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A polycrystalline film usually grows in its most densely packed plane
parallel to a substrate plane. In case of ZnO film, ion bombardment to the
substrate during film deposition suppresses the usual (0001)-oriented grain
growth, resulting in the preferential development of unusual (1120) or (1010)
orientation. This is because the most densely packed (0001) plane should incur
more damage by ion bombardment than the (1120) and (1010) planes. The
author demonstrated that the unusual crystalline growth can occur by using
energetic negative ions generated in the RF magnetron sputtering without using
separated ion source. Negative ion energy and flux entering the substrate were
quantitatively measured by electrostatic energy analyzer, and compared with
the preferential crystalline growth of the unusual (1120) orientation in ZnO
films. Strong XRD intensity of the (1120) orientation was found at the cathode
erosion area where large amount of high energy negative ion of 170-250 eV was
observed in low gas pressure of 0.1 Pa. In addition the author proposed
applying RF substrate bias in RF magnetron sputtering method to induce the
positive ion bombardment to the substrate. This method made possible to form
preferential (1120) or (1010) orientation in the conditions where the (0001)
oriented film was grown without the substrate bias. Then, the potentiality of
these (1120) and (1010) oriented ZnO films where the crystallite c-axis
unidirectionally-aligned and parallel to the substrate plane was investigated for
guided acoustic waves including Lamb waves. In theoretical analyses, value of
electromechanical coupling coefficient K* reached 10.5% for the first
symmetrical mode Lamb wave. Finally, the Lamb wave device was fabricated,

and the first symmetrical mode Lamb wave was experimentally excited.
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1 Introduction

1. INTRODUCTION

1.1 PURPOSE

Crystalline orientation control of thin films has become much more
important with the progress in development of smaller and thinner devices.
Because of its thermodynamic stability, the close-packed plane of crystal
preferentially orients parallel to the substrate plane in polycrystalline thin
film growth without epitaxial technique [1.1]. Unusual crystalline orientation
is interesting because electrical and mechanical properties have anisotropy in
the crystal [1.2-1.4], but these orientations are difficult to obtain.

It is well known that the crystalline orientation of the film is strongly
influenced by the crystalline orientation of the substrate. It is mainly caused
by epitaxial relationship between the crystalline grains of the film layer and
the substrate structure including the bottom electrode [1.5-1.7]. Therefore, the
crystalline orientation of the film can be controlled by a suitable choice of the
substrate structure. In this epitaxial growth, however, the restriction of the
substrate material is an unavoidable problem for device applications.

Strong tendency of the grain growth toward the close-packed direction can
be suppressed by the energetic ion bombardment during deposition because
the close-packed plane incurs more collision damage than the less densely
packed plane, resulting in the preferential development of the unusual
crystalline orientation [1.4, 1.8-1.11]. According to this sputter-yield
-anisotropy-induced unusual crystal growth, the preferred orientation of
polycrystalline films can be controlled by using ion bombardment during
deposition.

Many studies have been reported the unusual crystal growth in an
ion-beam-assisted deposition (IBAD) of yttria-stabilized zirconia (YSZ)
[1.10-1.13], YBa,Cu3O7-/YSZ [1.14, 1.15], ZnO [1.4, 1.16], TiN [1.2, 1.3,
1.8, 1.9, 1.17, 1.18] and AIN [1.19, 1.20] films. Deposition source and ion

source for substrate ion bombardment in the IBAD are generally separated,
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1 Introduction

and ions extracted from the ion source are used in this system. The separated
ion source has the advantage of being easy to control ion bombardment, but it
is difficult to achieve industry applications by means of the expensive ion
source.

In this study, the author proposes a method for an unusual crystal growth
using ion bombardment in capacitively coupled plasma (CCP) deposition.
This method is based on a conventional RF magnetron sputtering, and it does
not require the separated ion source. This study will discuss the flux and
energy of ions which enter the substrate during the film deposition, and
describe an unusual crystal growth of ZnO film without use of an epitaxial
growth. Furthermore, piezoelectric devices will be introduced for applications

of unusual crystalline oriented ZnO.

1.2 UNUSUAL CRYSTAL GROWTH OF ZnO FILM

ZnO crystal has a hexagonal wurtzite structure. Figure 1.1 shows three
types of ZnO crystalline orientation. In general, ZnO films tend to grow in
their most densely packed (0001) plane parallel to the substrate plane.
Crystalline c-axis in (0001) oriented ZnO is perpendicular to the substrate
plane. On the other hand, (1120) and (1010) orientations where the c-axis is
unidirectionally-aligned and parallel to the substrate plane are unusual

orientations.

[0001]

The most densely \(11?0) plane (1010) plane,
packed (0001) plane

Y
Unusual crystalline
orientation

Fig. 1.1 Three types of crystalline orientation in a hexagonal sturucture.
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1 Introduction

The c-axis parallel (1120) oriented ZnO films can be epitaxially grown on
R-sapphire single crystal by metalorganic chemical vapor deposition
(MOCVD) [1-21] and sputtering deposition [1-5, 1-22]. On the other hand,
without use of epitaxial technique, the (1120) or (1010) oriented ZnO films
can be obtained by using oxygen ion beam in IBAD [1.4, 1.16]. The ion
bombardment to the substrate during deposition suppresses the
(0001)-oriented grain growth, resulting in the preferential development of
(1120) or (IOIO) texture instead of the (0001) texture. This is because the
most densely packed (0001) plane should incur more damage by ion
bombardment than the (1120) and (1010) planes.

It is well known that the substrate is bombarded with ions during a
sputtering deposition. Tominaga et al. have reported that the energetic
negative ion generated at oxide cathode bombard the anode plane in a
sputtering deposition of the oxide films [1.23, 1.24]. An electron can be easily
added to the oxygen atom which has a high electron affinity, and therefore,
negative ions such as O generate during the deposition. The negative ion
bombardment during ZnO film deposition causes a degradation of a usual
(0001) orientation [1.23]. However, the preferential unusual crystal growth by
negative ion bombardment has not been achieved. This may be due to the
insufficient negative ion generation on the sputtering target to induce unusual
crystal growth. Chapters 3 and 4 will introduce the methods for increasing the
amount of ion bombardment, and describe the unusual crystal growth of ZnO

film.

1.3 APPLICATION OF C-AXIS-PARALLEL-ORIENTED ZnO

ZnO has many advantages in terms of large excitation binding energy (60
meV), wide bandgap energy (3.4 eV), well-developed growth process, and
high electromechanical coupling coefficient. Therefore, it has found numerous
applications such as facial powders, blue light emitting diode, varistor,

transparent electrode films, and piezoelectric devices [1.25]. Unusual
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c-axis-parallel-oriented ZnO films can further expand the possibilities of
applications by its anisotropy of electrical and mechanical properties. In this
section, piezoelectric device applications of c-axis-parallel-oriented ZnO

films will be described.

1.3.a BULK ACOUSTIC WAVE DEVICE

Electromechanical conversion by piezoelectric devices is important for
frequency filters in mobile communications [1.26, 1.27] and microsensors
[1.28, 1.29]. A bulk acoustic wave (BAW) can be excited when electric field is
applied to a piezoelectric material. A sandwich structure consisting of Top
electrode/piezoelectric material/bottom electrode is typically used for the
BAW excitation. Figure 1.2 shows two types of the BAW resonator. The
crystalline c-axis corresponds to the piezoelectric axis in a hexagonal wurtzite
structure including ZnO crystal. If the direction of the applied electric field is
parallel to the c-axis, the resonator excites longitudinal-mode BAW, as shown
in Fig. 1.2(a). On the other hand, if the direction of the applied electric field is
orthogonal to the c-axis, the resonator can excite shear-mode BAW, as shown

in Fig. 1.2(b). The resonant frequency f, of these resonators is given by

f =) (1.1)

where v is BAW velocity and d is thickness of the piezoelectric material.
Equation (1.1) indicates that thinner piezoelectric material is required for
high-frequency BAW devices. Therefore, in very-high-frequency (VHF) to
ultra-high-frequency (UHF) range, piezoelectric films are used [1.26, 1.28,
1.30].
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(a) Electric field Top Piezoelectric
electrode material

7 sran { / /
%9@ T T T

Strain ¢ aX'S
Bottom

electrode
(b) Electric field
Strain
2V < < Shear
4 4 wave
\Straln

Fig. 1.2 (a) Longitudinal-mode and (b) shear-mode BAW resonators.

Because a base substrate is needed in the thin film growth, the resonator
consisting of piezoelectric thin film includes the substrate material, as shown
in Fig. 1.3(a). This structure is called high-overtone bulk acoustic resonator
(HBAR). The BAW is excited at the piezoelectric film and propagates in the
substrate. The leakage of BAW into the substrate is the energy loss for sensor
applications. To prevent this, the substrate of HBAR is etched around the
bottom electrode, as shown in Fig. 1.3(b). This structure is called film bulk
acoustic resonator (FBAR).

Longitudinal-mode FBARs are used for duplexers [1.26] and gas sensors
[1.28]. Almost all of them consists of ZnO or AIN films whose c-axis is
perpendicular to the substrate [1.30-1.32]. On the other hand, shear-mode
FBARs have an important advantage over the longitudinal-mode FBARs.

Because shear-mode BAW which is excited at the piezoelectric film does not
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leak into liquids, shear-mode FBARs can operate in liquid phase [1-33]. These
devices are promising for the sensors to measure viscosity of fluids and detect
mass loading due to biochemical reaction. Furthermore, because the
sensitivity of the detection depends on the thickness of the piezoelectric
material, the FBAR has a higher sensitivity than the resonator consisting of a
single-crystal piezoelectric plate. Therefore, c-axis-parallel-oriented films,
which can excite shear-mode BAW as shown in Fig. 1.2(b), are suitable for

shear-mode FBARs.

