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ABSTRACT

In this study, the lead magnesium niobate—lead zirconate titanate (PMN-PZT) single crystal based
thickness mode piezoelectric micromachined ultrasonic transducer (Tm-pMUT) array was
fabricated using microelectromechanical systems (MEMS) process. The PMN-PZT single crystal
was grown by solid-state single crystal growth (SSCG) method. The inductively coupled plasma
(ICP) etching was used to make a PMN-PZT based Tm-pMUT array. The ICP etching characteristics
of PMN-PZT single crystal were investigated in a BCls/Cl2/Ar gas mixture environment. The ICP
etching parameters were RF power, chamber pressure, bias power, gas mixing ratio. The RF power
was varied from 200 W to 1000 W. The bias power was controlled from 50 W to 450 W, and the gas
flow rate was fixed as 20 sccm. The PMN-PZT surface was analyzed using X-ray photoelectron
spectroscopy (XPS) to investigate the etching mechanism. The result showed that the BCls/Cl/Ar
plasma increased etch selectivity ratio without decreasing etch rate of PMN-PZT single crystal and
the physical etching was dominant. The sidewall angles was increased along the increase of the bias
power. The optimized ICP etching conditions were BCIs/Cly/Ar= 5/2/3 (10/4/6 sccm), 800 W RF
power, 350 W bias power, 2 mTorr chamber pressure. The optimized ICP etching conditions gave a
107.6 nm/min etch rate and 4.22 etch selectivity ratio. Those optimized ICP conditions were used to
fabricate the PMN-PZT based Tm-pMUT array. The PMN-PZT based Tm-pMUT array has 8 annular
elements. The thickness of PMN-PZT single crystal was 300 um. The average resonance frequency
and anti-resonance frequency were 2.66 (+ 0.04) and 3.18 (+ 0.03) MHz, respectively. The
measured effective electromechanical coupling coefficient (kew?) was 30.05 %. These resonance

frequency has high potential for ultrasound imaging applications.
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1. Introduction

The frequency range of ultrasound is above 20 kHz and ultrasound is a physical
pressure. Since ultrasound is a kind of acoustic sound wave, ultrasonic imaging is the safest
medical imaging system among the medical imaging systems such as computed tomography
(CT), X-ray, magnetic resonance imaging (MRI), position emission tomography (PET), and
etc.

Ultrasonic transducers are devices which transform electrical input energy into
mechanical output energy or vice versa. Ultrasonic transducers are divided into two types by
their fabrication method [1]. One is bulk ceramic transducer and the other one is
micromachined ultrasonic transducer (MUT) using micro electro mechanical system (MEMS)
technologies. Traditionally a bulk ceramic transducers have been fabricated by dicing and
lapping bulk ceramics to yield devices that resonate in the through-thickness direction (33) [2].
Because of diamond dicing blade dimension, making the gaps between elements smaller than
50 um is difficult [3, 4]. Above all, the system made with ceramic based transducers is generally
bulky [5]. Micromachined ultrasonic transducer (MUT) is being developed as an alternative to
transducer fabricated from bulk ceramic transducer, as they offer the potential for direct
integration of electrical connections, fine scale structuring [6, 7]. There are two kinds of MUTs
by its operating principles. One is capacitive MUT (cMUT) [8, 9] and the other one is
piezoelectric MUT (pMUT) [10, 11]. Although cMUT shows high bandwidth, however the
acoustic power is generally smaller than pMUT because the displacement of the top electrode
is limited to avoid pull-in effect [12]. Also, cMUT required high DC bias voltage for effective
operation. However, pMUT does not need high DC bias voltage because it is operated by

piezoelectric effect.



The operational frequency of these pMUT is dictated by their resonance frequency
which is dictated by the thickness of the piezoelectric material [13]. For devices operating in
the region of 1-10 MHz, this necessitates a thickness of hundreds of pm. Such thicknesses of
piezoelectric ceramic can readily be achieved using bulk ceramic processing but are very
difficult to obtain using film forming techniques typically employed for fabrication of pMUTs
[13, 14]. For the advantages of pMUTs to be utilized in this frequency range, diaphragm type
resonators can be constructed where the resonance is excited using a bending mode (31). By
creating a diaphragm structure, a bending mode is induced where the resonance frequency is
dictated by the diameter and thickness of the diaphragm [13].

The drive to enhance the acoustic power of ultrasonic transducer requires the use of
higher piezoelectric charge constant [15]. In order to gain the high acoustic power, much larger
diaphragms size are needed. As the dimension of the diaphragms increase, the ratio of active
area relative to passive area (e.g., connections, dead space) decreases. Therefore thickness
mode MUT suitable for high acoustic power applications without these problems.

This research presents the dry etching performances of PMN-PZT single crystal and

Tm-pMUT array fabrication techniques.



1.1 Background knowledge

1.1.1 Dielectric material
Dielectric materials are an electric insulator that can be polarized by an external
electric field. Dielectric material is the top concept of the other materials such as piezoelectric

material, pyroelectric material and ferroelectric material (Figure 1.1).

Dielectric
materials

Piezoelectric
materials

Ferroelectric
materials

Figure 1.1 Categorization of dielectric materials.

Dielectric materials can be described with regard to electrical characteristics such as
permittivity, dielectric loss. In terms of transducers, the dielectrics can be characterized as field
vectors and equivalent circuits [16]. On the other hand, the chemist have described of
dielectrics with regard to molecular distortion and relaxation [17]. The molecular dipoles in a
dielectric material are randomly generating charges (Figure 1.2).
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Random interfaces in dielectrics

Figure 1.2 Schematic illustration of randomly generating charges in a dielectric material

To characterize dielectric properties of PMN-PZT single crystal, some fundamental

characteristics were presented in this research such as hysteresis loop, piezoelectric behavior.
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1.1.2 Piezoelectric materials
1.1.2.1 Historic development of piezoelectric materials

The piezoelectric effect is the characteristic of piezoelectric materials. The
piezoelectric material can convert electrical energy into mechanical energy or vice versa. The
Pierre and Jacques Curie brother were the first to observe this phenomenon with topaz, cane
sugar, quartz and tourmaline crystals in 1880 [18]. Barium Titanate (BaTiO3) was developed
in 1948 [19]. It was the first practical ferroelectric based piezoelectric material. In 1952, Lead
Zirconate Titanate (Pb(Zr,Ti)O3, PZT) was developed at the Tokyo institute of technology [20].
PZT is the most commonly used piezo ceramic today. Because PZT was physically strong,
chemically stable, and inexpensive to fabricate ceramics. Lead Zinc Niobate-Lead Titanate
(Pb(Zrys,Nb23)Os-PbTiOs, PZN-PT) and Lead Magnesium Niobate-Lead Titante
(Pb(Mg1/3,Nb2/3)O3-PbTiOs, PMN-PT) were developed by Jun Kuwata and Thomas R. Shrout
[21, 22]. Those single crystals effects the piezoelectric research field. Because single crystal

have higher piezoelectric constant than piezo ceramics generally (Figure 1.3) [23].

