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This study aims to design and realize MEMS microspeakers with high sound pressure level (SPL) for in-ear
applications. On the basis of high piezoelectric coefficient PZT thin film, the proposed suspension-spring
and dual-electrode designs enhance the out-of-plane displacement of central diaphragm to improve low-
frequency SPL. The preliminary tests show that both proposed single-curve and dual-curve spring designs
have higher low-frequency SPL than that of the reference clamped diaphragm microspeaker. Measured
in the standard ear simulator systems with 2 V,,, driving voltage, the proposed dual-curve spring design

gieeyz‘/:e)lrgz;ric demonstrates good performance at low frequencies. At the resonant frequency of 1.85kHz, the dual-
Microspeaker curve spring design is 28 dB SPL higher than the clamped diaphragm. In addition, from 100 Hz to 3 kHz,

PZT more than 10 dB SPL enhancement is achieved. Furthermore, the total harmonic distortion (THD) of dual-
curve spring design is less than 2% in most of the audio range. Compared with the published literature of
piezoelectric MEMS microspeakers, this study shows a reasonable SPL with the smallest diaphragm area

Sound pressure level

of 1 mm?2.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

The micro-electro-mechanical-systems (MEMS) technologies
have been extensively adopted to fabricate chips of various appli-
cations, especially the micro sensors. However, the applications of
micro actuators are still limited due to the small output force, dis-
placement, etc. The Texas Instruments Digital Micromirror Device
demonstrates the capability of MEMS actuator for optical modula-
tion [1], and the SiTime shows the application of MEMS actuator
for timing devices [2]. Presently, micro actuators have continu-
ously attracted attentions in optical and acoustic devices [3-4]. In
addition to microphones, speakers are another fundamental acous-
tic device in our daily life and also existing in many consumer
electronics, for instance, the smartphones, portable laptops, and
some in-ear applications like earphones and hearing aids. With the
trend of miniaturization of electronic devices, several microspeak-
ers have been developed by using the MEMS technologies [5-6].
According to the characteristics of micro fabrication technologies,
MEMS microspeakers have two major advantages including the size
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reduction and the capability of batch fabrication to lower the cost. It
is expected that MEMS technologies will be promising approaches
to realize microspeakers.

In general, the electromagnetic, electrostatic, and piezoelec-
tric are three actuation approaches to drive MEMS microspeakers
[7-13]. The electromagnetic force (Lorenz force) is the most com-
mon driving method adopted by the existing MEMS microspeakers.
Since the electromagnetic microspeaker could contribute a larger
driving force as well as diaphragm displacement, a better acoustic
performance is achieved [7-10]. However, the fabrication pro-
cesses are relatively complicate and generally the assembly of
magnet is required. Such non-batched assembly process will lead
to extra cost and efforts for electromagnetic MEMS microspeak-
ers. More, as reported in [11-12], the standard CMOS processes are
exploited to realize MEMS electrostatic microspeakers. In addition
to the advantage of available foundry service, the CMOS micros-
peakers can monolithically integrate with control and driving
integrated circuit. To enhance the output SPL, the MEMS electro-
static microspeaker is achieved by using relatively complicated
processes [13]. There are several design concerns for the electro-
static microspeakers, for example, the requirement of high driving
voltage, and the pull-in effect and limited SPL due to the initial gap
between electrodes. In summary, to achieve enough SPL, especially
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Fig. 1. The actuating mechanism of the proposed piezoelectric MEMS microspeaker: (a) the in-plane strain &; in the PZT thin film caused by the out-of-plane input electric
field E3 will bend the springs and further lead the displacement x of the central diaphragm, and then the piston movement of the diaphragm will generate the pressure
change AP, and (b) the design schema of the proposed piezoelectric MEMS microspeaker.

at low frequencies, with small volume by using the batch fabricated
MEMS processes is the design issue for MEMS microspeakers.

