creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Master's Thesis

A} B9 g

Characterization of an advanced MEMS artificial
basilar membrane using XeF; etching in the air and

fluid

Hyejin Jeon (1 & % 4 H [H)

Department of

Robotics Engineering

DGIST

2016



Master's Thesis

A} B9 g

Characterization of an advanced MEMS artificial
basilar membrane using XeF; etching in the air and

fluid

Hyejin Jeon (1 & % & H [H)

Department of

Robotics Engineering

DGIST

2016



Characterization of an advanced MEMS artificial basilar membrane using

XeF; etching in the air and fluid

Advisor :  Professor Hongsoo Choi

Co-advisor:  Professor Ji-Woong Choi

By
Hyejin Jeon
Department of Robotics Engineering

DGIST
A thesis submitted to the faculty of DGIST in partial fulfillment of the

requirements for the degree of Master of Science in the Department of

Robotics Engineering. The study was conducted in accordance with Code of
Research Ethics!
01.08.2016
Approved by

Professor Hongsoo Choi

(Advisor)
Professor Ji-Woong Choi M/\
=

(Co-Advisor) o

I Declaration of Ethical Conduct in Research: I, as a graduate student of DGIST, hereby declare that I have not committed
any acts that may damage the credibility of my research. These include, but are not limited to: falsification, thesis written by
someone else, distortion of research findings or plagiarism. I affirm that my thesis contains honest conclusions based on my

own careful research under the guidance of my thesis advisor.



Characterization of an advanced MEMS artificial basilar

membrane using XeF; etching in the air and fluid

Hyejin Jeon

Accepted in partial fulfillment of the requirements for the degree

of Master of Science.

12.03.2015

Head of Committee Prof. Hongsoo Choi

Committee Member  Prof. Ji-Woong Choi 21 /A/

Committee Member  Prof. Jae-Eun Jang &wﬁr




MS/RT M & ZI. Hyejin Jeon. Characterization of an advanced MEMS artificial basilar

201423007 membrane using XeF, etching in the air and fluid. Department of Robotics

Engineering. 2016. 73p. Advisors Prof. Choi, Hongsoo, Co-Advisors Prof. Choi, Ji-
Woong.

ABSTRACT

Cochlear implants (Cls) are implanted electronic devices for hearing recover of
patients who have profoundly hearing loss caused by damaged hair cells in the cochlea.
Although Cls have been conventionally successful, it has some limitations: necessity of
extracorporeal devices, exposure of a disability by extracorporeal devices, requirement of
large power, frequent recharging, and complicated signal processing circuits. To overcome
these limitations, many researchers proposed the artificial basilar membranes (ABMs) to
develop fully implantable Cls using microelectromechanical system (MEMS) technology.
The ABM mimics the function of cochlea such as frequency selectivity and acoustic to
electrical energy conversion. In the previous studies of our group, Kim et al. developed an
ABM consisting of an aluminum nitride (AIN) beam array with narrow supports. However,
the piezoelectric voltage output was noise level because the narrow supports lead to a rigid
body motion of beams. To increase the piezoelectric output of an ABM, Jang et al. proposed
an ABM fabricated by using a silicon-on-insulator (SOI) wafer and deep reactive ion etching
(DRIE). Although the Jang et al.’s ABM showed the enhanced piezoelectric output
performance, their fabrication process was too complicated with relatively high production
cost.

In this paper, we fabricated an advanced MEMS ABM based on XeF, etching
technology. The XeF, etching enable the total fabrication process to very simple with

relatively low production costs in comparison with DRIE. Also, the low-pressure chemical



vapor deposition silicon nitride (LPCVD Si3N4) was used to reduce the lateral bending of
beam which was caused by residual stress. In addition to fabrication process, the all beams
of ABM were designed to continuous beam structure without narrow supports to avoid rigid
body motion of beam.

The displacement and piezoelectric output of each beam were measured using a
scanning laser-Doppler vibrometer (SLDV) for acoustic or electric stimulus. During
acoustic stimulus, the fabricated ABM showed a frequency selectivity in the range 10.5 -
36.5 kHz and the piezoelectric voltage output in the range 2 - 5 V. It also showed a
frequency selectivity in the range 11.1 - 47.7 kHz for electric stimulus. Also, the frequency
selectivity of the fabricated ABM was estimated in the fluid. Since the viscous-damping
effect of water, the resonance frequency was shifted from 11.1 - 47.7 kHz inairto 3.1 - 11.9
kHz in fluid.

From these results, the fabricated ABM has the two functions of cochlea which are
frequency selectivity and acoustic-to-electric energy conversion. Also, we identified the

feasibility as substitute of the conventional Cls and the potential as fully implantable device

Keywords: artificial basilar membrane, AIN beam array, XeF. etching, MEMS, resonance frequency,

Piezoelectric output voltage.
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1. INTRODUCTION

1.1 Background

1.1.1 Human ear anatomy and cochlea mechanism

The human ear consists of three sections: the outer ear, middle ear, and inner ear, as
shown in figure 1.1. The outer ear consists of the pinna and external auditory meatus. The pinna,
which is made of the cartilage, gathers the sound using its physical shape. The gathered sound
is delivered to the tympanic membrane using resonance effect of the external auditory meatus.
The middle ear consists of the tympanic membrane and auditory ossicle. The tympanic
membrane is a border between the outer ear and the middle ear. It plays an important role in
spreading the sound. The tympanic membrane is vibrating like a drum caused by the sound
coming in through the external auditory meatus. The vibration of the tympanic membrane is
transferred to the auditory ossicle in middle ear [1]. The inner ear consists of the semi-circular
canals, utricle, saccule, and cochlea. The utricle, saccule, and semi-circular canals are parts of
the vestibular system. The core organization of the inner ear that is needed to recognize the
sound is a cochlea in ear. The core organization of the inner ear that is needed to recognize the
sound is a cochlea in ear. The vibration of the stapes, which is a part of auditory ossicle, is
transferred to the basilar membrane from through the lymph fluid in cochlea. Whenever the
lymph fluid is shaking in cochlea, the basilar membrane is vibrating [2]. The stereocilia opens
ionic channel due to deflection and the potential difference to excite the cochlear nerve is
created [3, 4]. The electrical signals are transmitted to the brain. As a results, the human ear

perceives in the frequency range of 20Hz - 20 kHz and sound pressure as low as 20 uPa [5-8]
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Figure 1.1 The human auditory system: the outer ear, middle ear, and inner ear.

In particular, the cochlea is an important organ for sound perception in human auditory
system. A key component of the signal transduction occurs in the cochlea in the inner ear. The
cochlea has two key functions which are the frequency selectivity of basilar membrane (BM)
and the generation of electric signal in the OHC [7-9]. The cochlea consists of three liquid-
filled chambers: the scala vestibule, scala media, and scala tympani. The BM is located between
the scala media and the scala tympani that separates the two chambers [10, 11]. It provides the
mechanical frequency selectivity of the cochlea. When the tympanic membrane is vibrating
caused by the sound, the vibration of the stapes makes a hydraulic pressure difference between
the scala vestibule and the scala tympani. The pressure difference between the two fluid-filled

chambers creates a traveling wave along the BM, as shown in figure 1.2(a) [12-16].
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Figure 1.2 The function of a cochlea: (a) Passive frequency reaction of the basilar membrane (b) Anatomy

of the cochlea and organ of Corti [6].
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1.1.2 Cochlear implants
The sensorineural hearing loss is often caused by the damage on hair cells of cochlea,
as shown in figure 1.3 (b). Figure 1.3 shows normal hair cells and damaged hair cells in figure
1.3 (a), (b). The hair cells convert acoustic sounds to electric signals that stimulate auditory

nerves. If the hair cells are damaged, the electric signals are not generated in hair cells.

