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In this paper, we are reporting low-cost piezo-MEMS speakers based on an SOI-free process. The speaker
membrane is made of a 1.5 pm thick polyimide passive layer, obviating the need for SOI wafers. The custom-
made PZT solution for depositing 1 pm sol-gel PZT thin films has further reduced fabrication costs. The mem-
branes are realized by a backside Deep Reactive Ion etching (DRIE) on the silicon wafer. Laser doppler vibr-
ometer (LDV) characterization has shown the resonance frequency of a single speaker element with a diameter of

2.5 mm to be 30 kHz with a sensitivity of 100 mm/s/V, whereas sensitivity at 4 kHz is around 1.2 mm/S/V. The
speaker element can produce around 70-90 dB in-ear Sound Pressure Level (SPL) response in audible frequencies
(100 Hz - 10 kHz) at 5 V excitation as shown by a simulation in an ear-coupler which is in line with the LDV
measurements. Moreover, on average, the fabricated 4 x 4 arrays have shown a 10 dB higher SPL than a single-
speaker element as measured by a microphone.

1. Introduction

With the development of portable devices and wearable electronics,
there are increasing requirements for the miniaturization and integra-
tion of electronic devices, including a need for smaller and more energy-
efficient speakers. MEMS (Micro-electro-mechanical systems) speakers
have a small form factor and high compatibility for mass production
with reduced power consumption [1]. Previously reported MEMS
speakers mostly adapted electrostatic actuation due to their simple
structure and compatibility with a standard CMOS process. However,
electrostatically actuated MEMS speakers can hardly produce high
output pressure and require a high operating voltage [2]. Electromag-
netic speakers can generate a high sound pressure without a high voltage
than electrostatic speakers. However, the required magnet leads to
complicated microfabrication and packaging of the device [3].

Recently, piezoelectric thin-film actuation has become more popular
due to low actuation voltage and higher actuation force [4]. This makes
it a good candidate for a variety of MEMS devices and applications,
including ink-jet printer heads [5], MEMS scanning mirrors [6], ultra-
sonic motors [7], RF resonators [8], and acoustic generators [9]. Also,
piezo-electric thin films in MEMS speakers have demonstrated satisfac-
tory sound pressure levels (SPLs) at relatively low voltages [1] and there
is a growing trend of piezoelectric MEMS speakers with high SPLs of 80
dB or above due to the requirements in mobile phones, wearables, IoT
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devices, earphones, hearing instruments, and portable electronic and
music devices. However, note that the SPLs comfortable for humans is
about 60 to 65 dB and any sound above 80 dB is harmful; and for a
special case of in-ear applications, the closed volume defined by the ear
canal amplifies the sound below 4 kHz by 10-20 dB before reaching the
eardrum diminishing the need for large deflections of the speaker
membranes [10].

The main component of our piezoelectric MEMS speakers is a
vibrating membrane with a piezoelectric thin film. The membrane is
driven by applying an excitation voltage between the top and bottom
electrodes of the piezoelectric layer. The applied electric field forms
transverse stress in the active piezoelectric layer, which causes out-of-
plane membrane displacements generating a pressure wave in the
outer medium. Moreover, membrane geometry can be freely chosen to
provide sufficient output acoustic pressures at desirable frequencies
[11]. In contrast to electrostatic technology, piezoelectric technology
does not necessarily require a DC biasing voltage. However, the down-
side of piezo-based designs is the low electro-mechanical coupling co-
efficients limited by piezoelectric thin film properties, which results in
lower bandwidth. Also, typical materials used in the fabrication of
piezoelectric actuators, AIN and PVDF have a weaker e3; piezoelectric
coefficient compared with PZT, which results in a low transmit sensi-
tivity even at the resonance frequency [12,13].

This paper reports PZT thin film actuated speakers with a strong
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piezoelectric effect to overcome the challenges associated with trans-
mission response. PZT is a well-known material for piezo-MEMS appli-
cations with its excellent piezoelectric properties [14]. Our method
benefits from an in-house PZT solution-making process and deposition
procedures to reduce costs. For further cost reduction and simplicity, we
have used conventional silicon wafers instead of SOI wafers (SOI tech-
nology is a convenient piezo-MEMS speaker fabrication technique
because of the silicon device layer with a desired thickness, which makes
it easy to realize the membranes [15]). Speakers fabricated on inex-
pensive silicon wafers with polyimide membranes present a low-cost
alternative to SOI technology.