(aI)EI trod Piezoelectric (b)
ectrode film

/ . //. . .
/ $BAW _\k /h

Substrate Substrate

Fig. 1.3 (a) HBAR and (b) FBAR.

1.3.b SURFACE ACOUSTIC WAVE DEVICE AND LAMB WAVE DEVICE

A surface acoustic wave (SAW) is generally excited with an interdigital
transducer (IDT) on a piezoelectric substrate, and it propagate along the
surface of the substrate. A piezoelectric thin film/substrate structure is
sometimes used to provide desired SAW properties such as a high
electromechanical coupling and a specific mode of propagation [1.27, 1.29,
1.34]. The thin film acts as a wave guide in this case.

Figure 1.4(a) shows an IDT/ c-axis-normally-oriented film/substrate
structure. This structure can excite Rayleigh SAW. Because the
c-axis-normally-oriented film is easy to be obtained, it is widely used

frequency filters and duplexers in mobile phones [1.27, 1.34].
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(a) c-Axis-normally-oriented film
\ Rayleigh SAW
el

7 W%— < IDT electrode

; R } | R ;
Substrate c-Axis

(b) c-Axis-parallel-oriented film

SH-SAW
\
7
_ _ / c-Axis
Substrate
() c-Axis-parallel-oriented film
Rayleigh SAW
pd
TN
Substrate c-Axis

Fig. 1.4 (a) Rayleigh SAW excitation with a c-axis-normally-oriented film,
and (b) SH-SAW or (c) Rayleigh SAW excitations with a

c-axis-parallel-oriented film.

Figures 1.4(b) and (c¢) show IDT/ c-axis-parallel-oriented film/substrate
structures. In Fig 1.4 (b), the c-axis of the piezoelectric film is parallel to the
substrate plane and orthogonal to the SAW-propagation direction. This
structure can excite a shear horizontal SAW (SH-SAW) which is known
Bleustein-Gulyaev-Shimizu Wave (BGSW) [1.35]. Even if liquids are loaded
on the SAW-propagation path, SH-SAW does not significantly leak to the

liquids as the same manner of the shear-mode FBAR [1.36]. Therefore, this
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structure is expected for the sensors to measure the viscosity and conductivity
of liquids [1.37]. In Fig 1.4 (c), on the other hand, the c-axis of the
piezoelectric film is parallel to both the substrate plane and the
SAW-propagation direction. This structure excites Rayleigh SAW, as is the
case in Fig. 1.4(a). However, the higher electromechanical coupling
coefficient is achievable with the structure consisting of the
c-axis-parallel-oriented film on a Si substrate, which will be discussed in
Chapter 7. Because both the wideband SAW filters and high-sensitivity SAW
sensors require the substrate structure with the high electromechanical
coupling, the c-axis-parallel-oriented film are promising for these SAW
devices.

Figure 1.5 shows a Lamb wave device. It is usually prepared by etching
the substrate of the SAW device around the piezoelectric film. Reflecting at
the top and bottom boundaries of the film, BAWs which are induced by an IDT
propagate as a Lamb wave [1-38]. Because the acoustic wave energy is
confined within the film, Lamb wave devices usually achieve the higher
electromechanical coupling than SAW devices, which will be also discussed in
Chapter 7.

In micro-electro-mechanical system (MEMS), Si etching is a very
important process and well-studied. Therefore, if the c-axis-parallel-oriented
film can be grown on a Si substrate without an epitaxial technique, the

development of the high-sensitivity Lamb wave sensors is expected.

IDT ele\ctrode Lamb Wave

/
7 /l 7—
_/ Z
Piezoelectric film

% Substrate /i;

Fig. 1.5 Lamb wave device.




1 Introduction

1.4 TOPIC OF CHAPTERS

In Chapter 2, the conventional RF magnetron sputtering will be introduced.
This chapter will also describe the mechanism of the ion bombardment to the
substrate during the deposition. Chapter 3 will describe the unusual crystal
growth of (1120) oriented ZnO film on a glass substrate. The effect of the
energetic-negative-ion bombardment on ZnO orientation will be discussed.
Chapter 4 will introduce film growth of c-axis-parallel-oriented ZnO by RF
substrate bias sputtering method. Positive ions are easily accelerated to the
substrate in this method. In addition, unusual growth of AIN films will be
described.

In Chapter 5, acoustic wave excitations and propagations will be
introduced. This chapter will also describe an electromechanical coupling
coefficient which provides an index of piezoelectricity. In Chapter 6,
conversion losses of HBARs consisting of a ZnO film will be measured. The
electromechanical coupling coefficients of ZnO films will be evaluated by the
comparison of the conversion loss with a mechanical transmission line model
of the HBAR. In addition, a method for predicting thickness of unoriented
layer of ZnO film in the initial stage of its growth will be discussed. Chapter 7
will introduce the SAW and Lamb wave devices with c-axis-parallel-oriented
ZnO film. The electromechanical coupling coefficients of these devices will
be calculated, and then these devices will be fabricated. Finally, this study
will be concluded in Chapter 8.

Appendix A will introduce the effect of metal mode and oxide mode of Zn
target on (1120) oriented ZnO film growth in an RF magnetron sputtering.
Appendix B will introduce a wideband ultrasonic transducer consisting of
c-axis-tilted  ZnO/c-axis-normally-oriented ZnO  multilayer on the

Au(111)/Ti/silica glass substrate.
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2 Sputtering process

2 SPUTTERING PROCESS [2.1]

2.1 SPUTTERING METHOD

When energetic particles bombard the surface of a solid (which is called
the target), a series of collisions between atoms of the target occurs, resulting
in the ejection of one of these atoms. This phenomenon is known as sputtering.
Because ions can easily be accelerated by an electric field, they are normally
used as the energetic particles which bombard the target surface. Figure 2.1
shows a schematic of a sputtering phenomenon. The sputtering process is very
often compared to the break in a game of billiards. The bombarding ion strikes
the atomic array of the target, and then the target atoms are scattered in all
directions. Some of them are ejected from the target surface. A thin film can
be grown by receiving these ejected atoms on a substrate surface.

In this section, both a conventional DC and RF sputtering system will be

described as a practical deposition process.

Acceleration

@ lon
Electric field @ Target atom

___Ejection
D

Series of collisions Target

Fig. 2.1 Schematic of a sputtering phenomenon.
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2.1.a DC SPUTTERING DEPOSITION

Figure 2.2 shows a conventional magnetron sputtering system. A
sputtering deposition is performed in a vacuum chamber. A sputtering target is
set on the cathode which is connected to a DC or RF power supply, and a
substrate on the anode faces the target in the conventional system. A
magnetron circuit is often included in the cathode. The effect of the
magnetron will be introduced in Section 2.3. Gasses such as Ar and O, are

introduced into the chamber to some specified pressure.

_L_
Anode
- Substrate Gas
Vacuum == (Ar, Oy, ...)
pump _‘
— | Target | =
Cathode
\\Magnetron
circuit

DC or RF
power supply [ —1_

Fig. 2.2 Conventional sputtering system.

In a DC sputtering deposition, a high negative DC voltage is applied to the
target. Electrons are accelerated by the DC electric field, and collide with gas
atoms. The collision processes in the discharge can be broadly divided as

follows:
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0 Elastic collision
0 Inelastic collision
e lonization and recombination
e Excitation and relaxation
e Dissociation
e Electron attachment
The most important process of these is ionization. An electron is removed
from the atom by the electron collision, resulting in producing a positive ion

and two electrons, e.g.

e+Ar —>2e+Ar". (2.1)

This phenomenon is known as electron-impact ionization. Then, the two
electrons are accelerated again, and collide with other gas atoms. On the other
hand, the positive ion is accelerated toward the target. It recombines with an
electron to form a neutral atom or bombard the target. When the ions bombard
the target, the sputtering of the target atoms may occur, resulting in the
deposition of the target material on the substrate. Secondary electrons may be
also liberated from the target. They are accelerated by the electric field, which
contribute further ionizations. Through these collision processes, both the
discharge and deposition are sustained.

Excitations and relaxations also occur in the discharge. Transitions in the
relaxation process are accompanied by the emission of a photon with very
specific energy. Because of the photon emission, this discharge is called a
glow discharge. The glow region where the ionization, recombination,
excitation, and relaxation frequently occur keeps the charge neutral since
these processes are always pairwise. The partially-ionized gas consisting of
equal numbers of positive and negative charges is well known as plasma.

Ions and electrons in the plasma have different mass and temperature.
Because the electrons has high temperature and low mass, the average speed
of them is significantly higher than that of the ions. The rapid motion of the

electrons means they can be easily lost by collision with the substrate (anode)
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2 Sputtering process

and wall of the chamber. Then, the spaces around the substrate and wall are
positively charged, which is generally known as a space charge. It forms a
sheath in the glow discharge plasma. Because of the space charge, the plasma
has a relatively-positive potential to almost everything in the system
(including the target of course). lons are accelerated through the sheath

voltage. It will be described in Section 2.2.

2.1.b RF SPUTTERING DEPOSITION

In the DC sputtering deposition of an electrically insulating material,
when a negative voltage is applied to the insulating target, the potential of the
insulating-target surface is negative. The negatively biased target are
bombarded by positive ions, and charged positively (because it loses electrons
as the ions are neutralized at its surface). Then, the potential of the target
surface rises toward zero, resulting in the extinguishment of the discharge.

An RF sputtering deposition provides a significant advantage over the DC
sputtering for the deposition of the insulating material. Figure 2.3 shows a RF
power supply. A matching box is practically connected between the RF
generator and the cathode. The main role of the matching box is to increase

the power consumption in the discharge, and to protect the generator.