The piezoelectric actuation is another approach to drive MEMS
microspeakers. Various thin film piezoelectric materials such as the
ZnO, AIN, and PZT have been employed for sensing and actuation
applications. As reported in [ 14-18], the piezoelectric micorspeak-
ers which can be fabricated using the MEMS processes offer the
advantages of large driving force, low power consumption, and
single diaphragm structure. Thus, design concerns such as the pull-
in effect and the traveling distance of the diaphragm are ignored.
In recent years, the process technologies and material properties
for piezoelectric thin films are continuously improved [19] which
could further lead the performances enhancement of the piezo-
electric microspeakers. The piezoelectric coefficient will affect the
electromechanical conversion efficiency and further dominate the
performance for actuation applications such as microspeakers. Typ-
ically, the PZT film has the highest d3; piezoelectric coefficient [20],
and hence this study exploits the PZT thin film with a d3; piezoelec-
tric coefficient of -40 pC/N as the actuation layer for microspeakers.
The PZT thin film has also been applied to commercial MEMS
microspeakers for earphones [5]. Although the size-reduction due
to micromachining processes causes piezoelectric MEMS micros-
peakers much suitable for in-ear applications, the insufficient SPL
at low frequencies is still a major concern. This study extends the
designsin[21-22] to present the piezoelectric microspeaker design
which consists of a diaphragm supported by flexible springs. Based
on the proposed design of flexible springs and the driving elec-
trodes for piezoelectric film, the SPL of microspeakers for in-ear
applications can be enhanced. Measurements in the standard ear
simulator demonstrate the feasibility of the presented designs. The
frequency range for human communication voice is mainly 0.5 ~
2 kHz [23],and the typical frequency range for hearing aids is below

5kHz [24]. Hence, the target of present designs is to enhance the
SPL at low frequencies, especially for communication voice range.

1.1. Design concepts and principles

The working principle of the proposed piezoelectric micros-
peaker is illustrated in Fig. 1. The microspeaker consists of a
movable diaphragm and flexible springs formed by the Si and PZT
bi-layer structure. The piezoelectric film on the springs has a top
and a bottom driving electrodes. As shown in Fig. 1a, an in-plane
strain & will be introduced on the PZT film when an out-of-plane
electric field E3 is applied on the top and bottom electrodes. The
relation between the input electric field and the in-plane strain can
be expressed as,

&1 =d31E3 (1)

The in-plane strain in the PZT thin film will bend the springs
formed by the PZT and Si bi-layers. The deformation of the springs
will further lead to the piston motion of the central diaphragm,
and the moving diaphragm will push the air to generate a pres-
sure change AP. Fig. 1b summarizes the actuating schema of the
piezoelectric MEMS microspeaker. For in-ear applications, AP can
be expressed as [8], [10],

1.4P,

A= -2

CAV (2)

where Py is the ambient pressure, Vj is the volume of the ear cavity,
and AV is the displaced volume (volume change introduced by the
piston-motion displacement x of diaphragm). Thus, the SPL L, can
be determined as,

UUo different PZT microspeaker designs are proposed and also
implemented on the SOI (silicon on insulator) wafer to show the



H.-H. Cheng, S.-C. Lo, Z.-R. Huang et al. / Sensors and Actuators A 306 (2020) 111960 3

(a) Single-curve spring Gap (trench width)

Diaphragm  Spring
Pad for top
electrode - |

Pad for bottom
electrode

Electrodes-A Electrodes-B

(b) Dual-curve spring Gap (trench width)

Diaphragm  Spring /

\

Electrodes-A Electrodes-B

(c) Clamped diaphragm

Electrode-B ' Back cavity ! C-C°

Electrode-A

Fig. 2. The schematic illustrations of the piezoelectric MEMS microspeakers, (a) the proposed single-curve spring design, (b) the proposed dual-curve spring design, and (c)
the reference clamped diaphragm.
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Fig. 3. The two vibration mode shapes of the microspeaker with single-curve spring design, (a) piston mode, (b) drum mode; and (c) the plane stress distribution of the

single-curve spring structure when the microspeaker vibrating at its first mode.

performances enhancement by varying the design of structures
and driving electrodes. Fig. 2a and b respectively illustrate the
schematic view of two proposed microspeakers with different
spring and diaphragm structures and the related driving elec-
trodes designs. The reference clamped diaphragm microspeaker
in Fig. 2c is also designed and implemented for comparison. The
dual-electrode design is also applied to the clamped diaphragm
microspeaker [25] to achieve its largest output for fair compari-
son. In the following sections, the design details of the proposed
single-curve and dual-curve springs will be respectively presented.
It should be noted that the dimensions of springs, electrodes and
diaphragm have not been optimized.