The operation of our speaker is evaluated with the characterizations
in a free field with a microphone which are validated by simulations,
theoretical calculations, and reported data. Furthermore, finite element
simulations in an ear-coupler are presented and supported by membrane
vibration measurements suggesting the suitability of the technology for
in-ear applications. Also, the power consumption of our speaker is
estimated and compared with that of the typical earphones in the
market.

2. Device design

A single element of our proposed speaker consists of a polyimide
membrane situated above the top electrode and the active piezoelectric
(PZT) layer, as shown in Fig. la. Here, the polyimide passive layer
arrangement in the membrane is different from the usual silicon passive
layers in SOI technology. In an SOI device, active layers, such as the PZT
thin film, are realized on top of the passive silicon device layer of the SOI
wafer. By using polyimide, vibrations generated by the PZT layer are
damped (polyimide, being a polymer, is associated with higher material
damping coefficients or loss factors than PZT ceramic [16,17]), which
helps in widening the bandwidth, as demonstrated in [18]. In this way,
the resulting low Q factor is likely to distribute the energy better in the
audible frequencies than in a high Q device. Additionally, the mass of
the medium can effectively dampen the membrane vibration when the
lateral dimension of the membrane is smaller than the wavelength, thus
2.5 mm is chosen as the diameter of the speaker [11].

The resonance frequency is designed to be around 25-30 kHz. Our
design has a smaller form factor compared to the designs with lower
resonance frequencies. The latter can have apertures twice as large as

a) Pt Polyimide Pt

PZT

~pt ]

Silicon

Fig. 1. (a) Schematic of a speaker element (not to scale). (b) 2.5 mm speaker
element (c) 4 x 4 speaker array elements connected in parallel.
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the one demonstrated in this paper [1]. Realizing thin membranes with
large aperture sizes present challenges during microfabrication as they
are more fragile whereas a thicker membrane design can result in costly
production with reduced performance efficiency, as a higher force is
required to vibrate a membrane with a heavier mass. Moreover, the
smaller form factor makes our design more suitable for applications such
as earphones. With a resonance frequency beyond the audible range, the
high amplitude vibrations around resonance are not present in the
audible frequency range. Also, the resonance frequency is not too far
from the audible range, so the device would not witness significant
attenuation of the wave pressure compared to pressure at resonance.
Accordingly, a flatter SPL response at very low frequencies, as demon-
strated in [19], is also witnessed in this work.

Fig. 1b shows the fabricated speaker element. The PZT and the top
electrode are placed on the perimeter of the membrane covering a width
of about 30% of the membrane diameter. As demonstrated by the
simulation in Fig. 2b,c, this improves the vibration response by about
10% compared to the case with PZT everywhere in the membrane and
the top electrode in the central 70% area. The improvement is due to the
lower flexural rigidity of the membrane.

Along with the single speaker element, 4 x 4 arrays are also designed
with 1.85 mm, 1.45 mm, and 1.25 mm single element diameters to
compare the resonance frequencies and response in the audible range.
The array elements are connected in parallel. Fig. 1c shows the design of
the array with 1.25 mm-sized membranes.

3. Comsol simulations

The single-element speaker was simulated using a 2D axisymmetric
model. The electrodes were not separately defined. PZT was actuated
with a 0.25 V electric potential difference between the top and bottom
boundaries with the electrostatics module of COMSOL. This setting has
closely matched the performance of the fabricated pMUT when it is
actuated with 5 V. The discrepancy in the voltage is due to the difference
in the piezoelectric and elastic properties of the PZT in the fabricated
and simulated device.

3.1. Eigenfrequency and vibration analysis

The thickness of the membrane passive layer i.e., polyimide, was
tuned so that the eigenfrequency was around 30 kHz. The eigenfre-
quency simulation in Fig. 2a shows the speaker element structure with
30 pm polyimide having an eigenfrequency of about 30 kHz. Next, a
frequency sweep was performed, and the in-air frequency response of
the membrane displacement was determined in the ring electrode
(Fig. 2b) as well as central electrode configuration (Fig. 2c). For this
step, isotropic loss factor (0.06) damping was introduced in the solid
mechanics model, defined by the reciprocal of twice the quality factor
measured with an LDV [20].

