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Design and Fabrication of High Performance Sound-Localized

Microphone Using Oxalis-like Sensing Diaphragm

Student : Wen-Hao Ching Advisor : Yu-Ting Cheng

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

Abstract

Researchers found the Ormia Ochracea’s auditory organ can locate a small
sound gradient via a unique intertympanal bridge structure. In this thesis, we
propose a newly developed mictromachined biomimetic microphone by utilizing
the central gimbals-support circulat structure [5-8], and mimicking the structure
of the oxalis. The oxalis-like diaphragm can not only improve the displacement
by decoupling the sensing diaphragm but also enhance the capability of sound
source localization with the optimum design of the central gimbals structure.
Moreover, the net displacement of the diaphragm with the oxalis-like design has
3.7 times larger than that of the diaphragm with the central gimbals-support
circular diaphragm design, and the oxalis-like diaphragm performs the spatial
resolution with opening angle smaller than 10 degrees. The design and FEM
simulation are analyzed by ANSYS simulator. The process of the single-wafer
biomimetic microphone is fabricated by the standard Multi-User MEMS

Processes (MUMPs) with three poly-silicon layers and two sacrificial layers.
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Chapter 1 Introduction

It had been a grand challenge to miniaturize a sound source localizing
system due to minute interaural intensity and time differences occurring in its
acoustic sensing components. Until 1992, the related acoustic sensing
mechanism of small insect like parasitoid fly (Orima Ochracea) was fully
investigated and realized that the interaction between ipsilateral and
contralateral pressures can increase effective interaural distance via a
mechanical intertympanal bridge structure that resulting in an expanded
interaural time difference for locating the sound field [1,2]. In 2001, Yoo et al
presented the first biomimetic microphone based on a hinge-supported
diaphragm behaving like the intertympanal-bridge for sound localization. They
utilized DRIE (Deep Reactive .lTon Etch) process to form a corrugated
polysilicon diaphragm that attached ‘with single crystal silicon proof masses and
solid stiffeners on a SOI wafer for the fabrication of a directional microphone
[3-5]. The developed technique can not only provide high design flexibility over
conventional etch-stop approach but also simplify the fabrication of corrugate
structure that designed for sensing diaphragm with better mechanical sensitivity.
The microphone started realizing the possibility of directional hearing purpose
for hearing aid application. Since then, a variety of biomimetic microphones
with improved structural designs have been proposed and fabricated using

silicon micromachining technology for better performance.



For example, Ono et al demonstrated a biomimetic microphone based on a
center-supported gimbal circular diaphragm structure which provides a 360
degree of freedom for better directional identification with a spatial resolution as
well as 15° [6-9]. Cui et al. implemented an integrated optical readout in the
sensing membrane of the directional microphone. Via the diffraction-based
optical interferometric detection, the device can avoid thermal noise problem
imposed by capacitive sensing [10].

Meanwhile, for a hearing system, surrounding sound is first sensed and
transformed into electrical signals via a microphone or microphone array. The
electrical signals are then processed, amiplified, and reformed by integrated
signal processing chips. Finally, the reshaped-electrical signals are transformed
into an acoustic wave then transmitted into patient’s eardrum via a microspeaker.
Because the hearing aids must be portable and adaptive to satisfy the needs from
a variety of patients, several characteristics including low powered, low noise,
miniature, and programmable, must be included in the device design. In order to
satisfy these requirements, the aforementioned micromachined biomimetic
microphone for sound localization could play a key role in terms of low power,
low noise, and small form factor criteria. As long as the origin of sound source
can be located, the signal-to-noise ratio (SNR) of a certain acoustic sensor can
be effectively enhanced by the noise source removal from the sensed signal

since the other sound sources will be treated as background noise which can be



effectively eliminated via signal processing.

Nevertheless, the existing biomimetic microphones still exhibit several
deficiencies, like the trade-off necessity of structural sensitivity and rigidity in
Ono’s design and process complexity increase for optical readout integration.
Optimum design is still required for further applications. Therefore, in this paper,
we will present a newly developed biomimetic microphone based on the
combined structural of ormia ochracea and oxalis to further enhance the
capability of sound source localization. Since the microphone can be fabricated
using conventional surface micromaching process, low manufacturing and small

form factor will make the devieé fascinating for hearing aid applications.



