE. One approach is to fuse a stack of layers
of FEP and PTFE by application of mechanical pressure to the stack at increased temperatures such that
minute air bubbles are trapped between the layers [15-17]. After corona charging, one obtains piezoelec-
trets whose dass-coefficients are thermally more stable than those of the PP films, showing only a very
small drop at temperatures up to 90°C after prior annealing. This method of fabricating piezoelectrets is
still in an experimental stage and results are not as consistent as with the PP films. Microphones built with
these layered fluoropolymer piezoelectrets have also been tested and they exhibit frequency responses
and sensitivities similar to that of PP piezoelectret microphones [18].
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Figure 5: A-weighted noise spectra of omnidirectional piezoelectret microphones with stacks of 1, 2, and
4 PP piezoelectret films.
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Figure 6: Directivity of a piezoelectret gradient microphone, with and without time delay between the
output signals of the two PTFE/FEP piezoelectrets films, measured at different frequencies.

Piezoelectret microphones can also be built as gradient transducers with directional characteristics. This
is achieved by placing two units close to each other and combining their outputs in a sum and delay
network. For optimal directivity it is necessary to electronically adjust the two units for equal sensitivity.
Dipole and cardioid characteristics achieved with such directional microphones, measured in an anechoic
chamber, are shown in Fig. 6 [4,18].

Summary

ECMs and piezoelectret microphones have both sufficiently good electro-acoustic qualities to be used in
hearing aids. In particular, their frequency responses, sensitivities, equivalent noise levels and vibration
sensitivities are comparable and satisfactory for this application. Differences exist with respect to highest
service temperature and simplicity of design. While ECMs can be used up to 90°C, the temperature range
of the PP piezoelectret microphones is limited to 50°C. Piezoelectret microphones based on fluoropoly-
mer piezoelectret films have a higher service temperature, but, as pointed out above, are still in an ex-
perimental stage and more work is necessary to make them reliable components. As far as simplicity of
design is concerned, piezoelectret microphones have two advantages as compared to ECMs: They
neither require an air gap nor a back volume. The first fact makes construction of these transducers much
simpler while the second fact reduces the bulkiness and volume typical for ECMs. These differences may

also be of importance in many other applications where requirements often differ from those for hearing
aids.
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