After the eigenfrequency and vibration analysis, the acoustic pres-
sure simulations for the single speaker element were followed. The
simulated pressure response is especially useful for the understanding of
acoustic device behavior at conditions where pressure measurements
present limitations, such as 1) measurements at very low frequencies
where the SNR is low, 2) prediction of response very close to the speaker
surface where a microphone positioning can be difficult and thus cannot
be precisely adjusted, and 3) for pressure field measurement in the ear
which requires specialized couplers and microphones. On the other
hand, a calibrated microphone allows the characterization of array de-
vices that are difficult to accurately simulate.

3.2. Free field simulations
To start with, the free field pressure is simulated in the audible range

by setting up an acoustic pressure module with a perfectly matching
layer (PML). Fig. 3a shows pressure distribution at about 4 kHz due to
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Fig. 2. (a) Simulated speaker element geometry with the indication of eigen-
frequency. Membrane displacement (b) when PZT and top electrode form an
outer ring (c) when PZT covers all area with the top electrode in the central
70% area. Inset shows the geometry with the blue line indicating actuated re-
gion. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the 2.5 mm speaker element. SPL at the surface, at 1 cm (for validation
with reported data), and at 3 cm (for comparison with experimental
results) is plotted in Fig. 3b. It indicates that the speaker can produce
50-90 dB SPL in the 1-10 kHz range at the surface. However, SPL drops
significantly at distances beyond 1 cm. Fig. 3c shows the SPL as a
function of axial distance at 1 kHz and 4 kHz (mid-range frequencies in
music) as well as at 10 kHz (treble frequency) and 20 kHz (uppermost
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Fig. 3. (a) Pressure distribution in the free field (sphere with radius 5 mm) at 4
kHz due to 2.5 mm speaker element (b) SPL response of the speaker element
with frequency. (c) SPL decrease with axial distance.

limit of human hearing). It highlights that the SPL curve shifts down-
wards as lower frequencies are approached (the ones of interest in
music). These simulations suggest that such design is not very suitable
for a free-field loudspeaker.

3.3. Pressure field simulations in an ear couplar

In addition to free-field analysis, pressure field simulations with a
generic 711 coupler were carried out to evaluate the viability of using
our speaker in the context of an earphone application. The 711 coupler is
an occluded ear-canal simulator that approximates the acoustic
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impedance of the ear canal. The details of the model can be found in
[21]. It is intended to have the same acoustic properties as the average
occluded human ear-canal and eardrum system, approximately from the
second bend in the ear canal to the eardrum. Besides certain details, the
geometry corresponds to the Briiel & Kjeer Ear Simulator Type 4157. An
ear simulator enables the prediction of sound amplification and ear
drum sound pressure. However, above 10 kHz, the 711 coupler does not
simulate a human ear.

The 711 coupler model was extended by adding the design of our
speaker at the input. The coupling of membrane displacement to the
acoustic pressure in the ear canal cylinder is achieved using the normal
displacement feature from pressure acoustics physics. The input normal
displacement came from the z-displacement generated by coupled solid
mechanics and the electrostatics model of the speaker. The inclusion of
the side volumes and the slits on the cylinder surface mimicked the
complex eardrum mechanical losses using an acoustic system. This
model is set up using two different methods: 1) a model using thermo-
viscous acoustics, and 2) a model with the narrow region acoustics
feature in pressure acoustics. Again, the model details can be found in
[21]. Both models show very similar responses in the intended 10 kHz
range.

Fig. 4a shows the geometry of the coupler with the speaker mem-
brane at the top and the eardrum at the bottom (modeled by applying
RCL impedance feature in the pressure acoustics physics to the bottom
surface where the R, C and L values were the default ones from the
generic 711 coupler model from COMSOL application library). The same
figure shows the acoustic pressure across the coupler volume (according
to the thermoviscous model) at 4 kHz and is uniform around 80 dB or
0.2 Pa. Fig. 4b shows the ear simulator response from 100 Hz to 10 kHz.
The inset shows the displacement of the membrane generated by this
simulation model that closely agrees with the LDV data at 4 kHz (in
Table 1 or Fig. 8b) and 2D simulation data in Fig. 2b with 5 V actuation.
The sound pressure output generated by the acoustic diaphragm is
proportional to vibration amplitude and area at a particular frequency
[22]. As the simulated model generates membrane displacements (inset
of Fig. 4b) that are in line with the ones measured in LDV data, one can
estimate pressure levels (SPL) in response to the 5 V actuation of the
fabricated device. The graph implies a flat SPL of 67 dB in the range of
100-700 Hz and a pseudo-static speaker dynamic behavior. As noted in
the introduction, this is already a comfortable and safe SPL. To further
improve the SPL in the sub-kHz range by 6-12 dB, instead of 5 V,
voltages up to 10-20 V are recommended (Fig. 4b). Then, the perfor-
mance is at par with the reported 85 dB response of a PZT-based speaker
on an SOI wafer at 1 kHz measured with a standard ear simulator [14].
Fig. 4c shows the impedance of the ear canal which is seen to comply
well with the IEC standards.