b\’L’Vvvuvvvvvvv'vaVVVV
Db A 2222 AAAUVIVAVIVAVATA L 44
VL’VVVU\JYVVVV\/VVVVVV

OHCs

(b)

Figure 1.3 SEM image of hair cells in cochlea: (a) Normal hair cells (b) Damaged hair cells [17].
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Cl is a medical device for restoration of patients’ hearing that is lost by damaged hair
cells in the cochlea [18-20]. It is well used as a clinical treatment for the hearing loss in children
and adults [21-23]. The current artificial cochlea has two parts, an internal part and external
part. An internal part consists of an implantable electrode array for stimulation. An external
part calls consists of a microphone, sound processor and battery. Figure 1.4 shows the parts of
a cochlear implant in the human ear. First, a sound processor, which is worn behind the ear,
transforms sound signals into a digital code. It has a battery that supplies the power to the entire
system. Second, a digital code is transmitted by the coil of antenna on the outside of head to
the internals. The antenna is attached in place via a magnet that is attracted to internal receiver.
Third, a digital code is converted into electrical signals to stimulate auditory primary neuron.
The electrical signals were transferred along the electrode array inserted in the cochlea. Fourth,
these electrodes stimulate the auditory nerves, which then sends the electrical signals to the

brain where they are interpreted as sound [1, 24, 25].
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Figure 1.4 Diagram of cochlear implant in the human ear: (1) A sound processor transforms sound signals
into a digital code, (2) A digital code is transmitted to the implant, (3) The implant converts a digital code
into electrical signals and transfers them along the electrode array, (4) The electrodes stimulate the auditory

nerves, which sends the electrical signals to the brain [26].

However, the conventional CI has some limitations; it needs extracorporeal devices,
which expose a disability, require the relatively large power, frequent recharging and
complicated signal processing circuits [19, 27, 28]. These limitations have been motivated
many researchers to mimic the functions of cochlea and develop a fully implantable cochlear

implant.
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1.2 Numerous studies to mimic the functions of cochlea

Numerous studies have been conducted in order to overcome limitations of
conventional cochlear implant systems. The fabricated artificial basilar membranes (ABMs)
are divided in two types: membrane-type ABMs [9, 29-33] and beam array-type ABMs [27,
34-37].

The resonance frequencies of a membrane-type ABM vary depending on the width of
the beams. A narrow membrane vibrates at high frequency, while a wide membrane senses low
frequency. White and Grosh fabricated a micromachined cochlear model using polyimide
membrane with silicon nitride (SizN,) beams. The measured frequencies using acoustic
stimulus were higher than the audible frequency range [9]. Shintaku et al. proposed a
piezoelectric ABM which is made of a polyvinylidene difluoride (PVDF) membrane to mimic
the function of the BM [29]. Chen et al. developed an artificial cochlea which is made of Cu
beams on a piezoelectric membrane substrate using PVDF. The measured results showed
strong longitudinal coupling on the ABM [30]. Zhou et al. reported a membrane-type ABM
which is composed of two fluid-filled chambers separated by a polymer membrane [31].
Wittbrodt et al. also developed a polyimide membrane with Al beams using microfabrication
methods to create life-sized physical models of the cochlea [32]. In our previous study, we
compared the frequency selectivity of a membrane type ABM and beam array type ABM. We
also determined that the frequency selectivity of a membrane type ABM is poor caused by the
mechanical coupling of silicon dioxide (SiO2) membrane [33].

The resonance frequencies of a beam array-type ABM vary depending on the length
of the beams. A short beam vibrates at high frequency, while a long beam senses low frequency.
Tanaka et al. developed a resonator array of silicon beams, which is named fishbone structure,

as an artificial cochlear microphone. Its frequency selectivity was achieved by the different
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beam lengths of the fishbone structure [34]. Xu et al. developed a polymeric micro-cantilever
array as an acoustic sensors to mimic the biological front-end processing in the cochlea [35].
Kim et al. proposed an ABM consisting of an aluminum nitride (AIN) beam array with narrow
supports to improve frequency separation. However, the piezoelectric signal of noise level was
measured by deformation of beam caused by the narrow supports [36]. Jang et al. developed
an AIN ABM beam array made of a silicon-on-insulator (SOI) wafer and deep reactive ion
etching (DRIE) to improve the piezoelectric output compared with an ABM beam array of Kim
et al. [27]. Jang et al. also developed a piezoelectric cantilever array using MEMS technology
and evaluated its characteristics using animal tests [37].

Some ABMs have been fabricated using several piezoelectric materials because of its
useful property, which is possible to convert acoustic energy into electrical energy without the
energy supply. Chen et al. developed an ABM which is composed of Cu beams on a
piezoelectric membrane substrate using PVDF [30]. Shintaku et al. proposed a piezoelectric
ABM using PVDF membrane to mimic the function of the BM [29]. Lee et al. fabricated a
trapezoidal silicone-based membrane using Pb[ZrxTi 1— x JO3(PZT) thin film [38]. We have
been fabricated beam array-type ABMs using AIN [27, 36, 37]. Because AIN is useful to
fabricate an ABM; it can be integrated with complementary metal-oxide-semiconductor
(CMOS) signal-processing technology and integrated-circuit (IC) processes [39].

To evaluate the properties of ABM in an environment that resembles the inside of
cochlea, some experiments with fluidic chamber have been conducted. Zhou et al. and
Wittbrodt et al. developed a membrane-type ABM which is made of two fluid-filled chambers
separated by a polymer membrane as a model of the human cochlea [31, 32]. White and Grosh
proposed a micro-engineered hydro-mechanical cochlear model with a fluid-filled duct that is

similar to the mechanics of basilar membrane in cochlea [9]. Shintaku et al. proposed a
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membrane type ABM using PVDF. It was measured in the liquid environment using silicon oil
and fluidic chamber [29].

In our group, beam array-type ABMs using AIN have been researched to overcome the
disadvantages of the conventional cochlear implant. Kim et al. proposed an ABM of AIN beam
array with narrow supports to mimic the frequency separation function of the BM. The narrow
supports were realized at both ends of the beams to lower the resonance frequencies by relaxing
the fixed-fixed boundary conditions. However, the narrow supports leaded to rigid body motion
of beams and the piezoelectric signal was too week as acoustic sensor [36]. To improve the
piezoelectric voltage output, Jang et al. proposed an ABM composed of AIN beam array
fabricated on a SOI wafer using DRIE. The ABM showed clear frequency selectivity and
piezoelectric output [27]. Also, an AIN cantilever array was fabricated using MEMS
technology and identified the characteristics such as frequency selectivity and piezoelectric

output. The potential as Cl applications of ABM was identified by using an animal model [37].
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1.3 Objective of this research

In this paper, we proposed an the advanced MEMS artificial basilar membrane (ABM)
fabricated on a silicon wafer using XeF2 etching compared with the previous ABM beam array
reported in Ref. [36]. It was improved as controlling the residual stress of beams using LPCVD
SisNg and changing the dimension of open area to remove the narrow supports shown in the
previous ABM of Kim et al.

Jang et al. fabricated an AIN ABM beam array using SOI and DRIE to overcome the
limitations of the previous ABM of Kim et al. However, the production costs of an ABM
proposed in Ref. [27] are rather expensive because of the high price of substrate, such as SOI
wafer and the expensive process cost of DRIE. Its fabrication processes are complicated in
comparison with XeF; etching. XeF etching is cheaper than DRIE and a simple process that is
purely chemical, because it uses a gas, XeF for the etching silicon without plasma excitation
in spite of its high etching rates [40]. Frequency selectivity and displacement to incoming sound
pressure and electrical voltage were measured using Scanning Laser Doppler vibrometer
(SLDV). Also, we experimentally evaluated and compared the characteristics of ABMs in air

and fluid environment to identify the potential as total implantable devices.