Chapter 2 Design and Analysis

2.1 Design Concept of the Biomimetic Microphone

The proposed microphone still follows the Ono’s design with a
gimbals-supported circular sensing diaphragm. The difference, however, is that a
full circular diaphragm will be divided into several parts like oxalis leaves as
shown in Fig. 1 which can increase the sensitivity in each sensing area due to the
diaphragm disintegration. Meanwhile, for keeping the diaphragm vibrate
in-phase and reversed-phase modes like the auditory organ of the parasitoid fly,

-i._r'\-::"-‘i'lll.-:‘l:‘:i.,-.h .
the divided sensing diaphragms’are conné:ctgd to each other by serpentine
[ T "‘-u";‘!'_
¥ | 4

i ﬂ;ﬂ-'«;’-}fiﬁa b 3
éij:_ ire-of the microphone with a capacitive

o Pt

springs. Fig. 2 depicts a whcxles

sensing design.

Fig. 2-1 A picture of the three leaves oxalis [11].
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Fig. 2-2 The design of the oxalis-like sensing diaphragm

In the structure, sensitivity relies on the gimbals flexibility, the size of
sensing leaf, and the spacing between the leaf and the number of the electrode
underneath the sensing leaf. In order to improve the spatial resolution for sound
localization, the simplest way is to increase the number of bottom electrodes
which would result in the decrease of sensing area, i.e. the reduction of
capacitance change (AC). In addition, since the circular diaphragm is an axial
symmetry structure, simultaneously increasing the supporting beams is required

at the central gimbals region for a symmetrical acoustic response at each sensing



leaf which would result in the decrease of sensitivity due to the increase of
structural rigidity, i.e. the increase of effective spring constant of supporting
beams. Thus, in this thesis, an optimum design of oxalis-like biomimetic
microphone is analyzed and proposed in the following using ANSYS simulator
[12]. In addition, because the sensitivity of a capacitive microphone is defined
by mV/Pa which is contributed by the distance change between the sensing
diaphragm and its bottom electrode that caused by applied sound pressure, we
will use the maximum displacement of sensing diaphragm as an indicator for the
microphone sensitive comparison in the following analysis.

As derived by beam theoref [13], the/moments of inertia and the deflection
of a cantilever beam while:za force is applied: on the edge of the beam can be

calculated as the following equations

where E is the Young’s Modulus, Lb is the length of the beam, Wb is the width

of the beam, and t is the thickness. Combined with Eq.(1) and (2), we can get

3 3
F:kxXB:[EWbt jxd:kz EW,t

41,°

From which, higher sensitivity could be realized with a larger deflection via



adjusting the length, width, and number of supporting beams to reduce the
effective spring constant of the center-supported structure. For the structural
sensitivity analysis, a 0.02Pa sound pressure load which is about 60dB SPL
(Sound Pressure Level), the most comfortable sound volume for human beings,
will be applied on the half of the sensing diaphragm at 0° as shown in Fig. 3

then the load will be rotated counter-clockwise for 360°.

o ((@

D\gﬁ
o NS

\ pressure

load
sensing diaphragm T
region

270

Fig. 2-3 A schematic of the boundary condition with a pressure load applied at
0° in the ANSYS.



2.2 Finite Element Analysis

Fig. 4 shows a normalized displacement comparison of sensing diaphragms
between the Ono’s design and the same design but with oxalis leaves in a polar
pattern plot. The polar pattern plot is a logarithm of the normalized

displacements which can also show the directivity of the microphone.
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Fig. 2-4(a), (b) and (c) show the polar patterns of the net, ipsilateral, and
contralateral displacement with Ono’s design (blue line) and 4 leaves oxalis-like

diaphragms (red line).