1.2. Single-curve spring

The design of single-curve spring consists of a movable central
diaphragm supported by four surrounded single-curve springs, as
shown in Fig. 2a. There are gaps (named trench widths) between

the springs and central diaphragm. The diameter of back cavity is
1800 wm. The flexible springs are designed to enable much larger
displacement of diaphragm to increase the pushed air volume
and further improve the low-frequency SPL of microspeakers. The
width of driving electrodes is designed as 100 pm to provide suffi-
cient driving force. Thus, the width of the curve spring is designed
as 160 wm to offer the space for electrical routings and process
tolerance. Moreover, according to [26], the trench width below
10 wm could reduce the acoustic short circuit. In this study, the
5 pm trench width is selected to comply with process limitations.
Thus, the diameter of central diaphragm is 1460 wm. The cross-
section view depicts that both of the springs and diaphragm are
consisted of the PZT film (1 pm thick) and the Si device layer (5 pm
thick) of SOI wafer. Moreover, the handle layer of SOI wafer is 400
pm thick. The commercial finite element method (FEM) software
(COMSOL and ANSYS) is employed to investigate the characteris-
tics of the presented microspeaker. As the FEM simulation shown
in Fig. 3a, the presented microspeaker has the piston vibration
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Fig.4. The FEM simulated out-of-plane displacements of (a) the single-curve spring design with two electrodes (electrodes-A and electrodes-B) actuating out-of-phase, (b) the
single-curve spring design with two electrodes (electrodes-A and electrodes-B) actuating in-phase, (c) the single-curve spring design with only one electrode (electrodes-B)
actuating, and (d) the reference clamped diaphragm microspeaker with two electrodes actuating out-of-phase.

(diaphragm performing the up and down rigid body displacement
while flexible springs having the bending deformations) as its first
mode (3.1 kHz). The dimensions of spring-diaphragm structure is
also designed to suppress other vibration modes within the audio
range (20 Hz ~ 20 kHz), especially the drum mode shown in Fig. 3b.
The resonant frequency of the drum mode which has a signifi-
cant impact on the sound distortion [7] is designed as 22.4 kHz
in this study. In addition, FEM simulation results in Fig. 3c fur-
ther indicate the stress distribution of the microspeaker for its first
vibration mode. The results show two opposite bending deforma-
tions (bent upward and downward, i.e. with the stress distribution

of compression-tension) on the springs. In other words, the PZT
films should be designed to simultaneously offer two opposite
actuations (expansion and shrinkage) on each spring to cause the
required piston vibration of microspeaker to increase the out-
put of microspeaker. As a result, two sets of actuating electrodes
(electrodes-A in yellow and electrodes-B in blue, as indicated in
Fig. 2a) are respectively arranged at different locations of springs
and also driving separately (with different electrical routings).
This study employs the FEM simulation to predict and compare
the performances of proposed and other microspeaker designs.
Simulation results in Fig. 4a-b depict the out-of-plane displace-
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Fig. 5. Simulation results of the SPL for the proposed single-curve spring design and
the reference clamped diaphragm microspeaker by using the COMSOL generic 711
coupler model.

ments of the diaphragm for the single-curve spring design with
dual electrodes (electrodes-A and electrodes-B) actuating respec-
tively out-of-phase and in-phase at 1kHz, 2 Vpp (2 Vpp is selected
based on the specification of many smart phones and consumer
electronics). The average displacements depicted in figures are
only determined from the central diaphragm. Since the central
diaphragm of proposed design has almost no deformation dur-
ing actuation, the maximum and average displacements are very
close. In comparison, Fig. 4c shows the result when driven by
only one electrode (electrodes-B) for the proposed design. The
results indicate a larger output displacement is achieved when
electrodes-A and electrodes-B driven at out-of-phase. Fig. 4d fur-
ther demonstrates the comparison of out-of-plane displacement
(driving with 1kHz, 2 Vp, signal) between the single-curve spring
design and the clamped diaphragm. The diameter of central top
electrode of the clamped-diaphragm microspeakeris 1100 pm, and
the width of the outer ring electrode is 240 wm. In this case, the
average displacement is determined from the deformed clamped
diaphragm. Since the clamped diaphragm vibrates in the drum
mode during actuation, the displacements at the center and edge
of diaphragm are very different. As a result, the average displace-
ment is much lower than the maximum one. The FEM simulation
results show the proposed single-curve spring design has larger
maximum displacement and average displacement. The stress dis-
tribution of the single-curve spring structure driven at its resonant
frequency of 3.1kHz with 2 Vy;, is also predicted by the FEM
simulation. The structure has a maximum stress of 260 MPa at
the connection of spring and its anchor. The maximum stress is
much smaller than the yield strength of Si (near 7.0 GPa in [27]),
hence the damage of structure is ignored when microspeaker is
driven at 2 Vpp. In addition, as displayed in Fig. 4, the sound waves
produced by the piston mode of the proposed spring-supported
diaphragm have better quality from the acoustic point of view
(compared with those generated by the drum mode of typical
fully-clamped diaphragm) [7]. Then, to verify the design concept
of the single-curve spring design (with dual electrodes driven at
out-of-phase), the output SPL in an ear simulator is predicted
by the COMSOL generic 711 coupler model, as shown in Fig. 5.
According to the results, the proposed single-curve spring design
improves the low-frequency (< 5.5 kHz) SPL compared with the typ-
ical clamped diaphragm. However, the proposed design sacrifices
part of the diaphragm area to realize the spring structure. More-
over, the reference design with clamped diaphragm has its first
resonant frequency near 20 kHz. Thus, the proposed design has
lower SPL than the reference type at high frequencies (> 5.5 kHz).
In addition, the slightly SPL decrease at low frequencies of the pro-
posed design is caused by the 5 m gaps (trench width) between
the springs and the central diaphragm. Note that the peaks around