17



2. DESIGN AND FABRICATIONS

2.1 Design of the advanced ABM

2.1.1 Theoretical calculation of the ABM
The ABM is designed to mimic the frequency separation function of the BM by
changing the length of the beam based on the Euler-Bernoulli frequency theory. The resonance

frequency is theoretically calculated from the following equation:

_ hB* _ Esos -
f=gm* G (2-1)
where E is Young’s modulus of material composed of the beam, p is the density of the
material composed of the beam. h,l represent the thickness, length, respectively. The value
of B is assumed to be 4.73 for both the end fixed boundary condition and the first mode
vibration [41]. ABM is consisted AIN and five different materials. Thus, a resonance frequency

has to consider the properties of each material from Eq. (2-1). Young’s modulus and density

can be calculated as follow:

E = Yi=1Ex (2-2)

p = Xk=1Pk (2-3)
In Egs. (2-2) and (2-3), k refers to the orders of material composed of the beam, and n refers

to the number of material. A neutral axis can express the moment of inertia I, of each material

based on Steiner’s law.
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T &4
¢, = L=t (2-5)
I, = %Whls + why(c — ¢;)? (2-6)
I, = %thg’ + wh,(c — ¢y)? (2-7)
Iy = —why® + why(c — c3)? (2-8)

In Egs. (2-4)-(2-8), c is the neutral axis of a beam, w and h correspond to the width and
thickness of material of a beam, respectively [42]. To avoid the position of neutral axis in
piezoelectric material, the thicknesses of each material were determined by calculated result of
neutral axis. The properties of each material in these formulas are referred to in table 2.1 [43-

49]. The resonance frequency and neutral axis can be calculated using these properties.

Table 2.1 The properties of each material for the theoretical calculation of an ABM [43-49].

Material Young’s modulus (GPa) Density (kg m) Thickness (hm)
SiO; 60 2200 500
LPCVD Si3Ng 260.5 3000 500
Mo 312 10220 180
Ti 101.9 4430 20
AIN 340 3250 500
Au 130 19280 180

The range of calculated resonance frequencies is assumed from 0.5 to 3 kHz. Table 2.2
indicates the calculated resonance frequencies according to beam lengths. As the length of the

beam increases, the resonance frequency decreases.
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Table 2.2 The calculated lengths according to resonance frequencies.

Channel number Beam length (um) The calculated resonance frequency (kHz)
1 1306 3.10
2 1338 291
3 1423 2.61
4 1516 2.30
5 1668 1.90
6 1818 1.60
7 1994 1.33
8 2323 0.98
9 2673 0.74
10 3194 0.52

Figure 2.1 shows the proposed schematic diagram of the advanced ABM using the
XeF» etching. The array is composed of 10 beams, 300 xm in width. The lengths of the beams
are varied sequentially from 1306 to 3194 xm, as shown in table 2.2. The structure is composed
to multi-layer, an AIN layer, top electrode and bottom electrode. AIN is sandwiched in between

the top electrode and bottom electrode.
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Figure 2.1 Schematic diagram of the advanced MEMS artificial basilar membrane using the XeF2 etching.
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2.1.2 The advanced design of the ABM for removing narrow supports

The ABM of Kim et al. is realized at both ends of the beams to lower the resonance
frequencies by relaxing the fixed-fixed boundary conditions. Due to the XeF. etching, the
narrow supports were formed and the lateral deformation of the beam by the residual stress was
observed. For this reason, the narrow supports led to rigid body motion of beams and the
piezoelectric signal was too week as acoustic sensor [36].

To improve these problems, ABM is redesigned as changing the dimension of open
area, as shown in figure 2.2. The dimension of open area is major factor in deciding the scope
of etching. Hence, the gap both electrodes and open area is widened about 100 xm and the

formation of narrow supports of the beam is prevented after the XeF; etching.

Electrode

Open area

\ Beam

Figure 2.2 Design image of the advanced ABM for removing narrow supports.
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2.2 Fabrication of the advanced ABM

2.2.1 The 1stfabrication process

By the previous formulas of neutral axis, we identified that a neutral axis of the ABM
of Kim et al. is located in the piezoelectric material. To avoid the position of neutral axis in

piezoelectric material, the thickness of SiO2 was changed to 1.3 um.

Si Si0, Mo/Ti AIN  AuTi

Figure 2.3 Flow diagram of the 1st fabrication process for a beam array of the advanced ABM: (a) Asingle-
side, polished p-type (100) silicon wafer (diameter: 6 in.; thickness: 650 pm), (b) SiO2 was grown by thermal
wet oxidation, (¢) Mo/Ti was sputtered. The Mo bottom electrode was patterned and etched, (d) AIN was
sputtered. The sputtered AIN was patterned and etched, (e) The lift-off process was conducted and Au/Ti
was sputtered, (f) Au/Ti was patterned using acetone, and (g) A photolithography process was conducted

on SiOzand SiOzwas etched. Silicon was etched using XeF:etcher.
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Figure 2.3 shows the 1% fabrication process for a beam array of the advanced ABM.
The materials of top and bottom electrode are gold and molybdenum (Mo). An aluminum
nitride (AIN) is used as piezoelectric material. The fabrication process is equal to the ABM of
Kim et al.’s. [36]. For device fabrication, we used a single-side, polished p-type (100) silicon

wafer (diameter: 6 in.; thickness: 650 «m) as the substrate. (figure 2.3 (a)) On 6inch silicon

wafer, the 1.3 um thick SiO2 was grown by thermal wet oxidation method at 1100°C. The

parameters used for growth of SiO> are as shown in table 2.3. (figure 2.3 (b))

Table 2.3 Parameters used during the wet oxidation of 1.3um thick SiO2

Parameter Value
Deposition thickness (A) 13000
Temperature (C) 1100
Gas composition OzH2 (sccm) 8/5
Oxidation time (min) 390

Using the parameters shown in table 2.4, a 200nm thick Mo was sputtered. A 20nm
thick titanium (Ti) was used as adhesive layer. The Mo bottom electrode was patterned by
positive photolithography process using GXR601 photoresist and AZ300 developer. The
detailed parameters used for patterning of the Mo bottom electrode are shown in table 2.5. The
exposed part of the Mo bottom electrode was etched using an Al etchant. The etching
conditions of Mo bottom electrode are indicated in table 2.6. Ti layer was etched by metal

etcher using the parameters of table 2.7. (figure 2.3 (¢))
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Table 2.4 Parameters used during the deposition of Mo.

Parameter Value
Deposition thickness (A) 2000
Power (w) 400
Process pressure (mTorr) 5
Gas composition Ar (sccm) 150
Deposition time (sec) 450

Table 2.5 Parameters used for patterning of Mo bottom electrode.

Parameter Value

Photoresist GXR601

Spin speed and time 2000rpm for 5sec/4500rpm for 30sec/2000rpm for 5sec
PR thickness lum

Soft bake 90C for 1Imin

Expose 90mJ/cm?

Develop AZ300 developer, for 15sec

Rinse DI water, for 30sec

Table 2.6 Parameters used during the wet etching of Mo.

Parameter Value

Etchant Aluminum etchant Type-A
Concentrations (%)

(H3PO4: HNO3: CH3COOH : H,0) 73:3.1:3.3:20.6
Temperature (C) 25

Etching time (sec) 300
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Table 2.7 Parameters used during the RI etching of Ti.