12
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1.1.2.2 Piezoelectricity

The word piezoelectricity is used to describe that the mechanical displacements are
related to some degree to applied electric fields. When the electric field is applied, dipole is
aligned to electric field direction. The piezoelectric material can change their shape by using
applied external electric field and it is called as converse piezoelectric effect. On the other hand,
when piezoelectric material is deformed, the piezoelectric material makes electric energy and
it is called as direct piezoelectric effect.

The polarized piezoelectric materials can be characterized by Equation 1.1 and 1.2.

D=d-T+&'-E (1.2
S=sfE-T+d-E (1.2

Here, D is the dielectric displacement, d is the piezoelectric charge coefficient, T is the
mechanical stress, this stress is localized on a plane along to the applied direction (Figure 1.2),
eT is the permittivity at constant stress, E is the electric field, S is the mechanical strain, S

is the compliance or elasticity coefficient [24].
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1.1.2.3 Spontaneous and Remanent polarization

Ferroelectric material can be polarization. When external electric field is applied to
ferroelectric material, the external electric field makes a reorientation of the dipoles and it is
called spontaneous polarization. It means that even if the external electric field was eliminated,
a little polarization is remained. The remained polarization is called remanent polarization.

For example, a PZT ceramic has a paraelectric phase and a cubic form at high temperature.
However, below the Curie temperature, a PZT ceramic has ferroelectric phase of tetragonal,
rhombohedral structure forms. It means that the spontaneous polarization is disappeared above

Curie temperature (Figure 1.4).

(a) (b)

v v
(above T,) (below T,)
Paraelectric polarization Ferroelectric polarization

Figure 1.4 Schematic graph of Paraelectric to Ferroelectric transition.
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1.1.2.4 Hysteresis loop

The polarization of ferroelectric material is generally modeled via the Rayleigh Equation
1.3 [25].
P = (x +pE)ETF § (Ey® — E?) (1.3)
This equation can be developed into Fourier series of the electric field (Figure 1.5) [26].
It describes the hysteresis loop relation between the polarization and an electric field applied

to a ferroelectric material

. » ’ ’ L - L4 ” ’ ’ ’ » L ~ - »
P=+P, —P, +P, =P, +.. P=-P —-P, =P, =P, —... P==P 4P, =P, +P; +... P=+P, +P, +P, +P, +..

P P P P

A T A k

Figure 1.5 Schematic graph of the relationship between hysteresis geometry and complex amplitudes of

polarization [26].

The ferroelectric polarization starts for an unpoled state and then increase of the
polarization (Figure 1.7 between A and B). However, within this region, the dipole is not totally
reoriented along the external field direction yet. Domains favorable to a reorientation need a

stronger field to switch orientation (Figure 1.7 between B and C). Finally, all the dipoles are
16



switched, the polarization response becomes linear along with increase in electric field (Figure
1.7 between C and D). At this time, the maximum polarization is saturation polarization. When
the external electric field is removed, a spontaneous polarization will be decreased (Figure 1.7
between D and E). At zero electric field, the remained polarization is remnent polarization.

This process is called Poling process (Figure 1.6).

(b)

Pr

before poling, Pr =0 after poling, PR #0

Figure 1.6 Schematic of the poling process in ferroelectric material, (a) before poling, (b) after poling [27].

To make the polarization value of the ferroelectric material returns to zero, the external
electric field applied opposite direction (Figure 1.7 between E and F). The applied external
electric field is called the coercive field. Continuously, when the external electric field is
applied higher than coercive field, it makes the opposite maximum polarization (Figure 1.7
between F and G). When the external electric field is removed, an opposite spontaneous

polarization will be decreased.

17
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1.2 Comparison between the material properties of the two piezoelectric

materials; single crystals and PZT ceramics

In general, PZT ceramics are widely chosen because they are physically strong,
chemically inert, and inexpensive to fabricate [28]. However, compared to PZT ceramics, lead-
based piezoelectric single crystals including PMN-PT, PZN-PT, PMN-PZT
(Pb(Mg113,Nb213)O3-Pb(Zr,Ti)O3z) has many advantages. These piezoelectric single crystals
have high piezoelectric constant, dielectric constant, and electromechanical coupling factor. So,
the piezoelectric single crystal has a potential for applications in novel sensors and actuators.
However, the piezoelectric single crystal has some disadvantages such as low Curie
temperature and brittle material characteristic. The patterning of piezoelectric single crystal is

more difficult than that of PZT ceramic.

Table 1.1 Material properties of PMN-PZT single crystal and PZT ceramics.

Material Dielectric constant EM coupling factor  Piezoelectric Curie temperature
(pCIN) k33 constant (d33) (©)
PZT-5A [29] 1700 0.7 374 310
PZT-5H [29] 3400 0.75 593 250
PZT-4 [29] 1300 0.7 296 310
PZT-8 [29] 1000 0.64 225 320
PMN-PZT 7000 0.93 2,000 160

(CPSC 160-95) [30]

19



1.3 Necessity of PMN-PZT ICP etching

The PMN-PZT single crystal is researched in variable research area due to piezoelectric
constant (dss) of 2000 pC/N and electromechanical coupling coefficient (ks3) of 0.9 [30-35].

Previously, the dicing saw or lapping have been chosen in order to process a piezoelectric
single crystal (Figure 1.8) [36, 37]. However, the minimum dimension of diamond blade in
dicing saw equipment is 15 ~ 20 um [38]. Therefore, it requires special processing using a
plasma to process fine patterns. [39]. However, the dry etching characteristics of PMN-PZT
single crystal are not reported well. Thus, dry etching process was carried out studies using a
plasma to form a structure having fine patterns with a vertical etching profile.

The figure 1.9 shows schematic illustration of the ICP-RIE system (FabStar+, TTL,

Korea).

Figure 1.8 The PMN-PT/epoxy 1-3 composite by using dicing saw [36].

20
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1.4 Annular array transducer

The advantages of annular array shapes can be summarized as follows. First, an annular
array has high uniform lateral resolution at far from the focal zone [40]. Thus an annular array
can attain a large depth of field compared to a single element transducer. Second, the linear
array transducer can dynamically focus only in the lateral direction and the lens determine only
one focal point in the elevation direction (Figure 1.10) [41]. However, the annular array
transducer can dynamic focus in both these lateral directions [42]. The PMN-PZT based Tm-
pMUT array consists of a several concentric annuli. By using electrical delay, this arrangement
can control focal depth along to the beam axis. The elements operated in order from the outside.
Third, in the field of ultrasound imaging system, array based transducer require lots of elements
for dynamic focusing and beam steering [43, 44]. However, annular array transducer can make

imaging with less number of elements [45-47].

x (Elevation)

z (Axial)

A
y (Lateral)

Figure 1.10 The axes of linear array [41].
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1.5 The equivalent circuit of a piezoelectric vibrator

The figure 1.11 represented the equivalent circuit for piezoelectric vibrator. The

electrical resonance frequency and anti-resonance frequency can be derived by Equation 1.4

and 1.5 [48].
_ 1
ﬂ - 2”1/C1L1 (1.4)
_ 1 [a+c
fa - 21 COC1L1 (1.5)

Where, L;, R; and C; represent the inductance, resistance and capacitance, respectively in

series, C, present parallel capacitance of the piezoelectric vibrator.