Matching box
Cathode F=-=—-=—-=—=—-=—=—======-- 1 RF generator
/

Fig. 2.3 RF power supply.
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The series capacitor in the matching box plays an additional role as a
blocking capacitor. It creates asymmetry in glow discharge systems [2.2].
Figure 2.4 shows an asymmetric discharge system with a blocking capacitor.
Without the blocking capacitor, the sheath voltage V| and V; are equal to V.
On the other hand, with the blocking capacitor (including the capacitor of the
insulating target), the RF voltage is capacitively divided between two sheaths.

The relation between V; and V; is given by

1:i4 2.2
%) @

<|<

where A; and A, are areas of two electrode [2.2]. Equation (2.2) indicates that
the larger voltage sheath appears at the smaller electrode. If the target is set
on the smaller cathode, the target material can be sputtered effectively. Since
the wall of the chamber is usually grounded as is the case with the anode, the

anode area is much larger than the cathode area.

Electrode area A,

ISheath voltage V, —_

Plasma potential V,,

ISheath voltage V, Blocking
capacitor

Electrode area A,

Fig. 2.4 Asymmetric discharge system with a blocking capacitor.

-17 -



2 Sputtering process

In the RF sputtering, the excitation frequency with 13.56 MHz is
commonly used. Because the high mass of the ions prevent them moving far in
the RF electric field, the electron current is much larger than the ion current in
the target. The average voltage of the target Vr is a negative value, which is
called a self-bias, as shown in Fig. 2.5 [2.3]. Since the target voltage Vr is
positive for only a very short fraction of each cycle, they prevent the
insulating-target surface charging up. On the other hand, the plasma potential
Vp; is always the highest value in the almost everything, as is the case of the

DC glow discharge.

v A

Plasma potential Vp,

SN

[N NN

/

Average target voltage V Target voltage V,

Fig. 2.5 Plasma potential and target voltage in the asymmetric system [2.3].

2.2 TON BOMBARDMENT

In the glow discharge process, sheaths are formed toward a target and
substrate. Because Ions are accelerated or decelerated by the electric fields in
the sheaths, the target and substrate are bombarded with the ions. It is well
known that the ion bombardment to the substrate have an effect on the thin
film growth [2.4-2.9].

Figure 2.6 shows an average-potential distribution in a conventional RF

sputtering system. Positive ions in the plasma enter the sheath toward the
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substrate with very low energy, and then they are accelerated through the
potential difference between the plasma and target. This acceleration energy
corresponds to small plasma potential (several tens of Volts [2.3, 2.10])
because the anode is grounded. Therefore, the positive ions enter the substrate

with low energy.

Vg: Average substrate potential

(A chamber is grounded.) Vp: Average plasma potential

@ Positive ion V;: Average Target potential

@ Negative ion Vv Average
Y tential

| Anode Vy 0 Vp po:n

= /1 1 ' Sheath !

Substrate @ @ ______

I
|
|
|
I
I

Plasma :
I
I
I
I
I
I

®
Vouv sen [
Target R v

RF power
Cathode supply =i

Fig. 2.6 Average-potential distribution in a conventional RF sputtering

system.

Negative ion bombardments become an important problem in the oxide
film deposition [2.8, 2.9]. Oxygen gas is usually introduced during the
deposition. The collision process between the ion and electron includes
dissociation, as described in Section 2.1a. The process of dissociation is the
breaking apart of a molecule. In a glow discharge, the electron impact

dissociation of oxygen is common:
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e+0, >e+0+0. (2.3)

Because the oxygen atom has a high electron affinity (1.461 eV [2.11]), an

electron can be attached to it:

e+0-0". (2.4)

This process is known as electron attachment. On the other hand, argon atoms
have little or no tendency to form negative ions, because the outer electron
shells of them are filled with electrons. Oxygen negative ions are also
generated from the oxide target, when it is bombarded with positive ions
which are accelerated through the sheath toward it. The negative ions
generated near the target are greatly accelerated to the substrate by the
negative voltage of the self-bias (Section 2.1a). Therefore, the substrate is
bombarded with these highly-energetic negative ions. Many studies have
reported the degradations of the crystalline orientation by the ion
bombardment during the sputtering deposition [2.8, 2.9]. In this study,
however, unusual crystal growths will be demonstrated by using the

highly-energetic ions (Chapters 3 and 4).

2.3 MAGNETRON CIRCUIT

In sputtering systems, a magnetron circuit is usually used for the increase
of sputtering rate, extension of operating pressure range, and reduction of
electron bombardment at the substrate. If a magnetic field B is applied a
particle of charge g and velocity v, a Lorentz force is produced on the particle.
In addition, the particle is also forced by an electric field E. The total force F

is given by

F=q(vxB+E). (2.5)
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When a magnetic field which is parallel to the target surface is applied during
the sputtering deposition, electrons ejected from the surface move in cycloidal
orbits, as shown in Fig. 2.7. They are trapped near the target by the magnetic
field. On the other hand, the ions are too massive to be affected by the
magnetic field. Figure 2.8(a) shows a magnetic field with a magnetron circuit
in the conventional magnetron sputtering system. A disc target and coaxial
magnet are widely used in the system. The magnetic field is parallel to the
target surface near the target and between the north and south magnetic poles.
Electrons are trapped there, as shown in fig. 2.8(b), and the effect of
electron-impact ionization is increased. Therefore, the sputtering deposition
can be operated under the lower gas pressure, and the sputtering rate can be
increased, although the target is locally eroded by the concentrated glow.
Another effect of the magnetron circuit is to induce ion bombardments to
the substrate. A sputtering method using the effect is called an unbalanced
magnetron sputtering [2.12, 2.13]. The magnetron circuit is designed so that
its magnetic field can be also applied to the substrate as shown in fig. 2.8(a).
Because electrons move to the substrate in helical orbit along the magnetic
field, the Ionization of gas atoms is enhanced near the substrate. In this case,
the substrate is bombarded by positive ions with not only high flux but also

high energy because of increased plasma potential [2.13].

Magnetic Electric
field field
B ® E

Electron

Velocity

Target

Fig. 2.7 Motion of an electron ejected from a target surface in a magnetic
field and electric field. The magnetic field is parallel, and the

electric field is orthogonal to the surface.
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(@) (b)
Anode

J ' Electron Target erosion

Substrate motion area

Magnetic
field

El i
ot e dih'a®

Target

LN

Cathode

Target
Magnetron
circuit

Fig. 2.8 (a) Magnetic field with a magnetron circuit in the conventional
magnetron sputtering system, and (b) motion of an electron on a disc

target.
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3 UNUSUAL GROWTH OF ZnO INDUCED
BY NEGATIVE ION BOMBARDMENT
IN RF MAGNETRON SPUTTURING

3.1 UNUSUAL GROWTH OF ZnO

In general, ZnO films tend to grow in their most densely packed (0001)
plane parallel to the substrate plane. However, the energetic particle
bombardment during deposition suppresses the (0001)-oriented grain growth,
resulting in the preferential development of (1120) texture instead of the
(0001) texture [3.1].

Yanagitani and Kiuchi have showed that (1120) texture formation was
observed under oxygen ion beam irradiation using ion beam sputtering [3.1,
3.2]. D. Kohl et al. have reported a suppression of the usual (0001) oriented
grain growth by irradiation of high-energy O ion beam set to 800 eV,
resulting in a growth of both (1010) and (1120) preferred orientations [3.3].
On the other hand, Tominaga et al. reported that energetic particles such as O°
ions and O atoms are produced in the sputtering system facing sputtering
targets. When the ZnO film was bombarded by these particles at lower gas
pressures, the formation of (0001) textured film was disturbed severely [3.4].
Yanagitani et al. [3.5, 3.6] and Kawamoto et al. [3.7, 3.8] succeeded in (1120)
-oriented-film growth by RF magnetron sputtering without epitaxial
techniques. However, the growth mechanism of (1120) oriented ZnO in a
planer RF magnetron sputtering system is still not clear.

In this chapter, the negative-ion-induced unusual crystalline growth of
ZnO film will be demonstrated. Negative ions are generated on the target in an
RF magnetron sputtering. The spatial distributions of the energy and flux of
positive and negative ions entering the substrate will be measured and

compared with the distribution of crystalline orientation of films.
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3.2 EXPERIMENTAL METHODS

3.2.a ZnO FILM GROWTHS USING RF MAGNETRON SPUTTERING

ZnO films were grown using an RF magnetron sputtering apparatus as
shown in Fig. 3.1. Pyrex glass (25 x100 x0.5 mm’) was used as a substrate
and ZnO ceramic (Furuuchi Chemical Co., 80 mm in diameter) was used as a
oxide target on the cathode. Table I shows the deposition conditions. Total gas
pressures were set to 1 or 0.1 Pa to investigate the effects of gas pressure on
the crystalline orientation. It is predicted that the negative ion bombardment
from the target increases under low gas pressure, because the mean free path
of the gas molecules is long. In addition, the negative ion generation on the
target is drastically enhanced by strong magnetic field of neodymium
magnetron inside the cathode. The target erosion area (see Section 2.3) is at
25-35 mm from the anode (cathode) center. Thicknesses of the samples with 1

and 0.1 Pa were adjusted to be 3 um at 30 mm from the anode center.