Parameter Value
RF power (w) 400
Bias Power (w) 100
Process pressure (mTorr) 5
Gas composition Cl (sccm) 40
Etching time (sec) 35

After the AIN of 500nm thickness was sputtered, it was patterned by negative
photolithography process using AZ5214 photoresist and CD30 developer. The detailed
parameters used for patterning of the AIN are shown in table 2.8. Using the parameters shown

in table 2.9, the AIN was etched by metal etcher using Cl> and Ar mixed gas. (figure 2.3 (d))

Table 2.8 Parameters used for patterning of AIN.

Parameter Value

Photoresist AZ5214

Spin speed and time 1500rpm for 5sec/2500rpm for 25sec/1500rpm for 5sec
(double coating)

PR thickness 1.8um

Soft bake 90C for 20min

Expose 200mJ/cm?

Post bake 120 for 1min

Post exposure 3500mJ/cm?

Develop CD30 developer, for 25~30sec

Rinse DI water, for 30sec

Hard bake 120C for 45sec
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Table 2.9 Parameters used during the RI etching of AIN.

Parameter Value
RF power (w) 800
Bias Power (w) 50
Process pressure (mTorr) 5
Gas composition Clz/Ar (sccm) 60/10
Etching time (sec) 600

For lift off process of top electrode, AZ5214 photoresist and CD30 developer were
used for the process. The detailed parameters of photolithography process are shown in table
2.10. Using the parameters shown in table 2.11 and 2.12, a 200nm thick gold and 20nm thick
Ti were deposited by evaporator. (figure 2.3 (e)) To pattern the top electrode, a gold top

electrode and Ti were lift off using acetone and ultrasound. (figure 2.3 (f))

Table 2.10 Parameters used during the lithography process for lift off.

Parameter Value

Photoresist AZ5214

Spin speed and time 2500rpm for 5sec/3500rpm for 25sec/2500rpm for 5sec
PR thickness Ipum

Soft bake 90°C for 1min

Expose 90mJ/cm?

Post bake 120°C for 45sec

Post exposure 2520mJ/cm?

Develop CD30 developer, for 15sec
Rinse DI water, for 30sec

Hard bake 120°C for 45sec
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Table 2.11 Parameters used during the deposition of Au using evaporator.

Parameter Value
EB-voltage (kV) 10
EB-current (mA) 65
Deposition rate (A /sec) 1

Table 2.12 Parameters used during the deposition of Ti using evaporator.

Parameter Value
EB-voltage (kV) 10
EB-current (mA) 72
Deposition rate (A /sec) 1~1.5

A SiO2 was patterned by photolithography process using AZ5214 photoresist and
CD30 developer. The parameters used for patterning of SiO2 are equal to them used for
patterning of AIN. Using the parameters shown in table 2.13, the exposed SiO, was etched by
ICP RIE to make open area for gas flow of the XeF, etcher. Isotropic silicon etching was
performed using a XeF: etcher. The parameters used during silicon etching are as shown in

table 2.14. (figure 2.3 (g))

Table 2.13 Parameters used during the ICP etching of 1.3um thick SiO2.

Parameter Value
RF power (w) 950
Bias Power (w) 100
Process pressure (mTorr) 2
Gas compaosition CHF, /CF4 (sccm) 30/20
Etching time (sec) 420
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Table 2.14 Parameters used during the XeF: etching of Si.

Parameter Value
Process pressure (Torr) 5

Gas composition N2 /XeF, (sccm) 50/10~11
Etching time (sec) 7200

The fabricated sample is shown in figure 2.4. As shown in figure 2.4, the residual
stresses generated during the MEMS fabrication process. Most of the beams were broken on
the way to the XeF- etching and the deformation of the beams was observed after releasing the

beam. That is, this fabrication ended in failure.

29



3.0kV 29.7mm x30 SE(M) 1.00mm

3.0kV 24.7mm x100 SE(M) 500um

(b)

Figure 2.4 SEM images of the fabricated sample through the 1st fabrication process.

30



2.2.2 The 2" fabrication process

To reduce the residual stress of the beam, we determined to reduce the thickness of
SiO2 by 500nm and to add a 500nm thick LPCVD Si3sNa at the same time. Because a tensile

stressed LPCVD Si3N4 is used to compensate for the compressive stress of a SiOz [45].

LPCVD Si,N,

LPCVD SiyN,

Si Si0, LPCVDSiLN; Mo/Ti AIN AwTi
Figure 2.5 Flow diagram of the 2nd fabrication process for a beam array of the advanced ABM: (a) Asingle-
side, polished p-type (100) silicon wafer (diameter: 6 in.; thickness: 650 pm), (b) SiO2 was grown by thermal
wet oxidation, (c) LPCVD Si3N4 was deposited by LPCV, (d) Mo/Ti was sputtered. The Mo bottom
electrode was patterned and etched, (e) AIN was sputtered. The sputtered AIN was patterned and etched,
(f) The lift-off process was conducted. Au/Ti was sputtered, and (g) Au/Ti was patterned using acetone. A
photolithography process was conducted on the LPCVD SisN4and LPCVD SisN4 and SiO2 were etched.

Silicon was etched using XeF2 etcher.
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Figure 2.5 shows the 2" fabrication process for a beam array of the advanced ABM.

The fabrication process is similar to the 1% fabrication process, but two additional processes

have to be considered; After thermal wet oxidation of SiO using the parameters shown in table

2.15, LPCVD Si3N4 was deposited by LPCVD, as shown in figure 2.5 (c).

Table 2.15 Parameters used during the wet oxidation of 500nm thick SiOx.

Parameter

Value

Deposition thickness (A)

Temperature (C)

Gas composition OyH; (sccm)

Oxidation time (min)

5000

1100

8/5

64

After the lift-off process to pattern the top electrode, A LPCVD Si3N4 was patterned

by photolithography process using AZ5214 photoresist and CD30 developer. The LPCVD

SisNg and SiO2 were sequentially etched using ICP RIE for the XeF, etching. The detailed

parameters used for etching of the LPCVD Si3sN4 and SiOzare shown in table 2.16 and 2.17.The

beams were released by etching the silicon using a XeF etcher. (figure 2.5 (g))

Table 2.16 Parameters used during the ICP etching of 500nm thick SiO-.

Parameter Value
RF power (w) 950
Bias Power (w) 100
Process pressure (mTorr) 2
Gas composition CHF,/CF4 (sccm) 30/20
Etching time (sec) 160
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Table 2.17 Parameters used during the ICP etching of 500nm thick SisNa.

Parameter Value
RF power (w) 700
Bias Power (w) 80
Process pressure (mTorr) 2
Gas composition CF4/O; (sccm) 25/8
Etching time (sec) 140

Figure 2.6 shows the optical images of two piezoelectric beam arrays using XeF>
etching: a wide- supports beam array (WSBA) and a harrow-supports beam array (NSBA). For
clear comparison of two beam arrays, the advanced ABM was named the WSBA. Also, the
previous ABM of Kim et al. was named the NSBA. [2-7]. Figure 2.6 (a) shows an optical image
of the WSBA, which was consisted of 10 beams. Figure 2.6 (b) shows a removed narrow
support of a beam by the widening gap of between electrode and open area. The NSBA is
shown in Figure 2.6 (c) - (d). The narrow support led in the deformation of beam. As shown in
figure 2.7, there is little deformation of a beam in the WSBA by the compensation of SiO2and

LPCVD Si3sNa.
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Figure 2.6 Comparison between the WSBA and the NSBA: (a) Optical image of the WSBA, (b) A close-up

image of the WSBA; a removed narrow support by improved design, (c) Optical image of the NSBA, and