T

e
AY!
/1l

l

Figure 1.11 Equivalent circuit that is modeling for piezoelectric vibrator [24].
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The effective electromechanical coupling factor (ketf) related with the resonance
frequency and anti-resonance frequency. And effective electromechanical coupling factor can

be calculated by Equation 1.6 [24].

2 _ G _ fE-fF
keff = et —f¢12 (1.6)

The coupling coefficient is used to evaluate the performances of the piezoelectric

transducer.
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1.6 Related research work

1.6.1 Bulk piezoelectric transducer

Generally, bulk piezoelectric transducer was widely used for variable applications.
Because bulk ceramic transducers have a high effective coupling coefficient. The bulk ceramic
can generate high intensity ultrasound. The figure 1.12 shows a general bulk piezoelectric
transducer. However, this transducer has some limitations. Generally the bulk ceramic
transducers have been fabricated by dicing and lapping bulk piezoelectric materials to yield
devices that resonate in the through-thickness direction (33) [2]. However, according to
lambda/2 pitch rule for designing transducer array, for high frequency is hard to dice by

traditional method. Therefore, general bulk piezoelectric transducer systems have large volume.

| \ \ Power cable

) 1 i | | X
|| ‘
| \ ! \
| ‘J ‘;‘

Matching layer I Backing material

Piezoelectric material

Figure 1.12 Schematic of general bulk piezoelectric transducer.
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1.6.2 Membrane type piezoelectric micromachined ultrasonic transducer (pMUT)

To overcome the limitation of dicing process for a bulk piezoelectric transducer, the
micro-electro-mechanical-system (MEMS) technologies are adopted. The figure 1.13 shows
the schematic illustration of membrane type pMUT. The MEMS technology makes it possible
to separate each element. The membrane type pMUT has some advantages over conventional
bulk type ultrasonic transducer. Compared to bulk piezoelectric transducer, the space efficiency
is high. Also, total system dimension is smaller than bulk transducer. Because of this
advantages, pMUT has a potential to replace the bulk piezoelectric transducer in some research
areas like cell stimulation, cell manipulation. However, membrane type pMUT also have some
disadvantages. Their acoustic intensity is weaker than acoustic intensity of bulk transducer.
The electromechanical coupling factor is much smaller than bulk transducer. To overcome this
problem, this research propose the thickness-mode pMUT based PMN-PZT single crystal. The
thickness-mode pMUT have bulk transducer’s characteristics like high intensity, high

electromechanical coupling factor.

1
Top electrode 7
Piezoelectric material i

Bottomelectrode 7))/

Membrane
diameter

Figure 1.13 Schematic illustration of membrane type pMUT [49].
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2. Design and Fabrications of PMN-PZT based Tm-
PMUT array

2.1 Fabrication of the PMN-PZT single crystal

2.1.1 Grown PMN-PZT single crystal by using SSCG method
In this research, the PMN-PZT single crystal (CPSC 150-85, Ceracomp Co., Korea) was
grown by solid-state single crystal growth (SSCG) method [50-53]. The 99.9 % Pb3O4 (Alfa
Aesar, Ward Hill, MA), the 99.9 % MgNb>Os (H. C. Starck GmbH, Newton, MA) and the 99.9 %
TiO2 (Ishihara, San Francisco, CA) was used to fabricate PMN-PZT single crystal. Each raw

powder materials was mixed by ball milling process for a 24 hours. then, the mixture was dried.

After drying process, the mixture was calcinated in 800 °C. The mixture was mixed with PbO

power by ball milling process again. After drying process, the mixture was molded by
compression molding method. The mixture was sintered. After the mixture was sintered, the
seed crystal was bonded to polycrystalline body. The polycrystalline body with seed crystal
was heat treated to convert the ceramics to single crystals. The dimension of the grown PMN-

PZT single crystal was 20 x 20 x 0.3 mm? (Figure 2.1).
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PMN-PZT single crystal
(CPSC 150-85, Ceracomp Co., Korea)

Figure 2.1 Optical image of grown PMN-PZT single crystal.
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2.1.2 Hysteresis loop of PMN-PZT single crystal

The corona poling was conducted to investigate the hysteresis of PMIN-PZT single crystal.
The applied electric field was 6 kV and processing time was 30 minutes. When corona
discharge was a partial breakdown the air, and was initiated by discharge in an inhomogeneous
electric field. The all of individual dipole moments of PMN-PZT single crystal were aligning.
So, all dipole moments point in the same general direction (Figure 2.2).

The poled PMN-PZT single crystal was measured the polarization by ferroelectric test
system (Precision LC Il, Radiant Technologies, USA).

The measured polarization showed that the PMN-PZT single crystal had soft
piezoelectric material’s behavior (Figure 2.3). Because the coercive field range was quite small.

So, the PMN-PZT single crystal is candidate for applications in sensors and actuators.
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Figure 2.3 Measured polarization of PMN-PZT single crystal.
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2.2 Design of the PMN-PZT based Tm-pMUT array

The table 2.1 showed design parameters of the PMN-PZT based Tm-pMUT array. The
PMN-PZT based Tm-pMUT array had 8 elements. The thickness of the PMN-PZT was 300
um. It was designed annular array shape and each pMUT elements operated ks3 mode (Figure

2.4).

Table 2.1 Design parameters of the PMN-PZT based Tm-pMUT array.

PMN-PZT based Tm-pMUT array

920 um (dia.) 0.0028 (cm?)

1720 um (dia.) 0.0056 (cm?)

2520 um (dia.) 0.0084 (cm?)

. . 120 ym 3320 um (dia. 0.0112 (cm?)

Elements dimension (width) 4120 tm Edia.; AT 0141 (cm?)
4920 um (dia.) 0.0169 (cm?)

5720 um (dia.) 0.0197 (cm?)

6520 um (dia.) 0.0225 (cm?)

Num. of Elements 8
Thickness 300 um
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Top electrode

Element No.1

Element No.8

Bottom electrode

Figure 2.4 Schematic diagram of the PMN-PZT based Tm-pMUT array.
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2.3 Optimization of inductively coupled plasma (ICP) etching conditions

for PMN-PZT based Tm-pMUT array

In this research, the dry etching characteristics of PMN-PZT single crystal was
investigated using an inductively coupled plasma (ICP) etching system. The BCIs/Cl2/Ar gas
mixture was used to make a plasma. The controlled process parameters were RF power,
chamber pressure, bias power, gas mixing ratio. The RF power was varied from 200 W to 1000
W. The bias power was controlled from 50 W to 450 W, and the gas flow rate was fixed as 20
sccm. The etched PMN-PZT surface was analyzed by X-ray photoelectron spectroscopy (XPS)
to investigate the etching mechanism.