14kHz in Fig. 5 are the typical response caused by the ear simula-
tor.

1.3. Dual-curve spring

To further enhance the SPL at low frequencies, the dual-curve
spring with a lower stiffness structure is also proposed and inves-
tigated in this study. With the same form factor (including springs
and diaphragm) compared with the single-curve spring, a longer
suspended structure is realized by the proposed dual-curve geom-
etry design shown in Fig. 2b. The widths of driving electrodes, curve
springs, and trenches are the same as those of the single-curve
spring microspeaker. To keep the same footprint of microspeak-
ers for fair comparison, the diameter of central diaphragm for
dual-curve spring design becomes 1130 wm. Due to the lower
stiffness of dual-curve springs, the larger output displacement of
the central diaphragm is expected. The 1 m PZT and 5pm Si
are selected as the structure thickness for the design of dual-
curve spring as well. With the 5wum thick Si device layer and
the smaller diameter of central diaphragm compared with single-
curve spring design, the resonant frequency of drum mode of the
dual-curve spring design (35.1 kHz) is even farther from the audio
range. Similarly, for the design of driving electrodes, the FEM sim-
ulation is employed to investigate the stress distribution on the
spring during the actuation of microspeaker. The FEM simulation
results in Fig. 6 depict the stress distribution on two dual-curve
spring designs when microspeaker driving at the first vibration
mode. As depicted by the colors in Fig. 6a, the proposed dual-
curve spring design has two opposite bending deformations (bent
upward and downward) along the spring structure, and its res-
onant frequency is 1.7 kHz. In comparison, as displayed by the
colors in Fig. 6b, the folded spring (also dual-curve) widely used
in MEMS devices [28] has four opposite bending deformations
(bent upward-downward-upward-downward, i.e. with the stress
distribution of compression-tension-compression-tension) along
the spring structure during the actuation of microspeaker. In other
words, for the proposed design, the PZT films will simultaneously
offer two opposite actuations (expansion and shrinkage) on the
dual-curve springs to cause the required piston vibration of micros-
peaker. As displayed in Fig. 2b, two sets of actuating electrodes
(electrodes-A in yellow and electrodes-B in blue) and their electri-
cal routings are respectively arranged on the dual-curve springs.
However, for the folded-spring counterpart in Fig. 6b, four sets of
driving electrodes and their relatively complicated electrical rout-
ings are needed to fulfill the requirement of actuation.

The FEM simulation of single- and dual-electrode driving was
also performed to verify the feasibility of applying dual-electrode
design on the dual-curve springs. As presented in Fig.7a-c, actu-
ating with dual electrodes, the larger out-of-plane displacement
is predicted. Then, the FEM simulation results in Fig. 7d depicts
that the diaphragm of proposed type has much larger maximum
and average out-of-plane displacement (driving at 1kHz, 2 Vpp),
compared with the typical clamped diaphragm. Furthermore, the
dual-curve spring design offers the piston movement of the central
diaphragm, so the better sound quality is also achieved. The stress
distribution of the dual-curve spring structure driven at its reso-
nant frequency of 1.7 kHz with 2 Vp, has also been investigated.
The structure has a maximum stress of 110 MPa at the connection
of spring and its anchor. The maximum stress is also much smaller
than the yield strength of Si. The SPL simulation in the COMSOL
generic 711 coupler model was conducted as well. The frequency
responses in Fig. 8 demonstrate the proposed dual-curve spring
design not only achieves a significant improvement at low frequen-
cies (< 4kHz) over the typical clamped diaphragm, but also further
enhance the low-frequency SPL compared with the single-curve
spring design (Fig. 5). Besides, the trench width of 5wm is also
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Fig. 6. The FEM simulated plane stress distribution of the dual-curve spring structures when the microspeaker vibrating at its first mode, (a) the proposed dual-curve spring
has simple bending profile (stress distribution): bent upward (compression) - bent downward (tension), (b) the reference folded spring has complicated bending profile
(stress distribution): bent upward (compression) - bent downward (tension) - bent upward (compression) - bent downward (tension).

designed to minimize the SPL drop at low frequencies. However,
the lower SPL of the dual-curve spring design at high frequencies
due to the smaller diaphragm area is observed as well.