(d) A close-up image of the NSBA; a narrow support and deformation of beam [36].
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3.0kV 33.8mm x50 SE(M)

3.0kV 33.8mm x80 SE(M)

(b)

Figure 2.7 SEM image of the advanced ABM.
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3. EXPEREIMENT SETUP

3.1 Measurement setup using SLDV

The vibrating characteristics of the ABM were measured using an MSA-E-500
microsystem analyzer (Polytec GmbH, Germany) integrated with a scanning laser-Doppler
vibrometer (SLDV) for acoustic and electric stimulus. The experiments were conducted in an
anechoic chamber with a background noise level of 18.7 dB. Each beam was excited by
acoustic and electric waveforms of periodic chirp generated from the SLDV control module.
Figure 3.1 shows the experimental setup for measurement in an anechoic chamber. Figure 3.2
shows a schematic of experimental setup for measurement of vibrating characteristics of ABM

using acoustic and electric stimulus. The sound pressure from a loudspeaker (A7X, Adam,

Germany) was used as the acoustic stimulus. The speaker was inclined at ~40° with respect to

the surface of the samples due to space limitations. The input sound pressure was measured
using a reference microphone (4189, Bruel and Kjaer, Germany). It placed close to the device.
The sound pressure lever (SPL) for the measurements was approximately 100~105dB. For the
electric stimulus, an AC with a 1 V amplitude was applied by an MSA-E-500 junction box
(Polytec, Germany) to flow through the AIN layer. To determine the resonance frequencies and
displacement of the beam using the SLDV, sufficient measuring points were distributed on the
surface of each beam. The number of measuring points was altered accordingly from 90 to 120,
depending on the length of the beam. Both ends of each beam attached with silicon were
excepted from the measurement. At each measurement point, 20 output datasets were
collection to obtain averaged data. In air, acoustic stimulus of periodic chirp with frequency
range of 500 Hz — 40 kHz were applied using a loudspeaker. Because the limitation of a

loudspeaker was until 40 kHz. In electric stimulus, the frequency range of periodic chirp was
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500 Hz — 100 kHz. The frequency range was widely set for identifying the vibrating
characteristics of beams which have frequencies of above 40 kHz. The sampling frequency was
102.4 kHz, and the sampling time was 160ms. Also, the piezoelectric output from each beam

was measured using a data acquisition system (DAQ) connected to the SLDV.

Speaker

Figure 3.1 Experimental setup for measurement in an anechoic chamber.
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PC Junction box Vibrometer
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Microsystem Conditioning
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P with camera
\* L
\
Probe "\ ABM @Microphone

I 1
Stage

Figure 3.2 Schematic of experimental setup for measurement of vibrating characteristics of ABM using

acoustic and electric stimulus.
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After satisfying the aforementioned conditions for measurement of vibrating
characteristics of the ABM using acoustic stimulus, the measurement was performed. When
the acoustic stimulus with frequency range of 500 Hz — 40 kHz was applied using a loudspeaker,
the beam was vibrating at the corresponsive frequency band. The vibrating characteristics of
ABM such as displacement and resonance frequency are measured by a laser of SLDV. The
piezoelectric voltage was measured by two probe tips placed on top and bottom electrodes for
acoustic stimulus. Figure 3.3 shows the input sound pressure in time (figure 3.3 (a)) and

frequency domain (figure 3.3 (b)).
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Figure 3.3 Input sound pressure (a) in time domain and (b) frequency domain.
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We can identify the vibrating characteristics of ABM using the converse piezoelectric
effect. Because the mechanical deformation in a piezoelectric material happens when an
electric field is applied to electrodes of ABM. Most of the measurement environment is similar
to that for acoustic stimulus. But, an input signal is changed from acoustic signal to electric
signal. Thus, two probe tips were placed on top and bottom electrodes. An AC with 1 V
stimulus was applied using probe tips, the vibrating characteristics of ABM were measured by
a laser of SLDV. Figure 3.4 shows the input sound pressure in time (figure 3.4 (a)) and

frequency domain (figure 3.4 (b)).
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Figure 3.4 Input voltage (a) in time domain and (b) frequency domain.
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3.2 Measurement setup in fluid

Figure 3.5 shows the experimental setup for measurement in fluid. The displacement
with the resonance frequencies in fluid environment was measured by soaking the ABM in DI
water. The petri dish was used instead of the fluidic chamber. The ABM sample was fixed by
sticky tape in the petri dish, whose diameter is 50mm. The petri dish containing the sample was
also fixed using sticky tape on the stage. The water of 8ml, which is the required amounts to
cover the ABM completely, was dropped by a pipette in the petri dish as shown in figure 3.6.
The experiment in fluid was conducted by applying an AC with a 1 V amplitude using by an
MSA-E-500 junction box (Polytec, Germany) and the probe tips. The displacement of the beam
at the resonance frequencies was determined by the laser of SLDV. The obtained average data

was seen on the connected monitor.

Figure 3.5 Experimental setup for measurement of an ABM in fluid.
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Petri dish

ABM in DI water

Figure 3.6 ABM in DI water.
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4. Measurement results and discussions

4.1 Performance characteristics of the ABM in air

4.1.1 Mechanical responses of the ABM
When the acoustic stimulus was applied using a loudspeaker, the beams were vibrating
at the corresponding resonance frequency, as shown in figure 4.1. The images of figure 4.1
show the vibrational modes of two piezoelectric beam arrays using XeF; etching: a wide-
supports beam array (WSBA) and a narrow-supports beam array (NSBA). While the WSBA
showed the 1% bending mode clearly in figure 4.1(a), the NSBA had the rigid body motion

caused by the narrow supports at both sides of the beam, as shown in figure 4.1(b) [36].

ABM-A 02 1G-01
Channel 10 Channel 1

(a) (b)
Figure 4.1 Beam deflection imaged using SLDV: (a) Channel 10 of the WSBA, and (b) Channel 1 of the

NSBA [36].
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Acoustic or electric stimulus tests were conducted for ABM-A 02, ABM-A 08, and
ABM-A 09. Table 4.1 shows the mean resonance frequencies per each beam length in three
samples during acoustic or electric stimulus in air. Acoustic stimulus tests were conducted from
channel 4 to channel 10. Because the frequency band of a loudspeaker had a limitation up to
40 kHz. Thus, the beams which have a certain frequency above 40 kHz was not measured using

acoustic stimulus. The unmeasured values was marked as ‘“N/A’.

Table 4.1 Mean resonance frequencies per each beam length in three samples for acoustic or electric

stimulus in air.

Acoustic stimulus tests Electric stimulus tests
Channel Beam
number length [um
gth [xm] Mean resonance frequency [kHz] Mean resonance frequency [kHz]

1 1306 N/A 47.648

2 1338 N/A 44.703

3 1423 N/A 41.235

4 1516 36.535 37.193

5 1668 30.931 31.385

6 1818 26.310 27.380

7 1994 22.969 23.588

8 2323 17.862 18.719

9 2673 13.956 14.891

10 3194 10.508 11.078

N/A; Measurement was not conducted due to the limitation of a loudspeaker.
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The measured displacement showed a similar frequency response at the geometric
center of beams, as shown in Figure 4.2. Figure 4.2 (a) shows the displacement from channel
4 to channel 10 of sample ABM-A 02 measured by acoustic stimulus. The maximum
displacement of the beams for acoustic stimulus was in the range 0.5 — 3.2 nm shown in figure
4.2 (a). The displacement of all the beams measured by electric stimulus was shown in figure
4.2 (b). The maximum displacement of the beams for electric stimulus was in the range 10 —
40 nm shown in figure 4.2 (b). The peak of each beam represented the resonance frequency at
the first longitudinal bending mode. The peaks shifted toward lower frequencies as the beam

length increased.
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(b)
Figure 4.2 Displacement of the beams in the array for sample ABM-A 02: (a) during acoustic stimulus, and

(b) during electric stimulus.