3.2.b EVALUATION METHOD OF CRYSTALLINE ORIENTATION

The crystalline orientations of the samples were measured by a 260—-® scan
XRD pattern using an x-ray diffractometer (PANalytical, X-Pert Pro MRD).
The degrees of (0001) and (1120) oriented crystallizations of the samples
were determined from the integrated intensities of (0002) and (1120) XRD
peaks, respectively. In addition, the degree of the (1120) preferred
orientation of the samples was measured from the full width at half maximum
(FWHM) of the (1120) plane w-scan rocking curve. These measurements of
the samples were performed at 0 to 50 mm from the anode center. In addition,
3-dimensional crystalline orientations of the (1120) ZnO films were

quantitatively evaluated by XRD pole figure analysis.
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Table 3.1 Deposition conditions in RF magnetron sputtering

Total gas pressure 0.1, 1.0 Pa
Ar/ 0O, 1/3
RF power 13.56 MHz, 50 W
Target-substrate distance 40 mm
Deposition time 15 hours

3.2.c MEASUREMENTS OF ENERGETIC ION BOMBARDMENT

During the sputtering deposition, gas molecules are positively ionized.
These positive ions are accelerated toward the substrate by the ion sheath
voltage near the substrate. Negative ions generated near the target are

accelerated to the substrate by the target ion sheath and bombard the substrate
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surface. This negative ion bombardment leads texture modification of ZnO
film [3.4].

The distributions of the ion energy and the amount of ion flux in the anode
plane during the depositions were measured by electrostatic energy analyzer
with quadrupole mass spectrometer (PSMO003, Hiden Analytical) as shown in
Fig. 3.2. The discharge conditions for the measurement and the film growth
were set to be same. The PSM003 Probe is mounted in a differentially pumped
housing fitted with a cover tube that incorporates an orifice plate. It comprises
the following items [3.9]:

e An ion extraction system.
e A fully-adjustable electron-impact ion source for residual gas
analysis (RGA) of neutrals and radicals.
e A Bessel box energy filter.
e A triple-section quadrupole mass filter for mass-to-charge ratio
analysis.
e A ditector.
The detector is an ion counting secondary electron multiplier which counts the
number of ions striking it per second. The RF head mounts directly on the
Probe vacuum feedthrough. It contains the RF generator circuits and the
detector amplifier/discriminator.

The effects of sputtering gas pressures and species on the ion energy and
the amount of ion bombardment were measured. Before the measurements, the
species of positive and negative ions which enter the substrate were identified
by a mass spectrometry. Figure 3.3 shows mass spectra of positive and
negative ions under bombarding the substrate in 1 and 0.1 Pa, respectively.
Strong O," and Ar" peaks were observed in mass spectra of positive ions [Figs.
3.3(a) and (c)], and strong O peak were observed in that of negative ions
[Figs. 3.3(b) and (d)] at both 1 and 0.1 Pa. Therefore, the ion energy
distributions of O," positive and O™ negative ions were focused. In addition,
to confirm the generation of the negative ions from the oxide target, mass
spectra and energy distributions of the ions during pure argon discharge in 0.1

Pa were also investigated.
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Fig. 3.3 Mass spectra of (a) positive ions and (b) negative ions bombarding

the substrate in 1 Pa, and that of (c¢) positive ions and (d) negative

ions in 0.1 Pa.

3.3 RESULTS AND DISCUSSIONS

3.3.a CRYSTALLIZATIONS OF THE ZnO SAMPLES

Figures 3.4(a) and (b) shows XRD patterns of the ZnO film samples grown

in 1 and 0.1 Pa, respectively. Intense (0002) peaks were observed in the case
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of 1 Pa. On the other hand, the unusual (1120) preferred orientation was
appeared in low gas pressure of 0.1 Pa. Figures 3.5(a) and (b) show the
integrated intensities of (0002) and (1120) XRD peaks of the samples with 1
and 0.1 Pa, respectively. Wurtzite ZnO films tend to grow in their most
densely packed (0001) plane parallel to the substrate plane [3.10]. The (0002)
integrated intensity was observed near the anode center at 1 Pa, but the (0002)
peak was not observed at all measurement positions at 0.1 Pa. Instead of the
(0002) peak, the high (1120) intensity was found at 0.1 Pa, especially around

the target erosion area (at 25-35 mm from the anode center).
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Fig. 3.4 XRD patterns of the samples grown in (a) 1 Pa and (b) 0.1 Pa.
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samples with (a) 1 Pa and (b) 0.1 Pa

3.3.b ENERGY AND FLUX OF IONS BOMBARDING THE SUBSTRATE

Figures 3.6(a) and (b) show the amount of ion flux and the ion energy of
O," positive ions entering the substrate as functions of the distance from
anode center at 1 Pa and 0.1 Pa, respectively. O," positive ions had large flux
but had low ion energy (5-40 eV), and a similar result was observed in Ar"
positive ion. A large amount of gas molecules are positively ionized during

the discharge and these positive ions near the substrate bombard the substrate.
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The difference between the anode potential and the plasma potential
corresponds to the acceleration energy of positive ions bombarding the
substrate. In this case, this energy corresponds to small plasma potential
because anode (or energy analyzer) was grounded. Therefore, positive ions

were little accelerated toward the substrate.
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Fig. 3.6 Amount of ion flux and ion energy of O, positive ions as functions

of the distance from anode center at (a) 1 Pa and (b) 0.1 Pa.
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Figs. 3.7(a) and (b) show the distribution of O negative ions at 1 Pa and
0.1 Pa, respectively. O negative ions had small flux but had high energy
(170-250 eV). Negative ions generating near the oxide target are greatly
accelerated to the substrate by the negative bias at the target, and these

energetic O bombarded the substrate.
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of the distance from anode center at (a) 1 Pa and (b) 0.1 Pa.
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The amounts of O, flux in 0.1 Pa were larger than that in 1 Pa by
comparing Fig. 3.6 with Fig. 3.7, as expected. In the unbalanced magnetron
sputtering, electrons move to the substrate along the magnetic field, and then
a lot of gas molecules are ionized near the substrate, especially under the low
gas pressure [3.11]. The plasma potential is also increased with increased
sheath voltage between the plasma and substrate. Therefore, the energy of O,"
ions in 0.1 Pa was about 20 eV higher than that in 1 Pa. On the other hand, the
energy of O negative ions was decreased. This result indicates that the target
potential was increased by increased plasma potential in order to keep the
target sheath voltage constant. The amounts of O flux decreased with
distance from the anode center at both 1 Pa and 0.1 Pa, but interestingly,
highly energetic O ions were observed above the target erosion area at 0.1 Pa.

In addition, to confirm the origin of the O negative ions, mass spectra of
positive and negative ions during pure argon discharge in 0.1 Pa were also
investigated, as shown Fig 3.8(a) and 3.8(b). Strong Ar" peak was observed as
expected, but O,  positive ion was not generated because oxygen gas
molecules did not exist. On the other hand, although the intensity of O peak
decreased to a quarter of that in argon-oxygen atmosphere, O negative ions
were generated in pure argon atmosphere. Figure 3.8(c) shows the
distributions of the energy and flux of these O negative ions. They had high
energy (200 eV) on the target erosion area where a large amount of electrons
are trapped by magnetic field and positive ions hit by the negative bias. These
results indicate that a part of O negative ions were generated from the oxide
target during the sputtering deposition of oxide films. They were greatly
accelerated to the substrate by the negative bias at the target, and these
energetic O bombarded the substrate, especially under the low gas pressure

where the mean free path of the gas molecules is long.
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3.3.¢c EFFECT OF ION BOMBARDMENT DURING DEPOSITION
ON UNUSUAL CRYSTAL GROWTH IN ZnO FILMS

Table 3.2 shows a summary of distributions of the positive and negative
ion bombardment and the (1120) crystalline orientations under 0.1 Pa. A
comparison of the spatial distribution of the amount of ion flux (Figs. 3.6 and
3.7) in the anode plane with the crystalline orientations on the anode plane in
(Fig. 3.5) shows that large amounts of energetic O bombardment induced the
unusual (1120) preferred orientation in the ZnO film. The energetic O;"
positive ion bombardment was not observed on the target erosion area where
the highly-crystallized (1120) ZnO film was obtained at 0.1 Pa. On the other
hand, the amount of the energetic O negative ion bombardment and the
degree of crystallization in unusual (1120) ZnO drastically increased on the
target erosion area with decreased the gas pressure from 1 Pa to 0.1 Pa. This
unusual crystalline growth is probably due to the deference of damage
tolerance by ion sputter yield anisotropy in the ZnO crystal. The grain growth
in the close-packed (0001) plane is more ion collision damage than that in the
(1120) direction, resulting in the preferential development of the unusual

(1120) orientation.

Table 3.2 Summary of distributions of the ion bombardment and the

crystalline orientation under 0.1 Pa

Distance from anode center .
Target erosion

Short Long area
Positive ion Large amount Small amount Small amount
bombardment Low energy Low energy Low energy
Negative ion Small amount Verv small amount Small amount
bombardment High energy Y High energy
(1120) Slightly crystallized  Non crystallized  Highly crystallized
orientation gty ¢ty ry ghly ety
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Degrees of these (1120) orientations were estimated from the full width at
half maximum (FWHM) of the (1120) plane w-scan rocking curve, as shown
in Fig. 3.9. FWHM values were small on the target erosion area, as expected.
These results indicate that highly-crystallized and highly-oriented (1120)
ZnO film grew on the cathode erosion area under the low gas pressure.
However, the (1120) crystalline orientation was not good at the anode center
in spite of enough both O," positive and O™ negative ion bombardment in this
area. One possible explanation is the direction of ion bombardment to the
substrate. At the anode center, ions bombard to the substrate from random
directions. Therefore, the crystalline c-axis orients randomly in the substrate

plane [3.8].
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Fig. 3.9 FWHM values of w-rocking curves of the sample with 0.1 Pa.