2. Fabrication and results

This study employs the fabrication processes in Fig. 9 to imple-
ment the presented microspeakers. First, as shown in Fig. 9a, the
ZrO; (15 nm thick) and Pt (150 nm thick) thin films were deposited
on the Si device layer (5 pm thick) of SOI wafer to form the bottom
electrode layer. The ZrO, was served as the adhesion layer for Pt,
and also the insulation layer to avoid generating leakage current.

After that, a 1 wm thick PZT film was deposited by the sputtering
process. Then, as depicted in Fig. 9b, the PZT film was patterned by
wet etching to expose bond pads of bottom electrode. As illustrated
in Fig. 9¢, the Cr (20 nm thick) and Au (200 nm thick) thin films were
then deposited and patterned to serve as the top electrode and elec-
trical routings. As displayed in Fig. 9d, trenches on PZT film and Si
device layer were realized by the front side ICP etching to define the
springs and diaphragm structures. During the ICP etching process,
both PZT and Pt films were etched by the mixed gas of Ar (40 sccm)
and CF4 (70 sccm) with the chamber pressure fixed at 1 Pa. More-
over, the RF power was selected as 800 W with a bias voltage of
200V. Note that after the PZT layer was removed, there were some
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Fig. 9. Fabrication processes for the devices, (a) deposition of ZrO, insulation layer, Pt bottom electrode, and PZT piezoelectric layer, (b) PZT wet etching to define the bonding
pads for bottom electrode, (c) pattering the top electrodes by E-gun deposition and lift-off process, (d) front-side dry etching to define the spring-diaphragm structure, (e)
back-side DRIE to define the back cavities of microspeakers, and (f) back-side RIE to release the movable structures.
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Fig. 10. The SEM micrographs of typical fabricated devices, (a) the proposed single-curve spring design, (b) the proposed dual-curve spring design, (c) the reference clamped
diaphragm microspeaker, (d) the back cavity of the microspeaker, (e) the trench defined by the DRIE and dual electrodes and the electrical routing patterned by the lift-off
process, and (f) cross-section of the substrate to show the PZT and Pt thin films deposited on the SOI wafer.

remaining PZT particles on Pt layer, which would affect the follow-
ing etching process. Hence, the wafer was dipped in the solution
with 1% NaF and 10% HCl to remove the particles before the etch-
ing of Pt film. After patterned the PZT and Pt films, the front-side
trenches were defined on Si device layer by ICP etching. As depicted
in Fig. 9e-f, the handle Si substrate was etched by DRIE to define the
back cavity of microspeaker, and after that the RIE was employed
to remove the buried oxide of SOI wafer to release the springs and
diaphragms of microspeakers.

Micrographs in Fig. 10 display typical fabricated piezoelectric
MEMS microspeakers. The micrographs in Figs. 10a-b respec-
tively demonstrate the MEMS microspeakers with the single-curve

and the dual-curve springs. Fig. 10c further depicts the reference
type microspeaker with clamped diaphragm design. As shown
in Fig. 10d, the micrograph from the back-side of substrate dis-
plays the back cavity defined by the DRIE and the fully clamped
diaphragm. The zoom-in micrograph in Fig. 10e shows the elec-
trodes on the spring, and the electrical routing on the substrate. A
near 13 wm trench between the suspended spring and the substrate
is also observed. The cross-section view in Fig. 10f further displays
the bi-layer structure consisted of the PZT film and the Si device
layer. Besides, the Si substrate and the buried oxide layer of SOI
wafer and the Pt bottom electrode can also be observed. Fig. 11a
illustrates the cross section of the device-under-test (DUT) with
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(a)

Acoustic hole

Fig. 11. The microspeaker chip wire-bonding on PCB with an acoustic hole as the DUT, (a) the schematic illustration, and micrographs of DUT for (b) the single-curve spring
microspeaker chip, (c) the dual-curve spring microspeaker chip, (d) the clamped diaphragm microspeaker chip, and (e) the backside acoustic hole.

a microspeaker chip wire bonded and mounted on a printed cir-
cuit board (PCB) with an acoustic hole for the characterization of
acoustic performances. Note that with the existing of acoustic hole
on the PCB, the volume of microspeaker back chamber will not be
limited by the size of back cavity on chip. Hence, the influence of
back chamber on the resonant frequency of microspeaker could be
minimized during measurements [29]. Micrographs in Fig. 11b-d
display the DUT of three different microspeaker designs. Micro-
graph in Fig. 11e shows the acoustic hole on the PCB at the back
side of DUT.