The PMN-PZT single crystal (CPSC 150-85, Ceracomp Co., Korea) was grown by solid-
state single crystal growth (SSCG) method [50-53]. Because this SCCG method can make the
irregular structure of polycrystalline ceramic into precise piezoelectric single crystal without
melting the components [54]. The dimension of the grown PMN-PZT single crystal was 20 x
20 x 0.3 mm?. The figure 2.5 shows schematic procedure of PMN-PZT ICP etching process.

First, 6 inch Si wafer was prepared. The SiO2 was deposited 1.13 um thick by thermally
wet oxidation. The SiOz layer was used to make insulator. To bond the PMN-PZT single crystal,
the silver paste (ELCOAT, CANS, Japan) was deposited 5 um thick for high adhesion between
PMN-PZT single crystal and wafer (Figure 2.5 (a)). After PMIN-PZT bond, the Cr 200 nm/Au
200 nm was sputtered on the wafer which was used to make Ni seed layer (Figure 2.5 (b)).
After the seed layer was sputtered, SU-8 (SU-8 2100, MicroChem, USA) was spin coated 58
um thick and patterned by the photolithography. The SU-8 was used to make a mold for Ni as
a hard mask for ICP patterning (Figure 2.5 (c)). After the SU-8 was patterned, the Ni was
deposited 10 um by electroplating (Figure 2.5 (d)). The SU-8 was removed by acetone and

sonicator (Figure 2.5 (e)). After the Ni hard mask was formed, the Au/Cr/PMN-PZT was etched
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using Metal ICP-RIE system (Figure 2.5 (f)). The working pressure was fixed at 2 mTorr for
high uniformity.

The table 2.2 presented PMN-PZT ICP etching process parameters. The etching times
was 300 sec per each process. The etch rate and etch selectivity ratio were investigated by
surface profiler (Dektak XT, Bruker, USA). After the PMN-PZT single crystal was etched, the
PMN-PZT single crystal was exposed to the atmosphere for about 24 hours for removing the
volatile etch product. The PMN-PZT surface was investigated using XPS (ESCALAB 250Xi,
Thermo scientific, U.K.) to analyze chemical reaction between PMN-PZT single crystal and
radicals. The PMN-PZT surface was narrow scanned. The Pb, Mg, Nb, Zr and Ti were observed
their change in the peak intensities and core binding energy shifts. X-ray source used in the

XPS analysis, has an energy of 1486.6 eV as Al (Ka).

Table 2.2 PMN-PZT ICP etching process parameters.

Run No. al~a5 | b-1~b5 | c-1~c5 | d-1~d5 | el1~e-5 f
RF power w 600 200 ~ 1000 600 800
Bias power W 250 250 50 ~ 450 350
Total 20
Gas flowrate | BCly 0 0~20 0~14 10 10
(sccm) Cl, 0~20 0 14~0 4
Ar 20~0 20~0 6 6 6
hors | o :
Etching time min 5
Mask Ni
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(a) (d) Ni N
PMN-PZT

oy T AT AT AT AT

Silver paste 5 um deposition,
Affix the PMN-PZT(20 X 20 X 0.3 mm?3)

Ni electroplating: 10 um thickness

(b) ©

e e T S e e ST S

Seed layer deposition:
Cr 200 nm / Au 200 nm

PR removal

. T
Si SiO, PMN-PZT Cr Au SuU-8 Ni Silver paste

Figure 2.5 Schematic procedure of PMN-PZT ICP etching. (a) SiO2 was deposited by thermal wet oxidation,
(b) silver paste was deposited for PMN-PZT adhesion, (c) Cr/Au was sputtered for seed layer, (e) SU-8 was
patterned by photolithography for Ni patterning, (d) Ni was electroplated for hard mask, (e) SU-8 removal

for lift-off, (f) Au/Cr/PMN-PZT dry etching by using Metal ICP-RIE system.
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2.4 Fabrication Process of the PMN-PZT based Tm-pMUT array

The PMN-PZT based Tm-pMUT array was fabricated by MEMS process. The
fabrication process was presented in figure 2.6. First, 6 inch Si wafer was prepared. The SiO>
was deposited 1.13 um thick by thermally wet oxidation. The SiO. layer was used to make
insulator (Figure 2.6 (a)). To make bottom electrode layer, the Ti 20 nm/Pt 180 nm was
sputtered on the SiO> layer. The Ti was used to make adhesive layer (Figure 2.6 (b)). The silver
paste (ELCOAT, CANS, Japan) was deposited 5 um thick for high adhesion between PMN-
PZT single crystal and wafer. The PMN-PZT single crystal (CPSC 150-85, Ceracomp Co.,
Korea) was grown by SSCG method. The dimension of PMN-PZT single crystal was 20 x 20
x 0.3 mm? (Figure 2.6 (c). After PMN-PZT bond, the Cr 200 nm/Au 200 nm was sputtered on
the wafer which was used to make Ni seed layer (Figure 2.6 (d)). After the seed layer was
sputtered, SU-8 (SU-8 2100, MicroChem, USA) was spin coated 58 um thick and patterned by
the photolithography (Figure 2.6 (e)). The SU-8 was used to make a mold for Ni patterning
(Figure 2.7 (2)). After the SU-8 was patterned, the Ni was deposited 20 um by electroplating
(Figure 2.6 (f)). The Ni was used as hard mask for ICP patterning. The SU-8 was removed by
acetone and sonicator (Figure 2.6 (g) and Figure 2.7 (b)). After the Ni hard mask was formed,
the Au/Cr/PMN-PZT was etched using Metal ICP-RIE system to reduce cross talk (Figure 2.6
(h)) [55, 56]. The Au/Cr/PMN-PZT was dry etched using BCls/Clo/Ar= 5/3/2 (10/6/4 sccm),
The other ICP conditions such as RF power, Bias power, working pressure were fixed at 800
W, 350 W, 2 mTorr, respectively. The etch rate of PMIN-PZT single crystal was 107.6 nm/min
and etch selectivity ratio with Ni was 4.22. The total etch depth of PMN-PZT single crystal
was 30 um (Figure 2.7 (c)). After the PMN-PZT single crystal was etched, SU-8 was spin
coated 58 um and patterned by the photolithography again. The SU-8 was patterned for making

top electrode by lift-off process (Figure 2.6 (i)). To make top electrode layer, the Ti 20 nm/Pt
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180 nm was sputtered on the wafer again (Figure 2.6 (j)). After Ti/Pt sputtered, the SU-8 was
removed by acetone and sonicator for lift-off process (Figure 2.6 (k)). After the top electrode
was formed, nonconductive epoxy (EPO-TEK 301, Epoxy Technology Inc, USA) was
deposited for making a supporting layer (Figure 2.6 (1)). The nonconductive epoxy was cured
at room temperature for 24 hours (Figure 2.6 (m)).