3-dimensional crystalline orientation of the (1120) ZnO film with 0.1 Pa
was quantitatively evaluated by XRD pole figure analysis. Fig. 3.10 shows the
(1122) pole figures measured at 30 mm from the anode center. In a pole figure,
intensities are contour plotted with rotating sample plane in out-of plane
direction (w-scan) and in-plane direction (¢-scan). In a (1120) oriented film,
a (1122) pole figure should indicate {1122} poles diffracted from the (1120)
oriented grain at y=32° because the angle between the (1120) and (1122)
planes in a ZnO crystal is 32°. Two highly concentrated {1122} poles were
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found near w=32°, #=90° and y=32°, ¢=270° diffracted from the (1120)
-oriented grain, indicating that the crystalline c-axis was both oriented
parallel to the film plane and aligned unidirectionally in the film plane. c-axis
direction can be determined by ¢-angle where poles appear. The c-axis
direction in the sample plane corresponds to the radial direction of the anode
(or the cathode). These results reveal that crystal grains in the ZnO film with
0.1 Pa on the target erosion area aligned in both out-of-plane and in-plane

direction (biaxial texture).

180

Intensity (kcps)

270

Fig. 3.10 (1122) pole figure of the sample with 0.1 Pa, measured at 30 mm

from the anode center.

In conclusion, highly crystallized (1120) orientation was observed above
the target erosion area where highly energetic O ions bombard under the low
gas pressure condition. This ion bombardment technique is promising for the

unusual crystalline growth of various oxide films.
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4 ORIENTATION CONTROL OF
HEXIAGONAL FILMS
BY POSITIVE ION BOMBARDMENT
USING RF SUBSTRATE BIAS SPUTTERING

4.1 SUBSTRATE BIAS SPUTTERING

In Chapter 3, the unusual (1120) oriented ZnO film was induced by the
negative ion bombardment under low gas pressure (0.1 Pa) during RF
magnetron sputtering deposition. However, instability of discharge and the
limitation of deposition conditions should be serious problems. Simple and
easy method is required for unusual (1010) or (1120) film growths.

In this chapter, RF substrate bias RF magnetron sputtering method will be
demonstrated. It is difficult to control the motion of neutral particles, but ions
can be controlled by applying the local electric field. Another DC or RF
supply is connected to the substrate to induce the ion bombardment in this
method. The substrate bias techniques have been used for the control of film
properties as follows:

e Resistivity [4.1]

o Dielectric property [4.2]

e Hardness [4.3]

e Incorporation of sputtering gas [4.4]
If the highly-energetic ion bombardment is induced by the substrate bias, the
unusual crystal growth and orientation control would be expected. In this
section, the conditions of the ion bombardment in the DC or RF bias

sputtering will be introduced.
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4.1.a NO-BIAS CONDITION

The difference between the substrate potential and the plasma potential
corresponds to the acceleration energy of positive ions which bombard the
substrate (see Chapter 2). In this case, this energy corresponds to small
plasma potential because the substrate electrode is grounded. Therefore,
positive ions are little accelerated toward the substrate. On the other hand,
high-speed negative ions from the target bombard the substrate. These energy
distributions of the ions were shown in Chapter 3. The positive ions have low
ion energy of 5-40 eV and large flux, whereas negative ions from the target

have high energy of 170-250 eV but small flux.

4.1.b POSITIVE-DC-BIAS CONDITION

Figure 4.1(a) shows an average-potential distribution in a
positive-DC-bias sputtering system. The plasma potential increases rapidly
with the applied positive-DC-bias voltage [4.5], and the substrate potential
can be made slightly positive toward the plasma potential. It is limited by an
amount equal to the ionization potential of the sputtering gas [4.6].Therefore,
positive ion bombardment to the substrate is very weak and very small. On the
other hand, the target potential is also increased to keep the plasma-target
sheath voltage [4.5]. Therefore, the difference between the target and
substrate potentials is little changed. As a result, the negative ion

bombardment to the substrate is similar to the non-bias condition.

_4] -



4 Orientation control of hexagonal films by positive ion bombardment
using RF substrate bias sputtering

(@)

. Vg: Average substrate potential
(A chamber is grounded.)

Vp: Average plasma potential

@ Positive ion V+: Average Target potential
© Negative ion Vg >0 Average
- - tential
Substrate electrode Vo 0\ Vp PO
T d E 1 H Y
— ? T __S_hga_th_g_'_____;_\

® @

I
I
I
I
HE
Substrate Plasma | :
E
Pl
Pl
@ | ® |
Pl
______ - - - -
@ Sheath § 1 /
- —_— i
Target — v
power
| Targetelectrode |— oty L
(b)
(A chamber is grounded.) V<0 Average
Substrate electrode \ \ 0 V, Ppotential
T T — - >
f 4 f Sheath \I
Substrate

@ ®
‘ @ ‘ Sheath 1 /
Tar-get R v

| Targetelectrode  |— Rzu%%\;\;er

1
I
I
I
I
I
Plasma :
I
I
I
I
I
|

Fig. 4.1 Average-potential distribution in a (a) positive-DC-bias sputtering

system and (b) negative-DC-bias sputtering.

-4 -



4 Orientation control of hexagonal films by positive ion bombardment
using RF substrate bias sputtering

4.1.c NEGATIVE-DC-BIAS CONDITION

Figure 4.1(b) shows an average-potential distribution in a
negative-DC-bias sputtering system. The substrate potential turns to negative
without the change of plasma potential because the wall of the chamber is
usually grounded. The difference between the substrate potential and the
plasma potential increases, and positive ions are greatly accelerated toward
the substrate. In contrast, high-speed negative ions from the target are

decelerated.

4.1.d RF-BIAS CONDITION

Figure 4.2 shows an average-potential distribution in a RF-bias sputtering
system. The substrate potential becomes negative due to the RF self-bias
without change of positive plasma potential. Positive ions are then greatly
accelerated toward the substrate as well as negative DC bias condition. In
addition, gas molecules around the substrate are positively ionized by RF bias
in this case. The amounts of positive ion bombardment to the substrate are

therefore larger than those in the negative bias condition.

The expected conditions of ion bombardment to the substrate are
summarized in Table 4.1. The negative DC bias and RF bias are suitable for
the induction of the highly-energetic ion bombardment. However, as described
in Chapter 2, insulating materials are charged up in the DC glow discharge,
and then the DC negative bias has no effect. In this study, because insulating
glass substrates are used, the RF-substrate-bias RF sputtering is the most

promising in these bias methods.
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Fig. 4.2 Average-potential distribution in an RF-bias sputtering.

Table 4.1

Expected conditions of ion bombardment to the substrate

Positive ion

Negative ion

No bias

Positive DC bias

Negative DC bias

RF bias

Large amount
Low energy

Very small amount
Very low energy

Large amount
High energy

Very large amount
High energy

Small amount
High energy
Small amount
High energy
Very Small amount
Low energy

Very Small amount
Low energy
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4.2 ORIENTATION CONTROL OF ZnO FILM
USING RF-SUBSTRATE-BIAS SPUTTERING

4.2.a EXPERIMENTAL METHODS

Figure 4.3 shows an RF-bias sputtering system. RF power supply is
connected to the target electrode and substrate electrode. Silica glass (25 x100
x0.5 mm?®) with evaporated aluminum electrode layer was used as a substrate.
ZnO ceramic (Furuuchi Chemical Co. 80 mm in diameter)) were used as a
sputtering target. Table 4.2 shows the deposition conditions. ZnO film
samples were prepared in 2 MHz-bias conditions. In the deposition conditions,
the unusual crystal growth cannot be induced without use of bias technique
because of high gas pressure (see Chapter 3). The crystalline orientations in
the samples were observed by using an x-ray diffractometer (PANalytical,

X-Pert Pro MRD).

(A chamber is grounded.) i Distance from substrate
electrode center

Matching .
Box : 104:d|a. R
Substrate electrode Cooll
| «<— Cooling
2 MHz A b / : » water
— i Erosi
40 Substrate | gorzlgn Ar. O,
80dia. |
T—r ' [ — — M t
agnetron
ZnO target | Gircuit
Target electrode L
Box
— 38 dia. = 13.56 MHz
< > 200 W
Unitin mm - 70 dia. R

a > —
—

Fig. 4.3 RF-bias sputtering system.

- 45 -



4 Orientation control of hexagonal films by positive ion bombardment
using RF substrate bias sputtering

The amount of ion flux and ion energy which enter the substrate were measured
by using an energy analyzer with a quadrupole mass spectrometer (PSM003, Hiden
Analytical) as shown in Fig 4.4. 2 MHz RF power of 0-25 W was applied to the
substrate electrode during the measurement. Except for RF power of 50 W to the
target, the discharge conditions in the measurement were set to be same as in the
film growths. As is the case with Chapter 3, strong O,  and O peaks were
observed in mass spectra, and therefore, the ion energy distributions of these ions

were focused.

Table 4.2 Deposition conditions in the RF-bias sputtering

Gas pressure 1 Pa
Ar/ 0O, 1/3
RF power supply to the target 13.56 MHz, 200W
RF bias power supply 2 MHz, 0-50 W
Deposition time 3h
(A chamber is grounded.) Electrostatic energy analyzer

. with
Maéchlng %ﬁ quadrupole mass spectrometer
OX

— ) [ —
2 MHz e | -
104 dia. T substrate
— 40 Erosion : Ar, O, electrode
. s
ar%8 80 dia. R
L 2N M| ! —
ZnO target Magnetron
|~ circuit
Target electrode 1
Box
_ 38 dia. — 13.56 MHz
— 50 W

Unit in mm P 70 dia.

A
A\ 4

Fig. 4.4 Measurement system for the spatial distributions of the amount of

ion flux and the ion energy in the RF-bias sputtering.
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4.2.b RESULTS AND DISCUSSIONS

Figure 4.5 shows the energy distributions of O, positive ions and O™ negative
ions which enter the substrate at the substrate electrode center during the RF glow
discharge with RF bias. Both the amount of ion flux and ion energy drastically
increased as RF bias power increased as expected. These results indicate that the
substrate potential becomes negative due to the RF self-bias and the

plasma-substrate sheath voltage is increased.
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Fig. 4.5 Energy distributions of (a) O,  positive ions and (b) O™ negative ions

which enter the substrate during the deposition with 2 MHz RF bias.
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In Fig. 4.5(b), the ion flux of O negative ions were much lower than that
of O," ions, but the energy of O increased with increasing RF bias power.
One probable reason of these unexpected results is that the RF bias power is
also applied to the plasma-target sheath. In this sputtering system, RF bias is
ineffective in decreasing the negative ion bombardment.