3. Measurement and results

To evaluate the characteristics of the PZT thin film and the
performance of the proposed MEMS microspeakers, various exper-
iments have been conducted in this study. In the following
sub-sections, the measurement results of piezoelectric properties
and acoustic performance are reported and discussed.

3.1. Piezoelectric properties of the PZT thin film

Firstly, this study employs the dynamic measurement approach
in [30] to evaluate the critical material property of piezoelectric
coefficient d3q. The bi-layer (consisted of PZT film and Si device
layer) cantilever test keys with three different dimensions (width:
50 wm, length: 250 pwm, 300 .m, 400 wm) were fabricated to char-
acterize the piezoelectric coefficient ds1. As depicted in Fig. 12a,
the natural frequencies and dynamic displacements of the test keys
were measured by the Laser Doppler Vibrometer (LDV). Thus, the
static displacement §s; is determined by,

5ﬂ= 1
e \/(1_(“";:;?)2)2+ (26 )’

in which 6y is the dynamic displacement, wj,, is the driving fre-
quency, wy is the natural frequency of the cantilever, and £ is the
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Fig. 12. (a) The dynamic measurement setup to determine the piezoelectric coef-
ficient, (b) the d3; coefficient determined by the dynamic measurement from test
cantilevers of three different lengths.

damping ratio (¢ can be determined from the LDV measurement
results). Subsequently, the d3; coefficient can be extracted from,

3d3;5sspts (ts + tp) LV

25+ AssSplsty + 6SsSpt2ts + Asssptity + sptd

st (5)
where, ss and s, are the mechanical compliances of the Si device
layer and the PZT thin film, t; and t, are the thickness of the Si
and PZT, L is the length of the cantilever, and V is the driving volt-
age. Fig. 12b shows the d3; coefficients extracted from dynamic
responses of different driving frequencies. According to Eq. (4), the
resonant effect on the measurement results in [31] will be canceled
out. Thus, the d3 coefficients show similar levels over various driv-
ing frequencies. In this study, the ds coefficient of the PZT thin film
is around -45 pC/N.

3.2. Preliminary tests in the acrylic tube

The acoustic performance evaluation was conducted in the
anechoic box. Fig. 13a shows the whole measurement setup. As dis-
played in Fig. 13b, to simulate in-ear applications, the DUT shown in
Fig. 11 was mounted in the acrylic baffle connecting to the acrylic
tube, and the standard microphone (G.R.A.S. 46BE) was fixed on
the other side of the tube. The chamber of the tube between the
DUT and the standard microphone is 30 mm long with 1.3 cm3 in
volume. Actuated by the signals from the B&K pulse spectrum ana-
lyzer, the DUT produced the sound waves that would pass through
the chamber of the tube. After the sound pressure was received

by the standard microphone, the data would be transmitted to the
B&K pulse spectrum analyzer and then recorded by the computer.

Measurements results in Fig. 14 demonstrate the preliminary
test results of the two proposed (diaphragm supported by single-
curve and dual-curve springs) and the reference (fully clamped
diaphragm) microspeakers. The results in Fig. 14a-b respectively
depict the SPL of microspeakers with single-curve and dual-curve
spring designs. The two curves in each figure show the difference
between the single- (electrodes-B) and dual-electrode (electrodes-
A&B) driving. Fig. 14c further shows the SPL difference of the
reference design. By the dual-electrode driving (2 Vpp), the SPL of
these three designs can increase 3~6 dB in most of the frequencies
compared with the single-electrode driving. The results verify the
design concept of dual electrodes. In addition, with dual-electrode
driving, the highest SPL of the single- and dual-curve spring designs
can reach 88.7 dB and 90.1 dB respectively. It is worthy to note that
the peaks around 6, 12, and 18 kHz in all the frequency responses
are not caused by the resonance of the structures but caused by
the standing waves of the tube. Fig. 14d shows the comparison of
SPL (driving with dual-electrodes) among the above three micros-
peakers investigated in this study. Driving with dual electrodes at
2 Vpp, the SPL of the single-curve spring design is 25 dB higher
than reference type (clamped diaphragm) at 3.2 kHz and is more
than 6 dB higher in most of the human voice frequency range from
20Hz to 5kHz. As for the dual-curve spring design, the SPL is
29.1dB higher than the reference type at 1.85kHz and at the rel-
ative low-frequency range from 20 Hz to 3.8 kHz, a significant SPL
improvement over the reference design is achieved by the dual-
curve spring design. Besides, as compared with the single-curve
spring design, the dual-curve spring one demonstrates a further
SPL enhancement at low frequencies from 100Hz to 2.3 kHz. It
confirms the design concept of the dual-curve springs. It should
be noted that because of the longer trenches, which is essential
for a longer spring design, the low-frequency SPL of the dual-curve
spring design drops faster and becomes lower than the single-curve
spring design below 100 Hz. Also, the lower SPL at high frequencies
is owing to the sacrifice of diaphragm area to realize the longer
springs.