The figure 2.8 shows the fabricated PMN-PZT based Tm-pMUT array. In order to
compare the cross talk, the PMN-PZT based Tm-pMUT array was fabricated two types, kerfed
and kerfless. The kerfless type PMN-PZT based Tm-pMUT array was fabricated without ICP

etching but just had patterned top electrodes.

37



(a)
SiO,

SiO,; 1.13 pm thermal wet oxidation

®
Ti/ Pt
1]

Ti 20 nm / Pt 180 nm
sputtering: Bottom electrode

()
PMN-PZT ; ;
1

Silver paste 5 pm deposition,
PMN-PZT(20 X 20 X 0.3 mm?3) bond

Cr 200 nm / Au 200 nm
sputtering: Seed layer

(e) SU-8 "N N
e e R s P e e T

1]
SU-8 patterning

(D Ni -
R R AR

I
Ni electroplating: 20 pm thickness

SU-8 removal: lift-off

B A e

Au, Cr, PMN-PZT ICP
etching: 30 um depth

O o
|

T T

I |
SU-8 patterning

Ti/ Pt

y  §

Ti 20 nm / Pt 180 nm
sputtering: Top electrode

(k)
A A A A R AL
SU-8 removal: lift-off
(l) Epoxy
1
Nonconductive Epoxy filling
m
(m) HINEN
1
Thermal curing
(| [
Si  SiO, Ti/lPt PMN-PZT Cr Au SU-8
Ni  Silver paste Nonconductive Cured
Epoxy Epoxy

Figure 2.6 Fabrication process of the PMN-PZT based Tm-pMUT array: (a) SiO2 was deposited by thermal

wet oxidation, (b) Ti/Pt was sputtered for bottom electrode, (c) silver paste was deposited for PMN-PZT

adhesion, (d) Cr/Au was sputtered for seed layer, (¢) SU-8 was patterned by photolithography for Ni
patterning, (f) Ni was electroplated for hard mask, (g) SU-8 removal for lift-off, (h) Au/Cr/PMN-PZT was
etched by Metal ICP-RIE system, (i) SU-8 was patterned by photolithography for top electrode patterning,

(J) Ti/Ptwas sputtered for top electrode, (k) SU-8 removal for lift-off, (I) Nonconductive epoxy was deposited

for making a supporting layer, (m) Nonconductive epoxy was thermally cured.
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Figure 2.7 Optical images of PMN-PZT based Tm-pMUT array after (a) SU-8 patterned (b) Ni
electroplated (c) ICP etched.
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Figure 2.8 Fabricated PMN-PZT based Tm-pMUT array (a) kerfed type PMN-PZT based Tm-pMUT array
(b) kerfless type PMN-PZT based Tm-pMUT array.
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3. Experiment

3.1 Impedance analysis of the PMN-PZT based Tm-pMUT array

The fabricated PMN-PZT based Tm-pMUT array was ksz mode type. The PMN-PZT
based Tm-pMUT array working on 3 direction (thickness direction) dominantly when the
device was applied AC voltage.

To measure the impedance of PMN-PZT based Tm-pMUT array, the poling was
processed. The fabricated PMN-PZT based Tm-pMUT array were poled at a room temperature
by applying a DC field of 2k\V/mm for 2 hours by ferroelectric test system in the probe station
(Figure 3.1). After poling process, the resonance frequency of PMN-PZT based Tm-pMUT

array was measured by impedance analyzer (4294A, Agilent Technology, USA) in the probe

station to reduce external noise (Figure 3.2).

Probe stam'1

Ferroelectric
test system

Figure 3.1 Optical image of ferroelectric test system.
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Figure 3.2 Optical image of impedance analyzer and probe station.
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4. Results and Discussions

4.1 PMN-PZT ICP etching results

4.1.1 The etch rate and etch selectivity ratio results of PMN-PZT/Ni

The etching characteristics of PMN-PZT single crystal may have mixture behaviors of
PMN and PZT, because the PMN-PZT consist of Pb, Mg, Nb, Ti, Zr, O elements.

The figure 4.1 indicated the etch rate and etch selectivity ratio of PMN-PZT/Ni as a
function of Cl2/Ar gas mixing ratio. The proportion of Cl, gas was varied from 0 % to 100 %.
The chamber pressure, RF power, ICP bias power, and total gas flow rate were fixed 2 mTorr,
600 W, 250 W, and 20 sccm, respectively. The maximum etch rate was 73.65 nm/min at Clo/Ar=
7/3 gas mixing ratio. Those ICP etching conditions gave a 3.35 etch selectivity ratio. Generally,
the Cl, was important chemical etching factor of metal [57]. When Cl> mixing ratio was over
70 %, the etch rate was decreased. The Ar* ion was considered as important etching factor of
physical etching. After the PMN-PZT single crystal was etched, the PbCly, NbCly, TiClx were

produced by etch product.
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Figure 4.1 Etch rate and etch selectivity ratio of PMN-PZT as a function of Cl2/Ar gas mixing ratio.

Table 4.1 Etch rate and etch selectivity ratio of PMN-PZT/Ni as a function of Cl2/Ar gas mixing ratio.

Run No. al | a2 a-3 a4 | a5
RF power W 600
Bias power W 250
Total 20
BCI, 0
Gas flow rate (sccm)
Cl, 0 6 10 14 20
Ar 20 14 10 6 0
Working pressure mT 2
Etching time min 5
Mask Ni
PMN-PZT 43.59 37.85 44.28 73.65 47.64
Etchrate | nm/min Standard Deviation(s) 3.35 1.33 1.13 3.37 1.78
Ni 67.43 35.57 29.98 22.01 14.75
Standard Deviation(s) 3.09 1.47 1.61 3.72 1.89
selectivity 0.65 1.06 1.48 3.35 3.23
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The figure 4.2 indicated the etch rate and etch selectivity ratio of PMN-PZT/Ni as a
function of BCls/Ar gas mixing ratio. The proportion of BCl3 gas was varied from 0 % to 100 %.
The chamber pressure, RF power, ICP bias power and total gas flow rate were fixed 2 mTorr,
600 W, 250 W, and 20 sccm, respectively. The maximum etch rate was 78.38 nm/min at
BCls/Ar= 7/3 gas mixing ratio. Those ICP etching condition gave a 3.65 etch selectivity ratio.
The BClswas reported that can increase etch rate and etch selectivity ratio by B-O and BCI-O
chemical bonding [58, 59]. The etch rate was maximized at 70 % BCls mixing ratio. The Ar*
ion was considered the effective removing factor of the nonvolatile etch product [60, 61]. The
B* and BCI* broke the oxygen bond of PMIN-PZT single cryatal and recombined as B-O and

BCI-O by chemical reaction.
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Figure 4.2 Etch rate and etch selectivity ratio of PMN-PZT as a function of BCls/Ar gas mixing ratio.
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Table 4.2 Etch rate and etch selectivity ratio of PMN-PZT as a function of BCls/Ar gas mixing ratio.