Figure 4.6(a) shows the XRD patterns and film thicknesses of the samples
at the center of the substrate electrode, and Figure 4.6(b) shows the ratios of
the XRD peak integrated intensities of the samples. An intense (0002) peak
was observed in the sample grown without bias. In contrast, usual (0001)
orientation changed into the (1120) preferred orientation with RF bias power
of 10 W, where the peak value of O, energy was 180 eV. The (1120)
preferred orientation then changed into the (1010) preferred orientation with
increasing RF bias power of 20 W at O," energy of 250 eV. Namely, unusual
c-axis parallel-oriented films can be grown under the RF bias conditions.

The main reason of these orientation changes is the drastic increase of the
ion flux and energy of positive ions induced by the RF bias although the
substrate was slightly bombarded with negative ions. In wurtzite films, the
(0001) plane has a lower surface energy density than all other planes, which
results in the easy growth of the c-axis-perpendicular (0001) orientation [4.7].
The values of the surface energy density of the (0001), (1120), and (1010)
planes are 9.9, 12.3 and 20.9 e¢V/nm® [4.7]. The lower the surface energy
density is, the higher the surface atomic density becomes, and the higher the
damage in the crystal plane by ion bombardment becomes (Fig. 4.7). The
gradual changes of main preferred orientation from (0001) to (1010) due to
the RF bias are in accordance with the ascending order of the surface energy
density. This means that these changes correspond with the order of damage
tolerance by ion irradiation. This agrees with the mechanism of the c-axis
parallel (1120) or (1010) preferential development as described in Chapters
1. Highly-energetic positive ion bombardment by RF bias sputtering is useful

for orientation control of polycrystalline films.
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Fig. 4.6 (a) XRD patterns and (b) ratios of the XRD peak integrated

intensities of the samples grown without bias, or with 2 MHz RF
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(0002), (1120), and (1010) XRD peaks, respectively.
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Unusual crystalline
orientation

Preferred orientation (0001) plane  (1120) plane (1070) plane
RF bias power Low ¢ > High
Flux and energy of positive ions Low > High
Surface energy density (eV/nm?2) 9.9 12.3 20.9 [4.7]
Surface atomic density High < 1 Low
Damage by ion bombardment High < 1 Low

Fig. 4.7 Summary of the relationship between the preferred orientations and

the ion bombardment in RF bias sputtering deposition.

In Fig. 4.6(a), the film thicknesses of the samples grown with the RF bias
of 5-15 W were thicker than that without the RF bias, although the substrate
was bombarded with the highly-energetic positive ions. These results also
indicate that the increase of the plasma-target voltage by the RF bias. With
increasing RF bias power of 20 W, the sputtering of the film was caused by the
positive ion bombardment, and then the film thickness of the sample was
decrease. However, an intense (1010) peak was observed in the sample with
50 W RF bias. 3-dimensional crystalline orientation of the (1010) ZnO film
was evaluated by (1011) pole figure. The (1011) plane in ZnO crystal has an
angle of 28° with the (1010) plane, so that (1011) pole figure indicates poles
at y =28° Fig. 4.8 shows the (1011) pole figures measured at 0 and 45 mm
from the substrate electrode center. {1011} poles were not concentrated at
=28° in the sample at 0 mm. Therefore, the c-axis oriented randomly in
in-plane direction. On the other hand, at 45 mm from the substrate electrode
center, two concentrated {1011} poles were observed near y=28°, ¢=90° and
w=28° ¢=270°. This result indicate that the c-axis aligned in both
out-of-plane and in-plane direction. Degree of the (1010) orientation

measured by @-rocking curve FWHM was 4.7°. In the glow discharge, positive
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ions generally enter the electrodes at right angle. Therefore, the in-plane
alignment of c-axis would not be expected by the positive ion bombardment.
On the other hand, the substrate remained to be bombarded with
highly-energetic negative ions in the RF bias conditions (Fig. 4.5(b)). A
probable reason for the alignment is the bombardment with the negative ions

generated near the target, as is the case in Chapter 3.
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Fig. 4.8 (1011) pole figure of the sample with the RF bias of 50 W, measured

at (a) 0 and (b) 45 mm from the anode center.
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4.3 UNUSUAL CRYSTAL GROWTH OF AIN FILM
USING RF-SUBSTRATE-BIAS SPUTTERING

AIN films, which have wurtzite structure, are attractive for high-frequency
piezoelectric devices [4.8, 4.9] because the BAW velocity of AIN is about two
times higher than that of ZnO. However, low piezoelectric constants of AIN
lead to low electromechanical coupling coefficient. Recently, Akiyama et al.
found the significant increase of piezoelectricity in the Sc heavily doped AIN
film [4.10]. The value of the extensional piezoelectric constant in
Sco.43Alp.57N film was increased five-fold as compared with that in pure AIN
film. In this section, unusual crystal growths of c-axis-parallel-oriented AIN

and ScAIN will be demonstrated using RF bias sputtering.

4.3.a TON BOMBARDMENT DURING AIN FILM GROWTH

In AIN film growths, argon and nitrogen gas is usually introduced, and Al
metal target is used. Figure 4.9 (a) and (b) shows mass spectra of positive ions
and negative ions bombarding the substrate in a conventional RF magnetron
sputtering system. The total gas pressure was set 1 Pa, and the Ar/N; gas ratio
was set to 1/3. RF power of 50 W was applied to the Al target. In this
condition, a large amount of gas molecules were positively ionized during the
discharge. However, highly energetic ions such as N were not generated from
the Al target surface.

In Chapter 3, the author pointed out c-axis parallel oriented ZnO film was
induced by the ion bombardment of highly energetic O from a ZnO target to
the substrate during the RF magnetron sputtering (Fig 4.9(c)). Therefore,
c-axis parallel oriented AIN film cannot be expected in a conventional
sputtering system. On the other hand, positive ions had low energy, but they
were easily accelerated by RF substrate bias. Figure 4.10 shows energy
distributions of Ar" positive ions which enter the substrate during the AIN

growth with 2 MHz RF bias. As is the case in Section 4.2, both the amount of
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ion flux and ion energy drastically increased as RF bias power increased. This

highly-energetic positive ion bombardment can be used for the unusual crystal

growth.
a
( )A 40x10° T B ——
& 3ok AT Positive ion |
O
> oL 2. | Altarget
= 1 1 g g | Ar/N, = 3/1
5 10 1T T o
E o 1.1 1 1 ' .11 1 ' 1.1 1 1 ' 1.1 1 1 ' 1111 ' 1111
0 10 20 30 40 50 60 70 80 90 100
m/z
b
( )A 15x10° —
§ . |Negative ion
= 10 - - - | Altarget |
= 5 R e I R N | Ar/N, = 3/1
[ ; T T
"G_J’ i | |
E o 1.1 1 1 ' 11 1 1 ' 1.1 1 1 ' 1.1 1 1 ' 11 1 1 ' 11 1 1 ' 1.1 11 ' 1.1 1 1 ' 11 1 1 ' 11 1 1
0 10 20 30 40 50 60 70 80 90 100
m/z
(c) 3
—~~ 15X1O | | | | | | H H
n | | : : : : : . .
g 1ok 49 I T _|Negative ion|
z | ZnO target
> sl JAIO =173 |
C : : : : : : : " "
() : : 3 3 3 3 3 3 1
E 0 11 1 1 ' 1.1 1 ' 1.1 1 1 ' 1111 ' 1111 ' 1111 ' 1.1 1 1 ' 1.1 1 1 ' 1111 ' 1111

0 10 20 30 40 50 60 70 80 90 100
m/z

Fig. 4.9 Mass spectra of (a) positive ions and (b) negative ions bombarding
the substrate in AIN film growth, and that of (c) negative ions in

ZnO film growth using a conventional RF magnetron sputtering.
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Fig. 4.10 Energy distributions of Ar" positive ions which enter the substrate

during the AIN growth with 2 MHz RF bias.

