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Abstract

®

CrossMark

In this study, a flexoelectric microphone was, for the first time, designed and fabricated

in a bridge structure using barium strontium titanate (Bag 65510 35T103) ceramic and tested
afterwards. The prototyped flexoelectric microphone consists of a 1.5mm x 768 um x 50 ym
BST bridge structure and a silicon substrate with a cavity. The sensitivity and resonance
frequency were designed to be 0.92 pC/Pa and 98.67 kHz, respectively. The signal to noise
ratio was measured to be 74 dB. The results demonstrate that the flexoelectric microphone
possesses high sensitivity and a wide working frequency range simultaneously, suggesting
that flexoelectricity could be an excellent alternative sensing mechanism for microphone

applications.
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1. Introduction

The microphones used in mobile phones, computers, and
artificial hearing aids require high performance and low cost.
This is especially true for hearing aids, where microphones
must be compact and highly sensitive with a wide bandwidth
to cover the entire frequency range of audible sound.
Generally, capacitive, fiber optic, piezoresistive and piezo-
electric microphones have been used for acoustic sensing.
However, each of these acoustic sensor types has advan-
tages and disadvantages. For example, although capacitive
microphones have been commercialized due to their high
sensitivity, high signal to noise ratio and high stability [1-3],
they nevertheless suffer from a complex structure and fabrica-
tion process. In addition, they need an external DC voltage
supply to detect capacitance changes. Therefore, the high
standby power consumption leads to the inconvenience of
frequent battery replacements [4]. Fiber optic microphones
[5, 6] have been used in harsh environments because they are
not influenced by electrical, magnetic or radioactive fields.
However, they have relatively low sensitivity and durability,
and are also costly and difficult to repair [7, 8]. Piezoresistive
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and piezoelectric microphones [4, 9] have frequently been
used for acoustic sensing because they are desirable due to
their simple and robust mechanical structures. However, they
are known to have low sensitivity and narrow bandwidth. The
reason for this is that the resonance and sensitivity of micro-
phones are solely dependent on the dimensions and material
properties, therefore there is a trade-off relationship between
them. They also have a limited operating temperature range
because above a certain temperature point, known as the Curie
temperature, the piezoelectricity starts to disappear. Moreover,
the most sensitive piezoelectric microphones are usually com-
posed of lead based ceramics, leading to health concerns for
humans [10].

In this research, a new type of microphone using the flexo-
electric material, barium strontium titanate (Bag ¢5Sr( 351103
or BST), was proposed to enhance the sensor sensitivity
and bandwidth. Flexoelectricity has several advantages as
a sensing principle. In crystallography, flexoelectricity can
be found in all dielectric solids. On the other hand, piezo-
electricity exists in only non-centrosymmetric crystal
systems, a total of 20 out of 32 point groups [11, 12]. This
indicates that flexoelectricity offers a broader choice of
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materials for electromechanical sensing with preferable
properties. Of particular significance is the fact that flexo-
electricity is not based on remnant polarization, and hence
the poling process is not required for utilization. This being
so, flexoelectric materials do not exhibit poling related aging
problems [13, 14]. Furthermore, thanks to the scaling effect,
flexoelectric sensing structures are expected to exhibit much
higher sensitivity when the structures are scaled down to
micro/nano domains [15-17].

The sensing material BST was chosen because it has the
highest reported flexoelectric properties [18] (¢12 ~ 100 uCm™!
at Curie temperature) among reported ceramics in literatures
[12, 19-22]. Also, BST has been demonstrated in several
types of sensors such as accelerometer [15] and curvature
sensors [23]. In this paper, a bridge-structured flexoelectric
microphone using BST is, for the first time, designed, fabri-
cated and tested. Theoretical analysis is also carried out for
flexoelectric sound sensing and compared with experimental
measurements.