Fig. 4 depicts two kinds of sensed diaphragms which are based on the Ono’s
design and the oxalis-like design, respectively. Both central gimbals are
designed with 2 inner and 2 outer pivots, 20um wide, 65um long, and Spm thick
supporting beams. The radius of diaphragms is 2500um. The polar patterns
shown in Fig. 4(a) indicate that the total displacement of the diaphragm with the
oxalis-like design (red line) has 1.73 times larger than that of the diaphragm
with the Ono’s design (blue line) while a 0.02Pa pressure load is applied on the
half of both diaphragms. Fig. 4(b) and (c¢) show the maximum displacements
along ipsilateral and contralateral sides for each design, respectively. The
maximum displacements of Ond’s design are about 1.28um in the ipsilateral side
and 1.18um in the contralateral side-both occurring at 90° and 270°. The
maximum displacements of oxalis design are about 2.86pum in the ipsilateral side
and 1.4um in the contralateral side both occurring at 0° and 180°. In the analysis,
though the total amounts of mesh elements are not equal to each other due to the
area difference between the Ono’s and oxalis-like diaphragms, their mash sizes
are controlled with the similar size. The disintegration designs indeed amplify
the displacement of sensing diaphragm.

The two-fold symmetrical polar patterns shown in Fig. 4 also reveal an
important message that the sensing response is directional dependent. An open
area resulted by minute displacement is about 40°~50° wide. The opening will

lessen the ability of microphone to sound localization in terms of limited spatial



resolution and it can be attributed to the non-axially symmetrical distribution of
spring constant which can be resolved by increasing the number of the inner and
outer beams. Figure 5 shows the polar pattern of the sensing diaphragm with the
Ono’s design under the same as the aforementioned loading condition. The
opening angle can be effectively reduced from 40° to 20°. Meanwhile, it has
been found that the opening angle can be reduced to 0° as shown in Fig. 6 once
the number of total supporting beams has been increased to 8 or more that
should be equally divided for the number of inner and outer supporting beam.
Thus, the higher the number of supporting beam is, the smaller the opening

angle will be, i.e. the better the:Spatial resolution will be.

—+— diaphragm with Ono's design (no. of beams=6, max. log [N(1et)]
displacement=).737um & mesh=20820)

o On o

., 340n‘350 Li 1q

w00 A
200"
280" -

2770 -

260° -
2500 !
0 0

WO gt © 0 g
180

Fig. 2-5 The net displacement of the Ono’s design with 3 inner and 3 outer
beams The maximum displacement is about 0.737pum.
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—+— (ino's design with otal 12 beams (max log [N(net)]
displacement=0.333um & mesh=23744)

0
3500

340
330

290

Fig. 2-6 The net displacement of ithé:Ono’s design with 4 inner and 4 outer
beams The maximum displacement isfabout 0,491 pm.

On the other hand, for the centralysupporting gimbals structure being loaded,
the deformation will be concentrated atithe regions of supporting ring and beams.
When the number of inner and outer beams is increased for the reduction of
opening angle, the effective spring constant would also be increased that will
results in the reduction of the maximum displacement in the diaphragm structure.
Thus, as shown in Fig. 5, the maximum displacement has been reduced from
2.46pm to 0.737um although about 20° opening angle is reduced while the
number of supporting beams increases from 4 to 6. Nevertheless, via an
appropriate adjustment of the length, width, or thickness of the beam based on
equation (3), the effective spring constant can still be kept at the same value

even though the beam number is increased.

11



According to these analyses, a high performance biomimetic microphone
should be designed with a center-supported circular microphone diaphragm
being dissected into several parts like oxalis leaves, with a larger numbers of
supporting beams with smaller width, thickness, or larger length, for
maximizing its the sensitivity and spatial resolution. Fig. 7 shows an optimum
oxalis-like biomimetic microphone which is designed with 6 leaves coupled
with 6 serpentine springs, 6 bottom electrodes, and 12 supporting beams, which
are 6 inner and 6 outer supporting beams, respectively. Each supporting beam is
10pum wide and 65um long and each serpentine spring is 20um wide and 300um

ohragm is designed with Sum.