4.3.b AIN AND ScAIN FILM GROWTH

The deposition condition of AIN sample growth in RF-bias sputtering is
shown in Table 4.3. The sputtering system was same in Section 4.2. A Silica
glass with evaporated aluminum electrode layer was used as a substrate. A
sample on a silica glass without the RF bias was also prepared for comparison.
For ScAIN growth, Sc ingot grains were set on the Al target. Yanagitani et al.
reported about 20% Sc concentration in the deposited sample with the totally
1 g Sc grains [4.11]. The deposition condition of SCAIN growth was same in

Table 4.3 except for the Sc ingot grains.
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Table 4.3 Deposition condition of an AIN sample growth in RF-bias sputtering

Gas pressure 1 Pa
Ar /N, 3/1
RF power supply to the target 13.56 MHz, 100W
RF bias power supply 2 MHz, 10 W
Sputtering target Al

The crystalline orientations of the samples were measured by 26— scan
XRD. Figure 4.11 shows the XRD patterns of the samples. An (0002) peak
was observed in the sample deposited without bias. The (0001) plane has a
lower surface energy density than all other planes, as is the case in ZnO
crystal, which results in the easy formation of the (0001) preferred orientation.
The usual (0001) orientation changed into the (1120) preferred orientation
with RF bias as expected. On the other hand, (1120) and (1010) XRD peaks
were observed in the ScAIN film with 10 W RF bias. The c-Axis parallel
oriented ScAIN film can be also grown under the RF bias condition. FWHM
values of the (1120) plane w-scan rocking curves were 6.6° in AIN film and
5.0° in ScAIN film. However, in {1122} pole figure analysis, {1122} poles
were not observe, and therefore c-axis randomly oriented in the plane of the
film. This result also indicates the in-plane alignment required an angled
bombardment of negative ions. Further results on the incident angle of ion

bombardment should be examined.
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Fig. 4.11 XRD patterns of the AIN and ScAIN samples with 2 MHz RF bias.
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5 Piezoelectric effect and electromechanical conversion

5 PIEZOELECTRIC EFFECT AND
ELECTROMECHANICAL CONVERSION

5.1 PIEZOELECTRIC EFFECT

Electric charges appear on a piezoelectric crystal surface with internal
electrical fields when stress is applied to the crystal. This phenomenon is
called piezoelectricity. Periodic expansions and contractions are generated in
the crystal by an electromagnetic wave. Acoustic waves can be excited as a

result of this phenomenon. The piezoelectric stress equation can be written as

Tij: CEijkISkl_ekij Ek y (Sla)
Di= e|k|Sk| +gsikEk' (S.I.b)

where, Tij, Sk, Di and Ei are stress, strain, electric flux density and electric
field components, respectively. These equations include three constants:
elastic constants CEijk|, piezoelectric constants €jjx and dielectric constant gsik.
Superscripts E and S mean elastic and dielectric constants measured under
constant electric field and strain, respectively. A part of Eq. (5.1.a) represents
Hooke's law which describes the relationship between Tjj and Syj. In addition,

if Ex is applied to the crystal, T;; are induced.

5.2 MATERIAL CONSTANT TENSOR

ZnO has a hexagonal structure as shown in Fig. 5.1. Piezoelectric
properties of ZnO crystals depend on the crystal direction due to the crystal
anisotropy [5.1-5.2]. Subscript matrix notations of the constants in Eq. (5.1)
are abbreviated as Tjj = Tp, Sk = Sq, CEijk| = Cqu, and ejx = ejp introduced in
IEEE Standard on Piezoelectricity [5.3]. The elastic constant tensor of ZnO is

simplified by hexagonal symmetry [5.4]:
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2.096 1205 1.046 0 0 0
1.205 2.096 1.046 0 0 0

o = 1.046 1.046 2.106 0 0 O ol pum?l. (5.2)
0 0 0 0423 0 0
0 0 0 0 0423 0
0 0 0 0 0 0.446

The piezoelectric constant tensor €jp of ZnO is as follows:

0 0 0 0 -048 0
ep=| 0 0 0 -048 0 0] [C/m’]. (5.3)
~0.573 -0.573 1321 0 0 0

The relative dielectric constant is

855 0 0
ese,=| 0 855 0 |, (5.4)
0 0 102

where, & = 8.854x107'? [F/m]. The density p of ZnO is 5.665x10° kg/m".
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Fig. 5.1. Hexagonal structure.

-59 -



5 Piezoelectric effect and electromechanical conversion

Wave propagation properties of BAWs and SAWs depend on crystalline
anisotropy. The coordinate transformations are required in each tensor so that
the direction of the crystal axis (X, Y, Z) corresponds to that of the wave
propagation (X;, X2, X3). Fig 5.2 shows Euler angles ¢, 6, and w for the
coordinate transformations. The transformation matrix [a] through ¢, 6, and y

is described by:

cosg sing O] |1 0 0 cosy siny O
[a]: —sing cos¢g 0| |0 cos@ sin@ | |—-siny cosy 0. (5.5)
0 0 1|0 —sin@ cosé 0 0 1

The dielectric constant & transforms as

[¢]=[a] [¢] [a]". (5.6)

Fig. 5.2. Euler angles ¢, 6, and y for the coordinate transformations.

To transform the elastic and piezoelectric constant tensors, Bond’s method
[5.5] is applied to the tensors with abbreviated subscript notations. The 6x6

transformation matrix of coefficients [M] in Bond’s method is given as
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and electromechanical conversion

aj, ap, aj; 28,585 2a,3ay, 2a,,a,,
CH as, as, 2a,,8y; 2a,3a,, 2a,,8,,
M]= a3, a3, a3, 285,833 285385, 28,83
831831 @p83;  Ax383; 8pndaj; t8;83 883 Ta383; 8583 +8x,38;
a318); 838y Aa3d;3  apdz; +8;383  A;3d; +a;83; 8583 +apa;s
aj18y;  8pdy  838y; 88y T 838y  A;38; H 88y 8138y 8158y

(5.7)

Finally, transformed elastic and piezoelectric constant tensors ¢’ and €’ are

obtained using Eqgs. (5.5) and (5.7):

e)=Mm]lc] MT".

(5.8)
and

(5.9)

5.3 BAW PROPAGATION

In Chapters 3 and 4, c-axis parallel oriented ZnO films could be grown. For
their applications to BAW devices, BAW propagation in the film will be analyzed in
this section. Fig. 5.3 shows an analytical model of it. The X3 direction is the wave
propagation direction, and the X; direction corresponds to the c-axis direction. The
Euler angles (¢, 6, w) are (0°, 90°, 90°) in this model. Transformed elastic
constant, piezoelectric constant and dielectric constant tensors C’pqE, e’ip and

g’iks are calculated as follows:
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2.096 1.046 1.046 0 0 0
1.046  2.096 1205 0 0 0
1.046 1205 2.106 0 0 0
Clpoqm = x10'"" [N/m?], (5.10)
0 0 0 0446 0 0
0 0 0 0 0423 0
0 0 0 0 0 0423
1321 -0.573 —-0573 0 0 0
e’ip=| 0 0 0 0 0 —048| [C/m], (5.11)
0 0 0 0 -048 0
102 0 0
£ /eg=| 0 855 0 | (5.12)
0 0 855
c-Axis BAW
/ propagation
X2 X1 /
> >
> >
X3

Fig. 5.3. Analytical model of BAW propagation in a c-axis-parallel-oriented film.

In BAW propagation toward X3 direction, general plane-wave solutions of
mechanical displacement components U;, U, Us and electric potential ¢ are

well known as:

U A
Ej _ : exp{ja) (t—%} (5.13)
@ A,
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where o is the angular frequency and Vv is the phase velocity. The Strain field
components Sy are defined by U, Uy and U; as

1{ou, ou
S, =—| k4271 k=1), 5.14.
I 2(8)(' +8ij ( ) ( a)
ou ou
S, =—* ! k #1). 5.14.b
= ox on, (k#1) (5.14.b)

and the electric field Ey are given by ¢:

op
E, =———. 5.15
<= ox, (5.15)

Thus, the wave motion equation for the X3 direction is given by

b 0'u, 0T, 8Ty 0Ty _ 0Ty,

_0Ty 5.16.a
ot?  Ox; 0%, 0%y 0% ( )
p82u2 _ 0Ty 0Ty | 0Ty _ 0Ty , (5.16.b)
p62u3 _ 0Ty N 0Ty, N 0Ty _OTs ’ (5.16.¢)
ot>  0x;  0Xp  0X; 0%
where
ou op
T — _C’E 1 +e! , 5.17-a
31 = 15 =Css X, 35 ox, ( )

5.17.b
o (5.17.b)

— 5.17.c
o (5.17.)

As div D = 0, the electrostatic equation is as follows:
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aD3 ’ 82ul 1S 82¢
=855 &3, =0.
0%y 0X%; 0X;

(5.18)

Substituting Eq. (5.13) into Egs. (5.16) and (5.18) gives the following

relation:

cis — v’ 0 0 —e5s [ A
'1E _ 2 A

0 Cu - 0 ) 0 1% g (5.19)
0 0 Cy3 — PV 0 | A
—es; 0 0 &35 \As

If A1, Ay, Asand A4 are all nonzero, three types of the phase velocity are

obtained:
s

Vg = T”=2830 [m/s], (5.20.a)
C!E

Vg,= f=2800 [m/s], (5.20.b)
CrE

Vi =.|—2=6080 [m/s]. (5.20.c)
P

Vs and Vg, are the velocities of pure shear wave with a U; and u, displacement,
respectively, and vp is that of longitudinal wave. Only vs; includes the
piezoelectric constant €’3s. This result means that a shear stress Ts is
generated through coupling of the piezoelectric constant €’3s, when an electric
field E; is applied to a ZnO film whose c-axis is aligned along the X; direction.
Therefore, a shear-mode HBAR and FBAR can be fabricated by sandwiching a

c-axis-parallel ZnO film between a top and bottom electrodes.
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5.4 ELECTROMECHANICAL COUPLING COEFFICIENT

A Degree of the transformation of electrical energy into mechanical
energy and vice versa is defined by electromechanical coupling coefficient k.
The value of k depends on vibration mode and temperature, and affects the
insertion loss and bandwidth of piezoelectric transducers as well as various
piezoelectric devices. An input electrical energy U; and an output mechanical

energy U, can be given by

ui=lED=lgSE2, (5.21.a)
2 2
U 1TS 1€°E” (5.21.b)
=3 =t
Here, electromechanical coupling coefficient K is defined as
2 U 2
K2 Yo _ ¢ (5.22)

1-k? _Ui _ESCE

using piezoelectric constant e, dielectric constant &° and elastic constant c.