2. Experimental design

Flexoelectricity is defined as the linear energy coupling
between the strain gradient and the induced electric polariza-
tion [24-26]. This is characterized by a tensorial relationship;

Oejj
Oxy,
where P; is the component of flexoelectric polarization; fix

is the flexoelectric coefficients, a fourth rank tensor; ¢;; is the
mechanical strain tensor; and x; is the direction of the gradient

Pr= pj—— (D)

in Eij
For a cubic crystal such as BST, the non-zero components
of pujx are jiiy11, f1122, and gegp12 or, in matrix notation, jiyy,

w12 and pg4. Each flexoelectric coefficient is associated with a
specific mode; p;; with axial, @, with bending, and 44 With
shear modes.

2.1. Sensing structure

Three different modes of flexoelectricity including compres-
sion, shear and bending modes can be adopted in sensor
designs. The corresponding flexoelectric coefficients are y,
tag and pi1o, respectively. In order to generate a large strain
gradient, the bending or flexural mode was considered in this
design. Figure 1 shows the schematic views of three main
flexural mode sensing structures, namely the membrane,
bridge and cantilever structure, which are also the main struc-
tures for piezoelectric microphones. Due to the symmetry of
the structures, the strain gradient distribution has different
signs at different locations, which can lead to cancellation of
the electric charge output if a fully covered electrode pattern
is used. To avoid this problem and to maximize the sensi-
tivity, the electrode layout should be optimized to collect the
single signed flexoelectric polarization, either the positive or
negative.

From the Euler—Bernoulli beam theory, the deflection of
the three flexural structures due to an external pressure can be
estimated as

4 2\2 3
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where 0, P, t, a, L, v and EI represent the deflection, external
pressure, thickness, radius of membrane, length of bridge,
Poisson’s ratio and bending rigidity of inertia of bridge and
cantilever, respectively. Here, the super/subscript M, B and
C denote the membrane, bridge and cantilever structures,
respectively. The values r and x are the arbitrary coordinates
from the center of the circular membrane or the cantilever to
their clamped sides.

The flexoelectric polarization of the bridge (P?) and canti-
lever structures (Pg) due to the gradient of strain can be
simplified as [25]

0 0, 0
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where R is the radius of the curvature. Similarly, the flexo-
electric polarization of the circular membrane (Pg/[) can be
simplified as

£ 020m(r)
M eff M
Py = pp 2

The charge outputs (Omp anda ¢) induced by external pressure
(P) of each structure can be calculated and simplified by the
integration of the polarization.

21 pa
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where b, [g and [c are the inner radius of electrode of the cir-
cular membrane, electrode lengths of the bridge and cantilever
from the clamped sides, respectively.

The electrode sizes that maximize the charge output of
each structure can be determined as follows.

a
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IB:3—J§L (6)
6
le=L



J. Micromech. Microeng. 26 (2016) 045001

S R Kwon et al

- Ve

L

|

Support =~

(a)

o e i

™ Support

Support

(b) (c)

Figure 1. Basic structures for microphones using bending mode and their cross section views. (a) Circular membrane, (b) bridge, and
(c) cantilever (grey area: flexoelectric material, yellow area: electrode, dark gray area: silicon substrate-support, and pink line: electric

connection).

Table 1. Summary of electrode area, sensitivity and resonance for various microphone structures [28].

Membrane Bridge Cantilever
Electrode area® 2 _ Lxw=237A
5717‘2:1.581413 2><3 6\/§L><w:AB B
Sensitivity S — v?) wi3 wi3
— 220565 ——— =5 —— ~10.395,
Hiz ED B /L1236\/§EI B M126EI B
Resonance 2 473 [EI 1.87512 [ EI
2.94 Et ~2.93f, - =/ = 7 ~0.16f3
21\ pat(1 —v?) 21\ pwtL 27 pwtL

% The active area and thickness of three structures are the same and v = 0.3 for BST.

The non-resonance typed sensors like these flexoelectric
microphones only utilize a low frequency range. The operating
frequency range is defined as a low frequency range which is
flat. Typically, the operating frequency range of this type of
sensor is from three over the time constant (7) to one fourth
of the resonance frequency. The low frequency response is
limited by the time constant while the high frequency range
is limited by mechanical resonance (w,) [27]. And the sensi-
tivity at low frequency can be simply calculated by dividing
the charge output by an external pressure.