Run No. bt | b2 | b3 | b4 | b5
RF power W 600
Bias power W 250
Total 20
BCI, o | e | w0 | w1 | 2
Gas flow rate (sccm)
CI2 0
Ar 20 | 14 | 10 | 6 | o
Working pressure mT 2
Etching time min 5
Mask Ni
PMN-PZT 43.59 54.27 62.32 78.38 41.65
Etch rate | nm/min Standard ngiation(s) 3.35 1.52 4.38 4.67 1.41
Ni 67.43 40.03 30.18 21.50 13.07
Standard Deviation(s) 3.09 1.09 4.08 2.48 1.71
selectivity 0.65 1.36 2.07 3.65 3.19

The figure 4.3 indicated the etch rate and etch selectivity ratio of PMN-PZT/Ni as a

function of BCIs/Cl2/Ar gas mixing ratio. The proportion of BClz gas was varied from 0 % to

70 %. The Ar mixing ratio, chamber pressure, RF power, ICP bias power and total gas flow

rate were fixed 30 %, 2 mTorr, 600 W, 250 W and 20 sccm, respectively. The maximum etch

rate was 87.52 nm/min at BCIs/Cl2/Ar= 5/2/3 gas mixing ratio. Those ICP conditions gave a

4.12 etch selectivity ratio. The B* and BCI* ions broke the oxygen chemical bond of PMN-PZT

single crystal and recombined as B-O and BCI-O by chemical reaction. The result showed that

the BCIs plasma increased etch selectivity ratio without decreasing etch rate of PMN-PZT

single crystal.
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Figure 4.3 Etch rate and etch selectivity ratio of PMN-PZT as a function of BCls/Cl2/Ar gas mixing ratio.

Table 4.3 Etch rate and etch selectivity ratio of PMN-PZT as a function of BCls/Cl2/Ar gas mixing ratio.

Run No. ¢l | c2 | 3 | c4 c-5
RF power W 600
Bias power W 250
Total 20
BCI, 0 4 7 10 14
Gas flow rate (sccm)
Cl, 14 10 7 4 0
Ar 6
Working pressure mT 2
Etching time min 5
Mask Ni
PMN-PZT 73.65 65.89 78.34 87.52 78.38
Etch rate | nm/min Standard ngiation(s) 3.37 3.26 3.76 4.70 4.67
Ni 22.01 17.28 19.28 21.25 21.50
Standard Deviation(s) 3.72 2.29 3.64 4,53 2.48
selectivity 3.35 3.81 4.06 4.12 3.65
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The figure 4.4 shows the etch rate and etch selectivity ratio of PMIN-PZT/Ni as a function
of RF power. The RF power was varied from 200 W to 1000 W. The gas mixing ratio, chamber
pressure, and ICP bias power were fixed BCls/Clo/Ar= 5/2/3 (10/4/6 sccm), 2 mTorr, and 250
W, respectively. The maximum etch rate was 90.37 nm/min at 800 W RF power. The etch
selectivity ratio was 4.77 at those ICP etching conditions. The RF power was considered the
important factor of making ions. So the chemical reaction was increased along the increase of
ion production. However, overmany ions decreased the etch rate and etch selectivity ratio.

Because the mean free path was decreased and the nonvolatile etch product was increased.
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Figure 4.4 Etch rate and etch selectivity ratio of PMN-PZT as a function of RF power.
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Table 4.4 Etch rate and etch selectivity ratio of PMN-PZT as a function of Cl2/Ar gas mixing ratio.

Run No. d-1 d-2 d-3 d-4 d-5
RF power W 200 400 600 800 1000
Bias power W 250
Total 20
BClI, 10
Gas flow rate (sccm)
CI2 4
Ar 6
Working pressure mT 2
Etching time min 5
Mask Ni
PMN-PZT 23.92 52.23 87.52 90.37 83.57
) Standard Deviation(s) 1.26 3.04 4.70 3.41 2.42
Etch rate | - nm/min Ni 1032 | 1760 | 2125 | 1896 | 17.70
Standard Deviation(s) 3.13 1.09 4.53 4.94 4.02
selectivity 2.32 2.97 4.12 4.77 4,72

The figure 4.5 shows the etch rate and etch selectivity ratio of PMIN-PZT/Ni as a function
of Bias power. The bias power was varied from 50 W to 450 W. The gas mixing ratio, chamber
pressure, and RF power were fixed BCls/Cl2/Ar= 5/2/3 (10/4/6 sccm), 2 mTorr, 600 W,
respectively. The optimum etch rate was 101.35 nm/min at 350 W Bias power. Those ICP
etching conditions gave a 3.95 etch selectivity ratio. The bias power was determined the
collision energy of ions. So, the etch selectivity ratio was decreased along the increase of the
bias power. The bias power was important factor of the physical etching. The figure 4.5

indicated that the physical etching was dominant than the chemical etching.
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Figure 4.5 Etch rate and etch selectivity ratio of PMN-PZT as a function of Bias power.
Table 4.5 Etch rate and etch selectivity ratio of PMN-PZT as a function of Bias power.
Run No. el | e2 e3 | e4 | e5
RF power W 600
Bias power W 50 | 150 250 | 350 | 450
Total 20
BCI, 10
Gas flow rate (sccm)
CI2 4
Ar 6
Working pressure mT 2
Etching time min 5
Mask Ni
PMN-PZT 31.01 59.56 87.52 101.35 106.22
H i Standard Deviation(s) 1.39 1.37 4.70 5.45 7.36
Etchrate |- nm/min Ni 7.34 1407 | 2125 | 2565 | 34.87
Standard Deviation(s) 1.78 2.39 4.53 3.97 5.57
selectivity 4.23 4.23 4.12 3.95 3.05
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The figure 4.6 shows the comparison PMN-PZT single crystal etching results for RF
power, Bias power and combination of optimized parameters. The optimized condition was
BCIs/Clo/Ar= 5/2/3 (10/4/6 sccm), 800 W RF power, 350 W bias power, 2 mTorr chamber
pressure. Those ICP etching conditions gave a 107.6 nm/min etch rate and 4.22 etch selectivity
ratio. It means that the physical etching was dominant and the chemical etching helps the

physical etching.
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Figure 4.6 Comparative PMN-PZT etching results for RF power, Bias power and combination of

optimized parameters.
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Table 4.6 Comparative PMN-PZT etching results for RF power, Bias power and combination of optimized

parameters.
Run No. c-4 d-4 e-4 F
RF power w 600 800 600 800
Bias power W 250 250 350 350
Total 20
BCI3 10
Gas flow rate (sccm)
CI2 4
Ar 6
Working pressure mT 2
Etching time min 5
Mask Ni
PMN-PZT 87.52 90.37 101.35 107.62
Standard Deviation(s) 4.70 341 5.45 5.80
Etch rate nm/min )
Ni 21.25 18.96 25.65 25.49
Standard Deviation(s) 4.53 4.94 3.97 3.61
selectivity 4.12 4.77 3.95 4.22
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4.1.2 Effect of bias power on the sidewall angle of PMN-PZT single crystal
The figure 4.5 presented the bias power was important factor of etch rate. So, the sidewall
angle of PMN-PZT single crystal was investigated based on bias power. The figure 4.7 shows
scanning electron microscope (SEM) micrographs of etched PMN-PZT single crystal at various
bias power. The bias power was varied from 250 W to 450 W. The gas mixing ratio, chamber
pressure, and RF power were fixed BCls/Clo/Ar= 5/2/3 (10/4/6 sccm), 2 mTorr, and 600 W,

respectively. The sidewall angles were increased along the increase of the bias power. In

conclusion, the high bias power was a necessary in order to get a vertical structure.