An electro-mechanical transfer function (Hvp) was defined as the ratio of displacement
output to the voltage input. An acoustic-mechanical transfer function (Hpp) was defined as the
radio of displacement output to the sound pressure input. However, an acoustic stimulus which
has the frequency above 20 kHz was not measured using microphone. The accurate acoustic-
mechanical transfer function (Hpp) was not obtained. Therefore, the measured displacements
of beams were standardized by the applied voltage. Magnitude of the transfer function in the
frequency range of 500 - 40,000 Hz, measured with electric stimulus is shown in figure 4.3.

The maximum magnitude of the transfer function for electric stimulus was in the range 0.8 —

46



3.5 um/V. During the electric stimulus, the peak of the transfer function sequentially moved

toward the lower frequency region as the beam length increased.
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Figure 4.3 Electro-mechanical transfer function (Hvp) for sample ABM-A 02 in air.
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4.1.2 Piezoelectric responses of the ABM

Figure 4.4 shows the measured piezoelectric response from channel 4 to channel 10
in sample ABM-A 02. Measurement of piezoelectric response was conducted using 7 beams

due to the limitation of a loudspeaker in air. Its voltage level is pretty low, in the range 2 - 5
1V at the resonance frequencies. However, the WSBA generated the piezoelectric outputs to
identify the resonance frequency of each beam. The piezoelectric voltage output from the

NSBA is shown in figure 4.4 (b). The measured piezoelectric signal was like noise level caused

by the narrow supports, small strain in the piezoelectric beams, and rigid-body motion [36].
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(b)
Figure 4.4 Piezoelectric voltage output of the beams measured by acoustic stimulus in air: (a) the WSBA

and, (b) the NSBA [6, 36].
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Figure 4.5 (a), (b) show the piezoelectric response of the 8" channel in the advanced
ABM beam array for sample ABM-A 02. The piezoelectric output voltage during acoustic
stimulus was 390 pV in time domain, as shown in figure 4.5 (a). The input acoustic stimulus
is shown in the upper right corner. Figure 4.5 (b) shows the electrical signal strength of 4.8 uVv

in frequency domain. The input acoustic stimulus is shown in the upper right corner.
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(b)
Figure 4.5 Piezoelectric response of the 8th channel in the advanced ABM beam array for sample ABM-A

02: (a) Piezoelectric voltage output in time domain and input acoustic stimulus, and (b) Piezoelectric voltage

output in frequency domain and input acoustic stimulus.
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Figure 4.6 is shown three grapes of the resonance frequencies at the point of showing
the displacement and piezoelectric voltage during acoustic or electric stimulus. The standard
deviation expressed in error bars. From this grape, we can know that the resonance frequencies
of each beam systematically shifted as the beam length increased (i.e., with increasing channel
number), with resonance frequencies in the range 10.5-36.5 kHz (for acoustic stimulus) or
11.1-47.7 kHz (for electric stimulus). Furthermore, the frequencies of three grapes in the range
10.5-36.5 kHz were corresponded with each other. From these results, we can know that three
types of measurement results have high reliability and the fabricated ABM had a function

which is acoustic-to-electric energy conversion.
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Figure 4.6 Resonance frequencies at the point of showing the displacement and piezoelectric voltage during

acoustic or electric stimulus.
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4.2 Performance characteristics of the ABM in fluid

4.2.1 Mechanical responses of the ABM

The acoustic stimulus in the range of 100 Hz - 20 kHz was applied using a loudspeaker
to identify the displacement per each channel in fluid. Figure 4.7 shows the displacement from
channel 1 to channel 10 of sample ABM-A 02 measured by acoustic stimulus. However, the
magnitudes of displacement measured in fluid were similar or large in comparison to them of
displacement measured in air. Furthermore, the frequency separation of beam was not well in
fluid. From these results, we determined that the acoustic stimulus in air does not travel in fluid
well. The acoustic stimulus applied using a loudspeaker made the vibration in fluid. The
vibration of water had an effect on the displacement of beam. As a result, the accurate results

were not obtained.

|
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Frequency [kHz]

Figure 4.7 Displacement of the beams in the array for sample ABM-A 02 during acoustic stimulus in fluid

52



To determine the vibrating characteristics of the ABM in fluid, the electric stimulus
of AC with 1V was applied by two probe tips, which were located in top and bottom electrode
of the ABM. Table 4.2 shows the mean resonance frequencies per each beam length during
electric stimulus in air and fluid. The measured mean frequencies of the ABM in air were in
the range 11.1 - 47.7 kHz, whereas the measured mean frequencies of the ABM in fluid were

in the range 3.1 - 11.9 kHz.

Table 4.2 Mean resonance frequencies per each beam length in three samples for electric stimulus in air

and fluid.
Electric stimulus tests in air Electric stimulus tests in fluid
Channel Beam
number length (.m) Mean resonance frequency [kHz] Mean resonance frequency [kHz]
1 1306 47.648 11.883
2 1338 44,703 10.824
3 1423 41.235 8.917
4 1516 37.193 8.728
5 1668 31.385 7.789
6 1818 27.380 7.264
7 1994 23.588 6.495
8 2323 18.719 5.520
9 2673 14.891 4.373
10 3194 11.078 3.084
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Figure 4.7 shows a grape showing mean resonance frequencies of three samples
(ABM-A 02, ABM-A 08, and ABM-A 09) with respect to the channel number during electric
stimulus in fluid. For clear comparison of frequency shift in air and fluid environment, figure
4.7 also shows a grape showing mean resonance frequencies of three samples with respect to
the channel number during electric stimulus in air. The standard deviation expressed in error
bars. In fluid, the resonance frequencies dropped by one forth, which are within the audible
frequency range (i.e., 20 Hz — 20 kHz). This frequency shift in fluid environment is caused by

the viscous-damping effect of water [29].
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Figure 4.8 Mean resonance frequencies for three samples (ABM-A 02, ABM-A 08, and ABM-A 09) during

electric stimulus in air and fluid.
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Figure 4.8 shows the displacement of the beams for sample ABM-A 08 during electric
stimulus in fluid. The maximum displacement of the beams for electric stimulus was in the
range 0.5 - 3 nm shown in figure 4.8. The displacement in fluid decreased as compared with
the displacement in air caused by the viscous-damping effect of water. The wave was damped
in the high viscous one [29]. However, the displacement peaks were very clear compared with
some experimental results in fluid (i.e., they measured the displacement of the membrane type
ABM in fluid) [9, 29]. The result is because of the great frequency selectivity of a beam array

type ABM [33].
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Figure 4.9 Displacement of the beams in the array for sample ABM-A 08 during electric stimulus in fluid.



In the basis of the displacement for sample ABM-A 08 during electric stimulus in fluid,
an electro-mechanical transfer function (Hvp) was normalized by the applied voltage. (i.e., an
acoustic-mechanical transfer function (Hep) was excepted by incorrect acoustic stimulus
measured using microphone.) Figure 4.9 shows an electro-mechanical transfer function (Hvp)
for sample ABM-A 08 in fluid. The maximum magnitude of the transfer function for electric
stimulus was in the range 0.07 — 0.28 um/V. From the transfer function in figure 4.9, we
identified the resonance frequencies corresponding to the first bending mode of the beams in

fluid once again.