AN

QCT 15 2006
22;42:01
PLOT NO. 1

Fig. 2-7 An optimum oxalis-like diaphragm with 6 inner and 6 outer supporting
beams and each beam is 10um wide and 65um long. The thickness of sensing
diaphragm is Spm.
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2.3 Fabrication Process of the Biomimetic Microphone

The designed biomimetic microphone can be realized using a standard

Multi-User MEMS Process (MUMP) with three poly-silicon layers and two

sacrificial layers. Fig. 8 shows process flow for the microphone fabrication.

Stepl:

Step2:

Step3:

Step4:

Step5:

Step6:

Step7:

After standard RCA clean, a 4” silicon wafer is deposited with
0.6pum thermal wet oxidation at 1050°C and 0.6um LPCVD low
stress S13N4 at 850°C for electrical isolation.

A 0.5um LPCVD N-type doped poly-Si is deposited at 585°C and
patterned as the bottom sensing electrode (Fig. 8a).

A 2um thick HDPEVD SiO2 is-deposited at 300°C and patterned as
the first sacrificral layer (Fig. 8b).

In order to realize the center supporting structure, the second layer
of heavily doped poly-Si is deposited and etched (Fig. 8c).

The second sacrificial layer of 0.75um thick HDPCVD SiO2 is
deposited and etched (Fig. 8d).

Finally, the 1.5um heavily doped poly-Si diaphragm is deposited by
LPCVD and etched (Fig. 8e).

The last step is release the diaphragm by B.O.E. wet etching (Fig.

8).

13



(a)

(b)

Q)

Fig. 2-8 Process flow of the biomimetic microphone
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Chapter 3 Results and Discussions

3.1 Result of the Optimum Design

Fig. 9 shows the analysis results of the proposed optimum oxalis-like

biomimetic microphone. The maximum net displacement is about 1.267um and

the opening angle is only 10°. In the design, the higher the number of sensing

leaf is, the better the spatial resolution will be. Nevertheless, instead of 8 or

more sensing leaves, the number of 6 is determined by the minimum sensing

capacitance which depends on the sensing circuit limitation. Since the minimum

detected capacitance change isiproportional to the overlapped area between the

top sensing diaphragm and the;bottom electrode, the area cannot be infinitesimal

due to the limitation of S/N-ratio (Signal-to-Noise ratio) of sensing circuit. The

leaf number is restricted. shown in the Fig. 9 and Fig. 10.

o= {3 leaves divided diapbragm (no. of beam=1

displacement = 1.267 um & mesh=16876)

2, max.

U'
. 3507
340 350

g 0012
W e e 001
30 0.008
0 0.006
260" Y
‘ g 00041 |
280 4 Qo2
290" i plE
260°
250°
240
230 !
0 AN,
AL
200

wn

e 160°

log [MN(net)]

Fig. 3-1 The analysis results of the proposed optimum oxalis-like biomimetic

microphone
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3.2 Influence of the Serpentine Spring

In addition, for a six-leaves diaphragm design, the number of total
supporting beams can be 6 or more. However, in order to ensure a symmetrical
acoustic response, each sensing leaf is designed to connect a supporting beam,
1.e. outer supporting beam. Therefore, a total 12 supporting beams are designed.
However, in comparison with the aforementioned Ono’s design with more than
8 supporting, the oxalis-like diaphragm design still exhibit a 10° opening even
though the diaphragm has better displacement performance. Since the opening
could be related to the disintegration design, the coupling springs can be
modified from a serpentine shape into a simple beam design but with the same
width and thickness. Fig. 10 shows that about 2° open angle reduction can be
realized. Because the diaphragm.-becomes more rigid due to stronger coupling,
the net displacement has been reduced’ from 1.267um to 1.245um which is 3.7

times larger than that with Ono’s design (0.333pum).