4. Materials and methods
4.1. pzr thin film process

Fig. 5 shows the sol-gel deposition method for PZT thin film used in
the speaker fabrication. As a first step, a PZT stock solution was pre-
pared. Lead acetate, zirconium propoxide (70 wt% solution in 1 -
propanol), and titanium isopropoxide were used as precursors. Acetic
acid, Acetylacetone, and Propylene Glycol were used as stabilizers and
additives. Lastly, Methanol was used as a solvent. The sequence of the
steps is described in Fig. 5 (top).

PZT thin film was deposited on top of the Pt bottom electrode with
the procedure involving repeated spin coating, pyrolysis, and rapid
thermal annealing (RTA), with the parameters described at the bottom
of Fig. 5. Four iterations were performed to obtain 1 pm film.

4.2. Device fabrication

The 100-silicon wafer was cleaned with piranha and BHF followed
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Fig. 4. (a) Pressure distribution inside the ear coupler volume at about 4 kHz.
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V actuation. In the inset, membrane displacement at 5 V (c) Transfer impedance
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Table 1
Summary of LDV measurements.

Device Membrane Resonance Transmit Sensitivity
type Diameter (mm) Frequency (Hz) (mm/s/V)
at at 4
Resonance kHz
Single 2.5 29,545 102.2 1.218
Element
1.85 57,036 3.432 0.1282
4 x 4Array  1.45 70,367 6.99 0.1048
1.25 89,523 10.08 0.0801

Propylene «¢) Mix
Glycol -
d) g Filter
PZT
Sol

Spinning at
2000 RPM

Pyrolyzing
at 330°C
for 5 min

RTA 10K/s
at 700°C
for 1 min

Fig. 5. Top: recipe of making PZT solution- (a) In a beaker, Zr and Ti precursors
refluxed with Acetylacetone in stochiometric amounts. (b) In another beaker,
10% excess Pb precursor refluxed with acetic acid. (c) Two solutions were
mixed with each other followed by addition of sol stabilizer and solvent. (d) The
contents were allowed to mix and solution was filtered in a stock bottle. Bot-
tom: PZT thin film deposition procedure- Spin coating, pyrolysis and RTA were
repeated 4 times, in a cycle.

by wet oxidization in the oxidation oven. This resulted in 500 nm of
oxide on both sides of the wafer. The oxide serves as etch stop in the final
DRIE process. Next, about 200 nm Pt bottom electrode was sputtered
with (111) orientation. Pt serves as a seed layer for the PZT deposition
process.

Using the sol-gel method described in the previous subsection, 1 pm
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PZT was deposited on top of the Pt bottom electrode. PZT was patterned
using a previously reported wet etching procedure in the center of the
membrane forming a ring-shaped PZT on the membrane [23].
Patterning the PZT also gives access to the bottom electrode. Then, the
top Pt electrode was patterned by the liftoff covering a ring-shaped PZT.

Once active layers were prepared, 1.5 pm polyimide (PI2611, HD
Microsystems) was spun to serve as the membrane material and was
patterned to access both electrode pads. This polyimide thickness is
optimized experimentally during fabrication runs to obtain a 30 kHz
resonance frequency for the single-element speaker with a membrane
diameter of 2.5 mm. The thickness is different from the one used in the
simulation (30 pm). It is supposedly because of the residual stress and
stiffness of the polyimide, PZT, and remaining layers which are different
in reality than in the simulation. Sadeghpour et al. have pointed out that
the effect of the residual stress on the resonance is very pronounced at
lower frequencies [11]. Finally, the wafer backside was patterned using
DRIE to realize the membranes and complete the fabrication. The
fabrication process flow is shown in Fig. 6.