Table 1 summarizes the results of the preliminary tests. It can be
seen that by combining the springs and dual-electrode design, the
performances of the two proposed designs at low frequencies have
a remarkable enhancement compared with the typical clamped-
diaphragm design. Moreover, the dual-curve spring design shows
the highest SPL at 1 kHz. In consideration of the major challenge:
low-frequency SPL for current MEMS microspeakers, the dual-
curve spring design will be a better solution. As a consequence,
further experiments using the standard ear simulator system was
conducted to evaluate the acoustic performance of the dual-curve
spring design.

3.3. Acoustic performance in the ear simulator system

To further establish reliable measurement data, the standard
ear simulator system G.R.A.S. 43AG-6 was utilized in this study. The
measurement setupis displayed in Fig. 15a. The DUT was assembled
in the customized acrylic adapter, which was fixed on the external
ear canal (G.R.A.S. GR0408) connecting to the ear simulator (G.R.A.S.
RA0401).The photosin Fig. 15b show the commercial ear simulator,
adapter, DUT, and other related setup for testing. As the DUT was
driven by the B&K pulse spectrum analyzer to generate the sound
pressure, the signal would be received by the microphone (G.R.A.S.
40AG) and then transmitted through the power module (G.R.A.S.
12AR) to the B&K pulse spectrum analyzer. Finally, the results were
recorded by the computer.

Fig. 16 depicts the acoustic measurement results of the proposed
dual-curve spring design and the reference clamped diaphragm.
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Fig. 13. (a) The schematic illustration of the test setup for the preliminary acoustic measurements, and (b) the photograph to show the acrylic tube and baffle to mount the
DUT and the microphone.

Table 2

The comparison of the proposed, the reference, and the existing MEMS piezoelectric MEMS microspeakers.
Design Clamped diaphragm Dual-curve spring F. Stoppel [18] Unit
Diaphragm area 2.54 1 16 mm?
Measuring distance 2435 435 a mm
Driving voltage 2 2 2 Vpp
SPL at 1kHz 56.4 74.5 86 dB
Normalized SPL at 1 kHz 48.3 74.5 61.9 dB

2 In the ear simulator G.R.A.S RA0401.

The frequency responses in Fig. 16a-b respectively show the SPLs can reach 87.1dB. The peaks around 6, 12, and 18 kHz caused by
of proposed (dual-curve spring) and reference designs after driven Helmholtz resonance of the external ear canal can be observed in
by single and dual electrodes (2 Vpp ). Once again, the results verify Fig. 16a-b as well. Moreover, it is worthy to note that in Fig. 16a,
driving with dual electrodes can further increase the SPL of the the much lower SPL produced by the electrodes-A is caused by the
microspeakers. The highest SPL of the dual-curve spring design stress distribution during out-of-plane motion. Near the anchors
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Fig. 14. Measured frequency responses of SPL (preliminary tests in the acrylic tube) for the three different microspeakers driven by dual electrodes (electrodes-A and
electrodes-B) and single electrode (electrodes-B), (a) the proposed single-curve spring design, (b) the proposed dual-curve spring design, (c) the reference clamped diaphragm
microspeaker, and (d) the comparison of the above three SPL frequency responses with dual-electrode driving.