The optimized electrode size, sensitivity and resonance for
three different structures are summarized and listed in table 1.
In order to compare the sensitivities and resonances of these
three structures, the values of the bridge shape structure were
used as a reference. It can be observed that the cantilever-
structured microphone can generate the highest sensitivity,
which is more than 10 times larger than the bridge struc-
ture. The high flexibility of the cantilever structure lowers
the resonance frequency by a factor of 0.16 than the bridge
microphones. The bridge structure was then chosen due to
its wide bandwidth and moderate sensitivity. The following
section will focus on the modeling of the bending type bridge-
structured flexoelectric microphone.

2.2. Flexoelectric microphone design

The configuration and side view of the flexoelectric micro-
phone are shown in figure 2. The resonance frequency of the
flexoelectric microphone structure was first calculated since
the resonance is usually associated with the bandwidth of a
sensor. Considering a beam with two fixed ends, the first nat-
ural frequency can be calculated as

4.73% [ EI
fo= T
21\ pAL

where EI, p, A and L are the bending rigidity, density, cross
section area and length of the BST bridge, respectively.

As mentioned earlier, the charge output becomes the max-
imum when lg= (3 — J3 )L/6 and the two electrodes are
connected in parallel in order to amplify the charge output.
Then the final charge output can be derived as

@)

Lw
Q _ eff P.
M2 e B Er

The sensitivity of the flexoelectric microphone is calculated
by dividing the charge output (Q) by the external pressure (P):

()
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Figure 2. Schematic view of a flexoelectric microphone. (a) Configuration of the microphone and (b) side-view of the microphone across A
and A’.
Table 2. Dimensions of the microphone structure and material properties of BST.
L (mm) Iy (um) £ (pum) w (jm) we () p(uCm™) pkgm™)  E(GPa) &
1.5 317 50 768 50 30 8200 153 8000
i DPw trench was made by dicing (DAD321, Disco Corp., Tokyo,
) 363 El ) Japan), as shown in figure 3(a), and then the BST ceramic

Based on the calculation with the given dimensions in table 2,
the resonance and sensitivity of the device become 93.73kHz
and 0.92 pC Pa~!, respectively.

The frequency response can be analytically predicted by a
second-order system with a transfer function given by

A

Hs)= ——.
®) s24+Bs+C

(10)
Constants A, B and C are related to the microphone’s fre-
quency response through A=C S, B=2nfy/On and
C = (27fy)*, where Sjoy is the low-frequency sensitivity and
On is the quality factor. QO will be calculated from exper-
imental measurements:
Jo
On = —"—
th-
where f; and f; are two measured frequencies where the signal
becomes 3 dB lower than that at resonance fj.

an

2.3. Fabrication

To fabricate a flexoelectric microphone, Ti/Au electrodes
on the top side of a silicon wafer and bottom side of a BST
ceramic plate were deposited by e-beam sputtering with the
thickness of 10nm and 100nm, respectively. A 1.5mm wide

was bonded onto the Si substrate with epoxy (EP301, Epoxy
Technology, Billerica, MA) under the normal pressure of
1 MPa (figure 3(b)). The bottom of the ceramic was filled with
wax (OCON-193, Logitech Limited, Glasgow, UK) to protect
the BST ceramic during the followed lapping and dicing steps
(figure 3(c)). The BST layer was lapped down to 50 pm thick
and the Ti/Au top electrode was deposited by the e-beam evap-
oration and patterned with a lift-off process (figure 3(d)). The
layer was next diced into the final dimensions (figure 3(e))
as shown in table 2 with a 50 pm thick dicing blade. The
wax was removed using the Ecoclear solution (0CON-178,
Logitech Limited, Glasgow, UK) (figure 3(f)). Finally, wires
to collect the charge were bonded to the two top electrodes
and bottom electrode with silver epoxy (8331, MG Chemical,
Ontario, Canada). The two top wires were connected together
forming a terminal for charge measurement with the wire of
the bottom electrode. Figure 4 shows the photograph of the
fabricated flexoelectric microphone.