5. Experimental results and discussion
5.1. Material and electrical characterization

To characterize the deposited PZT thin film, 1) XRD measurements
after the PZT deposition and 2) P-E hysteresis loop measurements after
the top electrode deposition were performed. (111)-orientated PZT
without any pyrochlore phase (normally around 29°) was obtained ac-
cording to the XRD results, as shown in Fig. 7a. Such a dominant crystal
orientation is a confirmation to have a satisfactory ds; coefficient and
transmission sensitivity in the deposited PZT layer.

A sawyer-tower circuit was used for the P-E hysteresis loop mea-
surement. The PZT capacitor and the sample capacitor (C,) of a known
value were connected in series. The value of the sample capacitor (~30
times the PZT capacitance) was chosen such that almost 97% of the
applied voltage dropped across the PZT capacitor. From the applied
voltage signal, the electric field was calculated by considering the PZT
thickness. Polarization charge density across the PZT capacitor was
determined by dividing the charge across the sample capacitor, CoV,,
(same as the charge across the PZT capacitor, being in series) by the area
of the PZT capacitor. Remnant polarization and coercive field of 14 uc/
cm?2 and 50 kV/cm, respectively, compared well with recent reports
(Fig. 7b) [24].

After the PZT material characterization, the capacitance of the
single-element speaker device was measured to be 16 nF. The arrays
with 1.25 mm, 1.45 mm and 1.85 mm diameter elements had capaci-
tances of 87 nF, 126 nF, and 184 nF, respectively. The speaker element
impedance showed a capacitive response and varied from 10,000 Q to
500 Q for frequencies 1 kHz - 20 kHz. The power consumption of the
single element speaker at 1 kHz with 5 V actuation is estimated as 2.5
mW, comparing well with the typical earphones in the market- JBL
C50HI with 3 mW rated and 10 mW peak power [25], Phillips
TAE1107BK/94, 5 mW max power input [26]. However, the capacitive
impedance of the technology demonstrated in this paper is higher and
might need different driving electronics as opposed to the 32 Q
impedance standard in the market [27].

5.2. Vibration and acoustic pressure measurements

The electrical measurements were followed by the characterization
of the vibration performance. With membrane-based piezo devices, an
LDV can record the in-air frequency response. The transducer was
excited with a periodic chirp signal applied over a band of frequencies,
10-37 kHz, to detect the resonance. Fig. 8a shows the frequency
response of a single speaker element and the arrays measured with an
LDV (Polytec MSA-600). The 2.5 mm single speaker element showed 30
kHz resonance according to the design and a quality factor of ~8-9.
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Fig. 6. Speaker device fabrication process- (a) Oxide growth followed by
backside oxide removal and deposition of the Pt as the bottom electrode. (b)
Deposition and patterning the PZT layer. (c) Patterning the top electrode. (d)
Deposition and patterning the polyimide passive layer. (e) Realizing the
membrane by DRIE.

Seven randomly selected elements from the array with 1.85 mm mem-
brane diameter showed resonance frequencies of 56,108 Hz, 56,445 Hz,
56,821 Hz, 57,588 Hz, 57,036 Hz, 56,797 Hz, and 57,412 Hz, which
indicated a 1.5% variation from the central 57 kHz frequency and
confirmed good fabrication uniformity. The other arrays, with 1.45 mm
and 1.25 mm membrane diameters showed resonance at 70 kHz and 90
kHz, respectively.