Table 1

Specs and measurement results (from preliminary tests in the acrylic tube) to compare the performances of proposed and reference microspeakers.
Design Clamped diaphragm Single-curve spring Dual-curve spring Unit
Diaphragm area 2.54 1.67 1 mm?
Measuring distance 230 230 230 mm
Driving voltage 2 2 2 Vop
SPL at 1kHz 61.5 72.6 79.5 dB
Maximum SPL (Resonant frequency) 98.9 (20.0) 88.7(3.2) 90.1(1.85) dB (kHz)

2 In the acrylic tube.

of the dual-curve springs, the area of electrodes-B has larger stress
than the electrodes-A. According to the inverse piezoelectric effect,
the larger average plane stress in the same electrode area, the
higher the output sound pressure. Fig. 16c shows the comparison
between the proposed and the reference designs. When driving at
2 Vpp, the dual-curve spring design is 28 dB SPL higher than the
clamped diaphragm at the resonant frequency of 1.85 kHz. In addi-
tion, the proposed design demonstrates a significant enhancement
over the reference type at low frequencies (< 3.5 kHz). From 100 Hz
to 3 kHz, more than 10 dB SPL increase is achieved. Besides, Fig. 16¢
also depicts the low-frequency SPL loss caused by the trenches
between the springs and the central diaphragm. Due to the expan-
sion of the trenches during the dry etching process, the dual-curve
spring design suffers more server SPL loss at low frequencies than
the expectation of the FEM simulation. Compared with the clamped
diaphragm design, the sharper drop of SPL of the dual-curve spring
design at low frequencies can be clearly observed. To evaluate the

sound quality of the microspeakers, the THD measurement is also
conducted (at 2 Vpp). As depicted in Fig. 16d, the THD of the dual-
curve spring design is less than 2% in most of the audio range and
is lower than 8% even at the peaks of resonant frequency or har-
monic frequencies. The overall THD of the dual-curve spring design
is lower than the clamped diaphragm. These results indicate the
better sound quality can be achieved by the proposed dual-curve
spring design.

Table 2 sums up the measurement results in the ear simulator
and compares the results with existing piezoelectric MEMS micros-
peakers. Consistent with the conclusions in the preliminary tests,
the dual-curve spring design shows the better performance at low
frequencies. Furthermore, with the smallest diaphragm of 1 mm?,
the proposed design still shows a reasonable SPL with low input
voltage of 2 Vpp, which will be compatible with consumer prod-
ucts. If the SPL is normalized to the diaphragm area, the dual-curve
spring design even demonstrates the highest SPL at 1 kHz.
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4. Conclusions

The piezoelectric actuation has the potential to be a promising
driving approach for the MEMS microspeaker. Presently, investiga-
tions to enhance the performances of piezoelectric microspeaker
include the design of actuation material, structure, driving elec-
trode, and so on. This study presents two structure designs together
with the driving electrodes to improve the SPL of piezoelec-
tric MEMS microspeakers at low frequencies. Unlike the existing
fully clamped diaphragm microspeaker, this study exploits flexible
springs, including the single-curve spring and dual-curve spring
designs, to support the diaphragm. To enlarge the output dis-
placement of the diaphragm to achieve a larger SPL, the dual
electrodes are designed to drive the springs. To demonstrate the
present concept, the proposed microspeakers were realized on the
SOI wafer with 5pum thick Si device layer, on which 1 wm thick
PZT thin film was deposited as actuating material. Preliminary
test results reveal that both single-curve spring and dual-curve
spring designs achieve significant enhancement over the clamped
diaphragm microspeaker at low frequencies. Measurement results
in the standard ear simulator system further show the SPL of dual-
curve spring design is 28 dB higher than the clamped diaphragm

at the 1.85kHz, and display more than 10dB improvement over
the clamped type from 100Hz to 3kHz. In most of the audio
range, the THD of dual-curve spring design (less than 2%) is lower
than that of the clamped diaphragm as well. With low input
voltage of 2 Vp, and the smallest diaphragm area of 1 mm?, the
proposed dual-curve spring design still shows a reasonable SPL
compared with the published literature. It is possible to further
increase the SPL by increasing the input voltage. However, the
bipolar fatigue of PZT thin film is the concern when increasing
the driving voltage [32]. Moreover, the acoustic performances of
the microspeaker could be influenced after the protection of chip
by packaging [29]. The microspeaker designs in this study are to
enhance the SPL at low frequencies. As demonstrated in exist-
ing headphones, the low-frequency and high-frequency speakers
can be integrated by assembly to meet the bandwidth require-
ment. Thus, with respect to further improvement, it is possible
to integrate the presented low-frequency microspeaker with high-
frequency microspeaker by using the system-in-packaging (SiP) or
system-on chip (SoC) approaches to realize a full-range speaker.
Furthermore, the increasing of diaphragm displacement will also
improve the SPL in free field [7], and hence the presented designs
can be extended to free field applications as well.
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