The Bayg ¢551035Ti03 has a Curie temperature of 20 °C [29]
and the experiments were carried out at room temperature of
23 °C.

2.4. Experimental setup

The flexoelectric microphone, a reference microphone and
a loud speaker were placed in an anechoic box at room
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Figure 3. Fabrication process of the flexoelectric microphone.
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Figure 4. Photograph of the flexoelectric microphone. (a) Top view and (b) side view.
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Figure 5. Experimental set-up for flexoelectric microphone tests.

temperature in order to reduce reflective sound pressure.
The experimental setup is schematically shown in figure 5.
The flexoelectric microphone and a loud speaker (KPSG-
100, Kingstate Electronics Corp., New Taipei City, Taiwan)
were facing to each other. The loud speaker was driven
by a power amplifier (Type 2706, Briiel & Kjer, Nerum,
Denmark) and a function generator (AFG3101, Tectronix
Inc., Beaverton, OR). Then, the flexoelectric microphone
and a reference microphone (46BG & 46DP, G.R.A.S.
Sound & Vibration, Holte, Denmark) were used to measure

the acoustic pressure generated by the loud speaker. Here,
the reference microphone was powered by a power module
(G.R.A.S. 12AK). The reference pressure was obtained by
processing the signal from the power module with an oscil-
loscope (DSO7104B, Agilent Technologies Inc., Santa
Clara, CA). The generated output signal from the flexoelec-
tric microphone was amplified by a charge amplifier (Type
2635, Briiel & Kjer, Nerum, Denmark) and the amplified
signal was digitized by a lock-in amplifier (SR830, Stanford
Research system, Sunnyvale, CA).
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Figure 6. The analytical, experimental and FEA sensitivity of the flexoelectric microphone at low frequency range (inset: overall

sensitivity).

3. Results

The output charge from the flexoelectric microphone was
measured by a lock-in-amplifier. The resulting sensitivity
was then calculated by dividing the output charge by the
pressure measured by the reference microphone. The test fre-
quency range was from 0.1 to 130kHz as shown in figure 6.
Experimental result was compared with analytical and FEA
results which were obtained from equation (10) and Ansys,
respectively. The expected response of the microphone was
calculated by making analytical Bode plot with the measured
value of Qy,, expected resonance frequency and low frequency
sensitivity. For the FEA solution, the bridge was meshed with
hexahedral elements in fine-level size. The total number of
elements was 5856. The beam was fixed at the both ends and
the sinusoidal pressure with amplitude of 1 Pa was applied on
the one top surface. The frequency of the applied pressure was
swept from 0 to 100 kHz.

As shown in the inset of figure 6, the sensitivity at
working frequency range (1-20kHz), which can be defined
by flat response range at low frequency, was measured to be
0.85 pC Pa~!. From 20kHz, the sensitivity starts to increase
and becomes maximum at 104 kHz.

The experimental results agree well with the analytical
solution and FEA result. Table 3 summarizes the measured
parameters. Figure 7 shows the sensor output as a function
of pressure under different frequencies. Linearity between
the pressure and charge output at 0.5, 1, 5, 10, 15 and 20kHz
can be observed, indicating a broad bandwidth of the sensor.
Each measurement set at different frequencies is linear
(R>=0.9997) and has sensitivity of 0.77-0.85 pC Pa~'.
The average is 0.81 pC Pa~' and standard deviation is
approximately 0.03 pC Pa~!. Once can see that the measured
sensitivity is close to the analytical value.

Table 3. Comparison of analytical, FEA and experimental results
of resonance frequency (fj) and sensitivities.