‘ - spring * beam ‘ log [N(net)]

350 0
340 30y 1o
330 othé-i 3

180°

Fig. 3-2 The relation between the springs and beams
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Moreover, in the Fig. 9, each polar pattern is not smooth enough that will
make some errors for sensing circuit caused by the same sound pressure with
different response. We need to improve the oxalis-like biomimetic diaphragm.
Therefore, we adjust the position of the ring with different radius and the ring is
designed with 20um wide. If we move the ring outward, i.e. the length of the
inner beam (100um) is longer than outer beam (30um), the polar pattern
becomes smoother (red line). Oppositely, if we move the ring inward with 30pum
long inner beam and 100um long outer beam, the polar pattern is rough (blue
line). The result is shown in Fig. 11. Meanwhile, the net displacement is reduced
when moving the ring outward. According to the beam theorem and stress
concentration, the loaded leaf applies a-force on the shorter beam, i.e. the effect
spring constant is larger than longer one, and the displacement will be reduced.

However, the net displacement is still'larger than Ono’s design.

‘ —— decreased radius of the ring  —=— increased radius of the ring ‘ Log [N(net)]

Fig. 3-3 Comparison the radius of the ring
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3.3 Scanning Electro Microscope (SEM) Photographs

Fig. 12(a), (b), and (c) depict the Scanning Electro Microscope (SEM)
photographs of the oxalis-like sensed diaphragm, and the enlarged view of the
serpentine spring and the central gimbals region, respectively. In order to release
more easily, we arrange the layout of etching holes which the diameter is 10um
and the distance between each hole is 40um on each leaf. The performance and
reliability of the oxalis-like sensing diaphragm will be affected due to the
limitation of the instrument, such as the over etching by RIE and the surface

roughness by LPCVD.

15.0kV 13.7mm %30 SE(M)

(a)

18



I I B e < - S ’
15.0kV 13.7mm %300 SE(M) 100um

15.0kV 13.7mm x700 SE(M) 50.0um

(b) (c)
Fig. 3-4 (a), (b), and (c) show the Scanning Electro Microscope (SEM)

photographs of the oxalis-like sensed diaphragms, ant the enlarged view of the
serpentine spring and the central glmbals reglon respectively.

3.4 The Vibration Mod

In Fig. 4(b) and (c), we f‘fu} } © 1ps113,té1*§1 and contralateral sides vibrate the
i L

opposite direction (reversed-phase V:bratlon mode) when a pressure difference
between the two sides of the divided diaphragm. Nevertheless, the ratio between
the ipsilateral and contralateral displacements is not approach to unity. This
problem can be solved by designing the size of the MOS-FET in the differential
amplifier circuit. Furthermore, because of the serpentine springs, the oxalis-like
diaphragm can vibrate in-phase and reversed-phase modes like the auditory
organ of the parasitoid fly. Thus, we use the ANSYS to simulate the modal

analysis to obtain the resonant frequencies, and show the in-phase, y-axis and

x-axis reversed-phase vibration modes which their resonant frequencies are

19



256.998 Hz, 261.751 Hz and 261.945 Hz respectively. The displacement of the

diaphragm along z-axis is represented by different color in Fig. 13.

AN |
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(b) (©)

Fig. 3-5(a), (b) and (c) show in-phase, y-axis and x-axis reversed-phase modes
and their resonant frequencies are 256.998 Hz, 261.751 Hz and 261.945 Hz
respectively.
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Chapter 4 Summary and Future Work

4.1 Summary

A newly developed micromachined biomimetic microphone by utilizing the
central gimbals-support circular structure [5-8], and mimicking the structure of
the oxalis is proposed. The net displacement of the diaphragm with the
oxalis-like design is 3.7 times larger than that of the diaphragm with the central
gimbals-support circular diaphragm design, and the oxalis-like diaphragm
performs the spatial resolution with opening angle smaller than 10 degrees.
Therefore, the oxalis-like diaphragm can net only improve the displacement by
decoupling the sensing diaphragm but'also enhance the capability of sound
source localization with the optimum design of the central gimbals structure.
The design and FEM simulation are ‘analyzed by ANSY'S simulator. The process
of the single-wafer biomimetic microphone is fabricated by the standard
Multi-User MEMS Processes (MUMPs) with three poly-silicon layers and two

sacrificial layers.

4.2 Future Work
We need to verify the FEM analysis and the experimental result via the
acoustic measurement system and realize the integration of the biomimetic

microphone and CMOS circuit for low power hearing aid application.
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