Hyp [HmM/V]

4 / 4 / / / 7 / 7 / 4 / /
Frequency [kHZ]

Figure 4.10 Electro-mechanical transfer function (Hvp) for sample ABM-A 08 in fluid.
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4.2.2 Piezoelectric responses of the ABM

Figure 4.11 shows the piezoelectric voltage outputs of 10 channels measured during
acoustic stimulus in fluid. Figure 4.12 shows the piezoelectric responses of the 81" channel
for sample ABM-A 02 in time and frequency domain. The piezoelectric voltage outputs in
the range of 5 — 28 uV were measured during acoustic stimulus. However, the magnitudes
of piezoelectric voltage measured in fluid were large in comparison to them of piezoelectric
voltage measured in air. The frequency separation of beam was not well in fluid. The cause

of these results was that the acoustic stimulus in air does not travel in fluid well.
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Figure 4.11 Piezoelectric voltage output of the beams measured by acoustic stimulus in fluid.
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(b)
Figure 4.12 Piezoelectric response of the 8th channel in the advanced ABM beam array for sample ABM-A

02 in fluid: (a) Piezoelectric voltage output in time domain and input acoustic stimulus, and (b) Piezoelectric

voltage output in frequency domain and input acoustic stimulus.
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4.3 Discussions

The advanced ABM showed the mechanical displacement and piezoelectric voltage

output at the resonance frequencies. In comparison with the NSBA, the piezoelectric voltage

output of the WSBA was measured in the range 2 - 5 pV at the resonance frequencies,

whereas the piezoelectric voltage output of the NSBA was very week as much as noise level.
However, the measured frequencies of the WSBA were in the range 11.1 - 47.7 kHz (i.e.,
the measured frequencies during acoustic stimulus assume nearly to correspond with the
measured frequencies during electric stimulus.). This frequency range was higher than the
audible frequency range (i.e., 20 Hz - 20 kHz). It was difficult exactly to control the etched
dimensions of silicon under the beams for XeF; etching process. The beam lengths were
reduced compared with the calculated lengths. Also, the residual stresses existing in the
beams was improved by deposition LPCVD SisN4 in comparison with NSBA, but a few
residual stresses still existed [36]. For these reasons, the measured frequency range was
higher than the theoretical frequency range. The optimized processing condition in XeF;
etching process and the improvement of the residual stress are expected to manufacture a
device which has the audible frequency range during acoustic and electric stimulus in air.
We confirmed that the measured frequencies for electric stimulus in fluid were in
the audible frequency range (i.e., 3.1 - 11.9 kHz) because of the frequency shift caused by
viscous-damping effect of water. The displacement peaks at the resonance frequencies were
very clear compared with these ABMs of Shintaku and White and Grosh et al.(i.e., they
measured the displacement of their membrane type ABMs using fluidic chamber in fluid)
[9, 29]. Because the frequency selectivity of a beam array type ABM is better than
membrane type ABM’s frequency selectivity as shown in our previous research [33].

However, the displacement peaks for acoustic stimulus in fluid were not clear. The
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frequency separation was not well. Because the acoustic stimulus in air does not travel in
fluid well. To obtain clear frequency selectivity for acoustic stimulus, the input stimulus
using underwater vibration system is needed. Also, the experiment in fluid was only
conducted using DI water. The density and the viscosity of the lymph fluid in cochlea are
reported as 1.0 * 103 kg/m3 and from 1.0 * 1073 to 1.97 * 10~ 3Pas, respectively [31, 50,
51]. The experiment in fluid using silicon oil, which is similar to the density and the

viscosity of lymph fluid, is expected to rise the reliability of the measurement results.
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5. CONCLUSIONS

We fabricated an the advanced MEMS artificial basilar membrane using XeF etching,
which are cheap and simple process for silicon etching compared with DRIE reported in Ref
[10]. To remove the narrow supports in ABM of Kim et al. is redesigned as changing the
dimension of open area: the gap both electrodes and open area is widened about 100 xm. Also,
the deformation of beams was minimized by controlling the residual stress: a tensile stressed
LPCVD SisN4 was deposited on SiO2 layer to compensate for the compressive stress of a SiO».

AIN beam array of ABM were composed of 10 beams, each beam had different length
for frequency separation. In the experiments, the mechanical responses of beams were
measured using SLDV for acoustic or electric stimulus. Each beam was excited by acoustic or
electric waveforms of periodic chirp generated from the SLDV control module. Especially,
acoustic stimulus tests were conducted from channel 4 to channel 10 by limitation of a
loudspeaker: it is possible to measure the beams which have the resonance frequencies under
40kHz. The measured resonance frequencies of each beam systematically shifted as the beam
length increased, with resonance frequencies in the range 10.5 - 36.5 kHz (acoustic stimulus)
or 11.1 - 47.7 kHz (electric stimulus). The maximum displacement of the beams for was in the
range 0.5 - 3.2 nm (acoustic stimulus) or 10 - 40 nm (electric stimulus). The displacement peaks
shifted toward lower frequencies as the beam length increased. The piezoelectric voltage output

was measured using acoustic stimulus. Although the measured piezoelectric voltage had some

noise, but it was in the range 2 - 5 uV at the resonance frequencies. In fluid environment, we

measured the displacement of the ABM at the resonance frequencies using electric stimulus.
From the viscous-damping effect of water, the resonance frequency dropped in the range of 3.1

- 11.9 kHz (i.e., within audible frequency range). The magnitude of displacement decreased in
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fluid than in air. However, the displacement peaks were very clear compared with some
researches using the membrane type ABM.

Therefore, the device was applicable as substitute of the conventional CI to mimic the
functions of cochlea. The potential as fully implantable device was identified through

performance characteristics of the ABM in air and fluid.
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APPENDIX

Scanning Laser Doppler Vibrometer (SLDV) manual

1. System components used for measurement

(1) Micro system analyzer
- Micro system analyzer is a system component which measures the displacement
and velocity of vibration using laser.
(2) Vibrometer controller
- Vibrometer controller is a system component which decodes the output signal of
the displacement.
(3) Junction box
- Junction box is a central connection part between the system components and
peripheral devices.
(4) Personal computer (PC)
- PCisacomputer used to give the input signal and identify the measurement results.
(5) Loudspeaker
- Loudspeaker is an equipment which produce sounds.
(6) Microphone-Conditioning amplifier
- Microphone-Conditioning amplifier is an equipment to check the sound of speaker.
(7) Probe

- Probe is a component used to give and take the electric signal.
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2. Cabling

(1) Measurement of displacement using acoustic stimulus

Connect a microphone cable to the REF IN of junction box.

Connect a speaker cable to the SIGNAL + of junction box.

Connect a SYNC cable to the TRIG IN of junction box.

Connect a VELO cable of junction box to the OUTPUT of controller.

Polytec orv-s000
VIBROMETER CONTROLLER OVER DSP QUT OUTPUT

Q VELOCITY —

OVER  UNI - QUTPUT

1 rower — ALY 3
(o] CLEAL TRIG IN OUTPUT
@ | pispLACEMENT [ .

Microphone
Polytec orv-5000

JUNCTION BOX TRIGIN REFIN  VELO

ILLUMINATION - +

@ @ S- w&i— Speaker
[ AUXIN. AUX OUT GATE IN
1 POWER

Figure 1. Front view of the controller for measurement of displacement using acoustic stimulus.

(2) Measurement of piezoelectric voltage using acoustic stimulus

Connect a probe cable to the REF IN of junction box.

Connect a speaker cable to the SIGNAL + of junction box.

Connect a SYNC cable to the TRIG IN of junction box.

Connect a VELO cable of junction box to the OUTPUT of controller.
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Po|ytec OFV-5000
VIBROMETER CONTROLLER

OVER DSP OUT OUTPUT

VELOCITY — @‘ (@

OVER UNI  OUTPUT

0000

[ power AUXILIARY 3
o CLEAL 'N QUTPUT
| oispLacement [ .