Analytical FEA Experimental

fo (kHz) 93.73 102 104
Sensitivity at I0kHz (pC Pa~') ~ 0.93 0.95 0.86
Sensitivity at fy (pC Pa™!) 2.32 255 225

In addition to the sensitivity, the signal-to-noise ratio at
frequencies ranging from 1 to 20kHz was measured using the
similar setup. The function generator and the power amplifier
were maintained while disconnected with the loud speaker,
thus remaining the electromagnetic noise. The output charges
were measured from the lock-in amplifier as the noise signal.
Figure 8 shows the signal-to-noise ratio of the flexoelectric
microphone at 1 Pa. The charge output at 1 Pa is 5000 times
larger than that of surrounding noise sources induced by the
measurement equipment, corresponding to 74 dB.

4. Discussion

Small discrepancies were found in the frequency response
of the experiment and analytical solution. Mostly arise
from fabrication related imperfections. For example, a
small amount of residual wax that was used to protect the
BST bridge during dicing can act as additional mass, thus
increasing the resonance frequency and making the sen-
sitivity lower than expected. In addition, if the top two
electrodes are not placed as designed, the collected charge
may not be the maximum as designed and lead to reduced
sensitivity. Much lower sensitivity, which is called roll-off
sensitivity, can be observed below 1 kHz. This is most likely
caused by the equalization of the pressure difference associ-
ated with acoustic wave [4].
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Figure 7. Sensor charge outputs under different frequencies and pressure values.
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Figure 8. The signal to noise ratio of the flexoelectric microphone at 1 Pa.

Moreover, the flexoelectric microphone reported in this
paper exhibits promising results including both high sen-
sitivity and wide bandwidth. The results were compared
to various types of microphones [4, 9, 30-34], as shown in
tables 4 and 5.

The charge sensitivity obtained above was converted to the
voltage sensitivity for comparison as follows:

S, ==<. (12)

Table 4. General performance information of the flexoelectric
microphone and other microphones [7, 8, 35, 36].

Capacitive

Flexoelectric

Optical Piezoelectric (Current study)

Sensitivity  0.4-50

(mV Pa~!)

Input power Required

Dynamic
range

Narrow

1-100 10-500
(uVPah) (uVPah
Required  None
Relatively Wide
wide

0.63 (mV
Pa')
None
Wide
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Table 5. Performance of the flexoelectric microphone compared to notable microphones from the literatures and commercial.

Area X thickness Sensitivity =~ Resonance or

Author Material Structure (mm? x pm) (mV Pa~')  bandwidth (kHz)

Capacitive microphone

Martin [37] Polysilicon  Membrane 0.166 x 2.25 390 0.03-20
Bandwidth

Scheeper [38] SisNy Membrane 2.99 x 0.5 22.4 0.251-20
Bandwidth

Optical microphone

MO 2000H optical microphone (Sennheiser) N/A Membrane External diameter 1/2” 15 0.02-40
Bandwidth

Piezoelectric microphone

Baumgartel [39] 7ZnO Cantilever (.83 x 4.5 0.17 5.997 Resonance

Prasad [1] 7ZnO Membrane 9.61 x 30 0.335 4.0 Resonance

Flexoelectric microphone

Current study BST Bridge 1.152 x 50 0.63 93.7 Resonance

Here, S. Sy and C are the charge sensitivity, voltage sensitivity of
the flexoelectric microphone and measured capacitance of BST.

5. Conclusions

In summary, by using a barium strontium titanate
(Bag 67810 33Ti03) ceramic which exhibits 141, of 30 4C m™!,
a flexoelectric microphone was designed, fabricated and
tested. The designed sensitivity of the fabricated microphone
was 0.92 pC Pa~! in the audible range of 1-20kHz. The exper-
imental results showed a sensitivity of 0.85 pC Pa~! with the
signal-to-noise ratio of 74 dB. The flexoelectric microphone
presented in this paper offers both high sensitivity and wide
bandwidth compared to existing piezoelectric microphones.
Therefore, the flexoelectric effect could be an effective and
promising alternative sensing mechanism for better perfor-
mance in many areas.
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