Figure 4.7 SEM micrographs of etched PMN-PZT single crystal at (a) 250 W bias power, (b) 350 W bias

power and (c) 450 W bias power.
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4.1.3 The X-ray photoelectron spectroscopy (XPS) analysis results of PMN-PZT single
crystal

The figure 4.8 to figure 4.11 indicated the XPS results at non-etched PMN-PZT single
crystal, etched PMN-PZT single crystal in Clo/Ar= 7/3 (14/6 sccm) gas mixing ratio, etched in
BCls/Ar=7/3 (14/6 sccm) gas mixing ratio and etched in BCls/Clo/Ar=5/2/3 (10/4/6 sccm) gas
mixing ratio. The chamber pressure, RF power, and Bias power were fixed 2 mTorr, 600 W,
and 350 W respectively.

The Pb 4f spectra can be resolved into Pb-O, Pb-Cly, and Pb. The peak at 137.6, 138.9
eV binding energies correspond to PbO, Pb-Clx [62, 63]. It was evidence that the chemical
bond of Pb-O was broken to react with Cl gas and the peak of metal Pb in the Pb 4f peak begun
to appear upon etching, decreased the Pb content. The Pb-O peaks relatively lowered in
BCIs/Clo/Ar= 5/2/3 (10/4/6 sccm) plasma condition. After the PMN-PZT single crystal was

etched, the core binding energy of Pb 4f was shifted to high as Ax (=0.7 eV).
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Figure 4.8 XPS spectra of Pb 4f as variations of BCls/Cl2/Ar gas mixing ratio.

The Zr 3d spectra can be resolved into Zr-O, Zr- Cl. The peak at 183.3, 184.5 eV binding
energies correspond to Zr-O, Zr- Cl. [64, 65].
The intensity of the Zr-O peaks was the highest in the condition of Clo/Ar= 7/3 (14/6

sccm) gas mixing ratio. Therefore, the etch rate was the lowest in that gas mixture. On the other
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hand, the intensity of the Zr-O peak was lowest in BCls/Clo/Ar=5/2/3 (10/4/6 sccm) gas mixing
ratio. After the PMN-PZT single crystal was etched, the core binding energy of Zr 3d was

shifted to high as Ay (=0.5 eV).
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Figure 4.9 XPS spectra of Zr 3d as variations of BCls/Cl2/Ar gas mixing ratio.
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The Ti 2p spectra can be resolved into Ti-O, Ti-Cl. The peak at 458.5, 459.5 eV binding
energies correspond to Ti-O, Ti-Cl [66, 67]. The Ti-O peak shifted to high binding energy by as
much as Az (= 0.8 eV). The intensity of the Ti-O peak was lowest in BCls/Clo/Ar=5/2/3 (10/4/6
sccm) gas mixing ratio.

The Nb 3s spectra can be resolved into Nb-O, Nb-CI. The peak at 470.8 eV binding
energy correspond to Nb-O [68]. After the PMN-PZT single crystal was etched, the binding
energy of Nb-Cl was observed at 474.0 eV. The intensity of the Nb-O peak was lowest in

BCls/Cl2/Ar=5/2/3 (10/4/6 sccm) gas mixing ratio.
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Figure 4.10 XPS spectra of Ti 2p and Nb 3s as variations of BCls/Cl2/Ar gas mixing ratio.

The Mg 1s spectra can be resolved into Mg-O, Mg-Cl. The binding energies of Mg-O
and Mg-ClI were observed at 1306.0 and 1307.5 eV. The intensity of the Mg-O peaks were the

highest in the condition of Cl./Ar=7/3 (14/6 sccm) gas mixing ratio. Therefore, the etch rate
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was the lowest in that gas mixture. On the other hand, the intensity of the Mg-O peak was

lowest in BCIla/Cl2/Ar= 5/2/3 (10/4/6 sccm) gas mixing ratio.
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Figure 4.11 XPS spectra of Mg 1s as variations of BCls/Cl2/Ar gas mixing ratio.

After the PMN-PZT single crystal was etched, the reason why the binding energy peak

intensity was decreased due to physical etching by positive ions [69]. As a result, the
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amorphous layer was produced on the PMN-PZT surface [70]. So, the binding energy peak

intensity was decreased.
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4.1.4 Discussion of PMIN-PZT ICP etching
In this research, the dry etching characteristics of PMN-PZT single crystal were
investigated using ICP etching system. The BCIz/Cl2/Ar gas mixture was used to make plasma.
The investigated process parameters were RF power, chamber pressure, bias power, gas mixing
ratio. The ICP source power was varied from 200 W to 1000 W. chamber pressure, bias power
and gas flow rate were controlled from 50 W to 450 W, 20 sccm. The optimized condition was
BCIs/Clo/Ar= 5/2/3 (10/4/6 sccm), 800 W RF power, 350 W bias power, 2 mTorr chamber
pressure. Those optimized ICP etching conditions gave a 107.6 nm/min etch rate and 4.22 etch
selectivity ratio. The research showed that the BCIz/Cl./Ar plasma increased etch selectivity
ratio without decreasing etch rate of PMN-PZT single crystal. The XPS study performed on
clean surface of the PMN-PZT after dry etched. XPS analysis revealed that BCls/Clo/Ar=
5/2/3(10/4/6 sccm) plasma was optimized ICP etching condition. The sidewall angles was

increased along the increase of the bias power.
This results were expected to be used for making various transducers like cell

stimulation system, I\VUS transducer, high frequency ultrasonic transducer.
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4.2 Electrical characterization of the PMN-PZT based Tm-pMUT array

4.2.1 Impedance analyzing of the kerfed type PMN-PZT based Tm-pMUT array

The figure 4.12 shows the impedance and phase of the kerfed type PMN-PZT based
Tm-pMUT array. The measured impedance values were decreased along the increase of the
elements number. Because the area of elements were increased along the increase of the
elements number while the resistances were decreasing. The resonance frequencies of element
No.1 to element No. 8 were 2.62 MHz to 2.68 MHz. The average resonance frequency was
2.66 (+ 0.04) MHz. The anti-resonance frequencies of element No. 1 to element No. 8 were
3.20 MHz to 3.18 MHz. The average anti-resonance frequency was 3.18 (+ 0.03) MHz. The
resonance frequencies and anti-resonance frequencies were quite similar with each elements.
Because the resonance frequency was determined by thickness of piezoelectric material [71].