The sensitivity of the speakers at a particular frequency was
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measured with a sinewave excitation in a time-domain study. The
response per volt at resonance (resonance frequency is indicated) and at
4 kHz of a single speaker and array elements are summarized in Table 1.
The smaller response of the array elements is because of the distributed
applied power amongst the 16 parallel elements (0 dBm is the maximum
power delivered by the signal source). Fig. 8b shows a time domain
response of a 2.5 mm single speaker element at 4 kHz to a sinewave
actuation. A possible reason for the non-sinusoidal behavior with 10 V
AC actuation is the harmonic distortion of the speaker (See the graph
without DC bias). This means that when subharmonic stimuli (at 4 kHz)
of the resonance frequency (~ 32 kHz) are applied, the system is
strongly excited at its higher harmonics. This phenomenon is commonly
observed in piezo-MEMS speakers due to asymmetrical nonlinearities
[1,28]. To deal with this non-linearity, 5 V DC bias was added on top of
5 V AC signal as DC bias applies a static lateral force to the membrane
and tends to keep the membrane steady, reducing the harmonic vibra-
tion. Application of DC bias in harmonic distortion measurements is
reported in the literature [29] and in our case, 5 V DC bias reduced the
harmonic distortion significantly. Hence, all microphone measurements
of the single-element speaker and arrays were performed using the 5 V
AC signal with 5 V DC bias. The velocities of the 2.5 mm single speaker
element correspond to a membrane displacement of ~50 nm/V at 4 kHz
and ~ 500 nm/V at resonance (Membrane velocity from Table 1 can be
converted to displacement by division with angular frequency). The
simulations in Fig. 2b closely corresponded to a membrane displacement
at 4 kHz and at the resonance, in response to the 5 V actuation of the
fabricated speaker element.
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Fig. 8. (a) FFT response of single speaker element and the arrays measured
with an LDV system (b) Time domain response of 2.5 mm single speaker
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actuation on top of 5 VDC (red). (c) Data measured with a microphone and an
SPL simulation curve for the 2.5 mm speaker element. Inset shows FFT of the
microphone signal at 4 kHz. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 8c shows data measured with a microphone (Briiel & Kjeer, Type
4192) placed at 3 cm from the speakers and also an SPL simulation curve
for the 2.5 mm speaker element at 3 cm for validation. The actuation
was with a sinewave of 5 V amplitude on top of 5 V DC bias. Note that
the microphone also recorded minimal harmonic distortion with the DC
bias applied on top of the 4 kHz AC signal (as shown in FFT in the inset of
Fig. 8c). The measurements for the 2.5 mm speaker element, except for a
few points, are close to the acoustic pressure simulation curve (within
the 6 dB error limit). The figure also shows that the arrays, in general,
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have performed better in SPL (e.g., a higher response of 1.45 mm array
compared to the single element at all recorded points). Although their
resonance frequencies are farther from the audible range, the bigger
effective apertures result in a higher SPL response. Note that, since the
noise in the measurement environment was 20 dB, to maintain the SNR
above 10, all the measurements at 3 cm resulting below 40 dB were
discarded, including the sub-kHz range measurements. Although mea-
surements at the surface would result in an above 40 dB response, it was
not possible to carry out such measurements with high accuracy in
positioning the microphone.

A reported analytical study suggests that a 20 pm membrane
displacement by an element with a diameter of 2.5 mm at 4 kHz resulted
in a 90 dB SPL at 1 cm and the sound pressure generated by the acoustic
diaphragm is proportional to vibration amplitude and inversely to the
distance [22]. Hence, 0.25 pm displacement at 4 kHz by 2.5 mm element
demonstrated in this work translates to 41.5 dB at 3cm or 51 dB at 1 cm.
This is in close agreement with our measurements at 3 cm (40.1 dB from
Fig. 8c) and also the simulation at 1 cm (50 dB from Fig. 3b). Also, the
surface pressure of 2.5 mm element at 4 kHz is theoretically calculated
to be 77 dB which matches the simulation result of 76 dB in Fig. 3b. The
surface pressure can approximately be calculated by the product of the
membrane velocity (v) of 6 mm/s and the almost reactive acoustic
impedance given by 0.8-ka-pc, where k is the wave number, a is the
radius of the membrane, (ka < <1 at 4 kHz in-air) [11], p and c are the
density and acoustic velocity of air, respectively.

6. Conclusion

Low-cost SOI-free fabrication of a piezo-MEMS speaker is proposed,
describing speakers realized as a single element as well as in an array.
The speaker membrane is made of a 1 pm PZT ring with a 1.5 pm pol-
yimide passive layer on top. LDV characterization has shown the reso-
nance frequency of a single speaker element with a diameter of 2.5 mm
to be 30 kHz with a sensitivity of 100 mm/s/V, whereas sensitivity at 4
kHz is around 1.2 mm/S/V. The speaker element can produce around
70-90 dB in-ear Sound Pressure Level (SPL) response in audible fre-
quencies (100 Hz - 10 kHz) at 5 V excitation as shown by a simulation in
an ear-coupler which is in line with the LDV measurements. The arrays,
on average, have shown a 10 dB higher SPL compared to a single-
speaker element as measured by a microphone. Based on the findings,
it can be inferred that the technology discussed in this paper is better
suited for an earphone application rather than being used as a free-field
speaker.
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