Probe
Po|ytec OFV-5000

JUNCTION BOX TRIGIN REFIN  VELO

©e e

ILLUMINATION - +
= = \ S[GNL - SIGNAL +
D D (o) .4— Speaker
(- AUX AUX OUT GATE IN
ofc
-

Figure 2. Front view of the controller for measurement of piezoelectric voltage using acoustic stimulus.

(3) Measurement of displacement using electric stimulus
- Connect a probe cable to the REF IN and SIGNAL + of junction box.
- Connect a SYNC cable to the TRIG IN of junction box.

- Connect a VELO cable of junction box to the OUTPUT of controller.

Polytec OFV-5000

VIBROMETER CONTROLLER OVER DSP OUT OUTPUT

VELOCITY —

OVER UNI  OUTPUT

AUXILARY — @ @

CLEAL TRIG IN OUTPUT

DISPLACEMENTD @ .

[ POWER
(o]

|

0000

Polytec OFV-5000

JUNCTION BOX
TRIG IN

REF IN VELO 7 PrObe

SVC SIGNAL - SIGNAL

ILLUMINATION - +
Oo0o0d ©
— AUXIN AUX OUT GATEIN

[ POWER

Figure 3. Front view of the controller for measurement of displacement using electric stimulus.
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3. Making measurements

(1) Switching on
- Turn the controller on by setting the key switch to position I.
- Switch on the PC, start the software ‘PSV Acquisition’.
- Switch on the junction box, microphone and loudspeaker.

(2) Setting measurement conditions

- To set the measurement conditions, click - (Acquisition Settings) icon.

- Click this word ‘General’, set the measurement mode, averaging list and averaging
number.

- Click this word ‘Channels’, set the reference and output.
*In the case of measurement of displacement using acoustic stimulus, vibrometer
is set by displacement. Reference 1 is set by sound pressure.
*In the case of measurement of piezoelectric voltage using acoustic stimulus,
vibrometer is set by displacement. Reference 1 is set by voltage.
*In the case of measurement of displacement using electric stimulus, vibrometer is
set by displacement. Reference 1 is set by voltage.

- Click this word ‘Filters’, set the high pass filter. To set cutoff frequencies, double-
click this b = icon.

- Click this word ‘Frequency’, set the frequency range of speaker and bandwidth.

- Click this word ‘Vibrometer’, set the velocity and displacement of controller.

- Click this word ‘Generator’, set the waveform.
*Periodic chirp is a signal in which the frequency increases with time.

*Sine is a signal which has only one frequency.
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On the small screens of four analyzer, click these icons, o (Time, FFT),

(Vib, Refl), a (Sound pressure, Voltage, Displacement).

* In the case of measurement of displacement using acoustic stimulus,
. . . 22 Ry

Screen 1: click these icon (Time), (Refl), (Sound pressure).
. . o-e - Ry

Screen 2: click these icon (FFT), (Refl), (Sound pressure).
. . o ad- N

Screen 3: click these icon (Time), (Vib), (Displacement).

»m
Screen 4: click these icon IM(FFT), * (Vib), N (Displacement).

* In the case of piezoelectric voltage using acoustic stimulus,
. . o *2 Ry
Screen 1: click these icon (Time), (Refl), (\Voltage).
. . o * Ry
Screen 2: click these icon (FFT), (Refl), (Voltage).
. . . M-I N
Screen 3: click these icon (Time), (Vib), (Displacement).

. . o - Ry .
Screen 4: click these icon (FFT), (Vib), (Displacement).

*In the case of measurement of displacement using electric stimulus,
. . o. M- Ry
Screen 1: click these icon (Time), (Refl), (\Voltage).

. . o * Ry
Screen 2: click these icon (FFT), (Refl), (Voltage).

Ll ]
Screen 3: click these icon I[""'(Time), * (Vib), N (Displacement).

. . o8 - Ry .
Screen 4: click these icon (FFT), (Vib), (Displacement).

(3) Defining 2D alignment and scan points

Place a sample on the stage of SLDV.
From small screen of scanning, focus the lens of an optical microscope and adjust

the brightness of the screen.
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- After selecting the checkbox of joystick I It

, take the sample’s
measurement location.

- To turn on the laser, select the checkbox of laser M Laser

_ Click "+ (perform 2D alignment) icon to align the laser focus.
- Try dragging the mouse to move the laser focus over the sample’s measurement

location. The reflectivity of laser is known from blue bar graph of optics

QFY-5000
| ——

- Click & (define scan points) icon, distribute the measuring point on the sample
surface.
- After clicking a measuring point, check the reflectivity of laser.
(4) Measuring and obtaining data
- To give the input signal, Click ™ (generator on/off) icon.

- Click © (continuous) icon, start measuring the characteristics of sample.

- From small screens of four analyzer, confirm the measurement results.

- Click (stop) icon to stop sample’s measurement, Click " (generator on/off)
icon to stop giving the input signal.

- Click certain screen of analyzer, click these words, ‘File’ and ‘Export’.

- Click this word ‘ASCII’, obtain the data.

73



	ABSTRACT
	List of contents
	List of figures
	List of tables
	1. INTRODUCTION
	1.1 Background 
	1.1.1 Human ear anatomy and cochlea mechanism
	1.1.2 Cochlear implants

	1.2 Numerous studies to mimic the functions of cochlea
	1.3 Objective of this research

	2. DESIGN AND FABRICATIONS
	2.1 Design of the advanced ABM 
	2.1.1 Theoretical calculation of the ABM
	2.1.2 The advanced design of the ABM for removing narrow supports

	2.2 Fabrication of the advanced ABM
	2.2.1 The 1st fabrication process
	2.2.2 The 2nd fabrication process


	3. EXPEREIMENT SETUP
	3.1 Measurement setup using SLDV
	3.2 Measurement setup in fluid

	4. Measurement results and discussions
	4.1 Performance characteristics of the ABM in air 
	4.1.1 Mechanical responses of the ABM
	4.1.2 Piezoelectric responses of the ABM

	4.2 Performance characteristics of the ABM in fluid
	4.2.1 Mechanical responses of the ABM
	4.2.2 Piezoelectric responses of the ABM

	4.3 Discussions 

	5. CONCLUSIONS
	REFERENCES


<startpage>6
ABSTRACT 1
List of contents 3
List of figures 4
List of tables 7
1. INTRODUCTION 8
 1.1 Background  8
  1.1.1 Human ear anatomy and cochlea mechanism 8
  1.1.2 Cochlear implants 11
 1.2 Numerous studies to mimic the functions of cochlea 14
 1.3 Objective of this research 17
2. DESIGN AND FABRICATIONS 18
 2.1 Design of the advanced ABM  18
  2.1.1 Theoretical calculation of the ABM 18
  2.1.2 The advanced design of the ABM for removing narrow supports 22
 2.2 Fabrication of the advanced ABM 23
  2.2.1 The 1st fabrication process 23
  2.2.2 The 2nd fabrication process 31
3. EXPEREIMENT SETUP 36
 3.1 Measurement setup using SLDV 36
 3.2 Measurement setup in fluid 41
4. Measurement results and discussions 43
 4.1 Performance characteristics of the ABM in air  43
  4.1.1 Mechanical responses of the ABM 43
  4.1.2 Piezoelectric responses of the ABM 48
 4.2 Performance characteristics of the ABM in fluid 52
  4.2.1 Mechanical responses of the ABM 52
  4.2.2 Piezoelectric responses of the ABM 57
 4.3 Discussions  59
5. CONCLUSIONS 61
REFERENCES 63
</body>