The measured effective electromechanical coupling coefficient (ker®) was 30.05%.
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Figure 4.12 Impedance and phase analyzing results of the kerfed type PMN-PZT based Tm-pMUT array.
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Table 4.7 Electric characterization of the kerfed type PMN-PZT based Tm-pMUT array.

Elements No. f [MHz] fa [MHz] Kefr Ket®
a-1 2.62 3.20 0.57 32.96%
a-2 2.62 3.24 0.59 34.61%
a-3 2.66 3.20 0.56 30.90%
a-4 2.74 3.20 0.52 26.68%
a-5 2.68 3.14 0.52 27.15%
a-6 2.68 3.16 0.53 28.07%
a-7 2.64 3.18 0.56 31.08%
a-8 2.68 3.18 0.54 28.97%
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4.2.2 Impedance analyzing of the kerfless type PMN-PZT based Tm-pMUT array

To identify difference with kerfed type, the kerfless type PMN-PZT based Tm-pMUT
array was measured the impedance and phase by impedance analyzer. The figure 4.13 shows
the results. The resonance frequencies of element No. 1 to element No. 8 were 2.68 MHz to
2.70 MHz. The average resonance frequency was 2.69 (+ 0.03) MHz. The anti-resonance
frequencies of element No. 1 to element No. 8 were 3.14 MHz to 3.16 MHz. The average anti-
resonance frequency was 3.15 (+ 0.02) MHz. The measured impedance values were decreased
along the increase of the elements number. Because the area of elements were increased along
the increase of the elements number while the resistances were decreased. It was same principle
with kerfed type. The measured effective electromechanical coupling coefficient (kew?) was

26.89%.
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Figure 4.13 Impedance and phase analyzing results of the kerfless type PMN-PZT based Tm-pMUT array.
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Table 4.8 Electric characterization of the kerfless type PMN-PZT based Tm-pMUT array.

Elements No. f [MHz] fa [MHz] Kefr Ket®
b-1 2.68 3.14 0.52 27.15%
b-2 2.72 3.16 0.51 25.91%
b-3 2.74 3.18 0.51 25.76%
b-4 2.66 3.14 0.53 28.24%
b-5 2.66 3.18 0.55 30.03%
b-6 2.72 3.14 0.50 24.96%
b-7 2.70 3.14 0.51 26.06%
b-8 2.70 3.16 0.52 26.99%
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4.2.3 Discussion on electrical characteristics of PMN-PZT based Tm-pMUT array

The thickness-mode pMUT have characteristics of bulk transducer like high acoustic
intensity, high electromechanical coupling factor and characteristics of pMUT like high space
efficiency. To identify difference with kerfed type, the kerfless type PMN-PZT based Tm-
pMUT array was fabricated. The fabricated PMN-PZT based Tm-pMUT array had 8 annular
elements. The thickness of PMN-PZT was 300 um. The fabricated PMN-PZT based Tm-pMUT
array was analyzed by impedance analyzer. The measured average resonance frequency and
anti-resonance frequency of kerfed type were 2.66 (+ 0.04) and 3.18 (+ 0.03) MHz. The
measured effective electromechanical coupling coefficient (ke?) of kerfed type was 30.05%.
However, the measured average resonance frequency and anti-resonance frequency of kerfless
type were 2.69 (+ 0.03) and 3.15 (+ 0.02) MHz. The measured kew® of kerfless type was
26.89 %.

The measured values of resonance frequency and anti-resonance frequency were very
similar between kerfed type and kerfless type. Because the resonance frequency was dependent
on thickness of piezoelectric material. However, kerfed type PMN-PZT based Tm-pMUT array
is expected to have less cross-talk [55, 56].

In the future, this device will be analyzed by laser doppler vibrometer (LDV) and
acoustic intensity measurement system (AIMS) for measuring the displacement and acoustic

intensity of the PMN-PZT based Tm-pMUT array.
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5. Conclusions

To overcome the limitations of dicing process for bulk piezoelectric transducer, the
micro-electro-mechanical-system (MEMS) technologies were adopted. The membrane type
pMUT has some advantages over bulk type ultrasonic transducer. Compared to bulk
piezoelectric transducer, the space efficiency is high. Also, total system dimension is smaller
than bulk transducer. Because of this advantages, pMUT has a potential to replace the bulk
piezoelectric transducer in some research areas like cell stimulation, cell manipulation.
However, generally the acoustic intensity of membrane type pMUT was weaker than bulk
transducer. The electromechanical coupling factor was smaller than bulk transducer. To
overcome this problem, this research proposed thickness-mode pMUT. The thickness-mode
PMUT have characteristics of bulk transducer like high acoustic intensity, high kes* and
characteristics of pMUT like high space efficiency.

In this thesis, the PMN-PZT single crystal was used to make Tm-pMUT array. The
PMN-PZT single crystal had high piezoelectric constant (2000 pC/N) and electromechanical
coupling coefficient (0.9). However, the dry etching characteristics of PMN-PZT single crystal
for MEMS devices does not reported. So, the dry etching characteristics of PMN-PZT single
crystal were investigated using ICP etching system. The BCIz/Clo/Ar gas mixture was used to
make plasma. The investigated ICP process parameters were RF power, chamber pressure, bias
power, gas mixing ratio. The RF power was varied from 200 W to 1000 W. chamber pressure,
bias power and gas flow rate were controlled from 50 W to 450 W, 20 sccm. The optimized
condition was BCIs/Clo/Ar=5/2/3 (10/4/6 sccm), 800 W RF power, 350 W bias power, 2 mTorr
chamber pressure. Those optimized ICP etching condition gave a 107.6 nm/min etch rate and
4.22 etch selectivity ratio. The etched PMN-PZT single crystal had polished surface and

vertical structure. XPS study performed on clean surface of the PMN-PZT single crystal after
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dry etched. XPS analysis revealed that BCls/Clo/Ar=5/2/3(10/4/6 sccm) plasma was optimized
ICP etching condition.

The optimized ICP condition was used to make PMN-PZT based Tm-pMUT array.
The fabricated PMN-PZT based Tm-pMUT array analyzed impedance and phase by using
impedance analyzer. The average resonance frequency was 2.66 (+ 0.04) MHz and the
average anti-resonance frequency was 3.18 (+ 0.03) MHz. The measured effective
electromechanical coupling coefficient (kew?) was 30.05%. The resonance frequency is
important design factor. Because resonance frequency determine the application of the
fabricated piezoelectric transducer. For example, the therapy or stimulation system generally
have used 500 kHz to 2 MHz resonance frequency and the diagnosis imaging system have used
1 MHz to 10 MHz resonance frequency. The resonance frequencies of PMN-PZT based Tm-

pPMUT have potential for ultrasound imaging application.
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