Thus, k can be written as

e7
S
k? =—24—. (5.23)
e E
&

Using piezoelectrically stiffened elastic constant
cP=cE4+ = (5.24)

which measured under constant electric flux density, k is written by ¢ as
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(]
m

k=, 1--—. (5.25)

o
lw)

On the other hand, in SAW and Lamb wave analyses, the effective

electromechanical coupling coefficient K? is derived from

K2 :2{1—"—111} (5.26)

Ve

where V¢ and vy, are the phase velocities for the free and metallized surface of

the wave propagation path, respectively.
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6 ESTIMATION OF ELECTROMECHANICAL
COUPLING COEFFICIENT AND
THICKNESS OF UNORIENTED LAYER

It is important to know the electromechanical coupling coefficient K in
order to apply a piezoelectric film to acoustic-wave devices. In this section,
HBAR structures using c-axis-parallel-oriented film were fabricated, and the
electromechanical resonance characteristics of these HBARs were
experimentally observed. These results were compared with the theoretical
estimations by a mechanical transmission line model to determine the
shear-mode k;s [6.1, 6.2].

In addition, by applying this method, the thickness of the unoriented layer
was predicted. Wide band-gap semiconductor films such as GaN, AIN, ZnO
and SiC have been well studied to meet the demands of short-wavelength
optical devices and high-power electronic devices [6.3-6.7]. In particular,
highly oriented polycrystalline ZnO have been of great interest for use in
transparent thin film transistors [6.8, 6.9]. ZnO films can be deposited on
glass or plastic substrate without use of an epitaxial technique and therefore
they are promising for invisible and flexible display devices [6.8-6.13]. In the
case of non-epitaxial growth such as a growth of the highly oriented
polycrystalline film, crystalline orientation in initial stage of the growth
differs from that in full-grown stage [6.14]. Distribution of the crystalline
orientation in the depth direction is, however, difficult to investigate by using
a usual non-destructive XRD method. Therefore, the crystalline orientation in
the depth direction is generally determined by a cross sectional transmission
electron microscopy (TEM) analysis and electron diffraction in the cross
section of cut samples. In this chapter, a non-destructive method for
predicting the thickness of the wunoriented layer, making use of

piezoelectricity distribution of films is proposed.
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6.1 ONE-DIMENSIONAL MECHANICAL TRANSMISSION
LINE MODEL

6.1.a MASON’S EQUIVALENT CIRCUIT MODEL

An HBAR structure is fabricated to estimate electromechanical coupling
coefficient K;5 in c-axis-parallel oriented film [6.1, 6.2] as shown in Fig. 6.1.
The experimentally-observed HBAR conversion loss compares with numerical
simulation model. One-dimensional Mason’s equivalent circuit model was
employed as a simulation model [6.15]. To consider the effect of electrode on

HBAR, Equivalent circuit is represented including thin electrode layers.

c-Axis parallel Electrode Shear-mode

: : c-Axis
oriented film / / BAW
\

’ /1

— > —

\

Substrate

Fig. 6.1 HBAR structure consisting of c-axis-parallel-oriented film.

In the case of non-piezoelectric elastic solid, a thickness shear mode vibrator
can be described as T-type equivalent circuit (Fig. 6.2), where F; and F, are
mechanical forces, and v; and v, are particle velocity acting on each surface of
the solid. Here, Z is acoustic impedance, yis the propagation constant, and d

is the thickness of the solid. yand Z are given as:

)

Y= J_’ (61)
Vi

Z = Spug,, (6.2)
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where p is density of the elastic solid and S is electrode area of the vibrator.
On the other hand, the vibrator with a piezoelectric elastic solid can be
described as the Mason’s three port equivalent circuit. As shown in Fig. 6.3,
this circuit includes additional electric terminal concerning electric voltage V
and current | [6.15]. Static capacitance C and ratio of transformer ¢, in the

circuit are written as:

Cos >, (6.3)
d
.S

¢0 =3TS. (6.4)

Shear mode electromechanical coupling coefficient k;s affects the

equivalent circuit through the relationship as follows

e‘378
Ki=—0 /L% (6.5)
Thus, ¢ is given by K5

1
_| Cvg, ks 2
) —{ q (—1—k55ﬂ : (6.6)

As shown in Fig. 6.4, the equivalent circuit for HBAR is described by
cascade arranging non-piezoelectric and piezoelectric part using the circuits
in Figs. 6.2 and 6.3. Subscript p, et, eb and s in the figure represent
piezoelectric layer, top electrode layer, bottom electrode layer and substrate,

respectively. Because of the top electrode surface is free of mechanical stress,
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the acoustic input port is shorted. In this case, the substrate thickness is
enough to ignore reflection waves from the bottom surface of the substrate.

Therefore, it is assumed as infinite.

jZtan(ydI2)

1 Vi > p Va 2
o—| |—o
V'S V'S

-fZ/sin ()d)
I:1 F2
1°° o

Fig. 6.2 Equivalent circuit of non-piezoelectric elastic solid.

jZtan(yd/2)
V4 Vo 9
1 c_> I |<—o
A A
-fZIsin (yd)
Bl s (Pt "2
J_ |
1 T 3 §
1,C T 02,

Fig. 6.3 Equivalent circuit of piezoelectric elastic solid.
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Top electrode (Cu)

Ly, Yet, det

d Piezoelectric layer (ZnO) +—— Z,, 5, dp

Bottom electrode (Al) —— Zeb, Yeby Jeb

Substrate (Silica glass)

\/\
-jZp Isin(ydp) jZevtan(yenden 12)

— e
_Cp

vo | jZstan(y,d, /2)
—_— — Cp } g -_/Zeb/Sin(J/ebdeb) /£i|
1:¢

1" jZetan(petdet /2)

| ZSI 7/5) dS

“]

[

'/Zet/Sin(ﬂ/etdet)

Symbols Subscripts

y . Propagation constant p : Piezoelectric layer

d: Thickness of the layers et : Top electrode layer

Z : Acoustic impedance eb : Bottom electrode layer
C : Static capacitance s : Substrate

¢ . Ratio of transformer

Fig. 6.4 One-dimensional mechanical transmission line model of the HBAR.

Input admittance Y;, of the HBAR can be calculated by the equivalent

circuit in Fig. 6.4. Using the calculated Yi,, conversion loss CL is given by the

following equation:

4G,G;

CL=10log
(G, +6G,)%+B,?

+ Loss, (6.7)

where G, is the conductance of the electrical source (G,=0.02 S), G and B are
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input conductance and susceptance of Y, respectively. The value of
electromechanical coupling coefficient Kis was optimized so that the
calculated minimum conversion loss mostly agrees with the experimental

minimum conversion loss.

6.1.b EQUIVALENT CIRCUIT MODEL
INCLUDING PIEZOELECTRICALLY INACTIVE LAYER

Thicknesses of a randomly oriented layer or an amorphous layer in the
initial stage of the film growth can be predicted non-destructively from the
characteristics of electromechanical resonance induced by applying RF
electric field. Stress is generated when electric field is applied to a
piezoelectric layer. In contrast, stress is not generated when electric field is
applied to a randomly oriented layer or amorphous layer, because these layers
are piezoelectrically inactive [6.14]. Figures 6.5(a) and (b) show schematic
diagrams of piezoelectric polarizations of electromechanical resonators
consisting of a single piezoelectric layer and a multilayer including the
piezoelectrically inactive layer, respectively. In the case of the single layer
resonator, a fundamental mode is excited but a second-overtone mode is not
excited, because the stresses or piezoelectric polarizations induced at the
upper and lower parts of the piezoelectric layer cancel each other, and
acoustic waves cannot be excited in a second-overtone mode. In contrast, in
the case of the multilayer resonator including the piezoelectrically inactive
layer, both fundamental and second-overtone modes are exited, because the
stresses or piezoelectric polarizations induced at the upper and lower parts of
the multilayer are not equal and not completely canceled, as shown in Fig.
6.5(b) [6.16]. Therefore, the degree of second-overtone mode excitation is
proportional to the degree of the piezoelectricity and the thickness of the
inactive layer. In comparison of the experimental intensity ratio of
fundamental and second-overtone modes with the theoretical one obtained

from a mechanical transmission line model, the thickness of the
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piezoelectrically inactive layer can be estimated and the thickness of

unoriented layer can be predicted.

Polarization charge: + —
Electric field: |

Second
(a) (b) overtone mode
+ + + + +] [+ +++ +] / Uooor
L O S e art
e T p
| - | e - {- -~~~ .
AN ] Ny

cannot be excited is excited | Piezoelectrically
inactive layer

+ 4+ + | s\ T
Acoustic wave @ Acoustic wave!

Fig. 6.5 Schematic diagrams of piezoelectric polarizations induced at upper
and lower parts of (a) a single uniform piezoelectric layer and (b) a
multilayer including the piezoelectrically inactive multilayer,

respectively.

Figure 6.6 shows a mechanical transmission line model for a resonator
including a piezoelectrically inactive layer in the initial stage of the film
growth. Because the crystalline orientation of the piezoelectric film gradually
improved as the growth proceeded, the initial growth layer strictly has some
piezoelectric response. The piezoelectric effect of initial growth layer is,
however, significantly less than that of the highly oriented layer that
developed with further film growth. Therefore, this model includes a simple
piezoelectrically inactive layer whose mechanical properties are assumed to
be ideal ZnO film and the piezoelectric constant is zero. Input admittance Yi,
was calculated by using the equivalent circuit and then conversion loss CL
was calculated from Eq. (6.7). The electromechanical coupling coefficient k
value and the velocity values of the ZnO film were selected so that the

minimum conversion loss mostly agreed with the experimental result. Then,
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the thickness of the piezoelectrically inactive ZnO layer d, value was

estimated.
Top electrode (Cu) 5 Zet, Yet, et
J Piezoelectric layer (ZnO) | Z,, », dy=d—dh
Piezoelectrically inactive layer +—— Z,, , dh
Bottom electrode (Al) —— Zeb, Jeb, deb
Substrate (Silica glass) — Zs, % s
+JZp /sin(y,0)) JZstan(dn/2) JZevtan(yenden /2)
2
[S— T e TC
_Cp . .
. - Zn/SIn ndn
Y, jZptan(sdy 12) L4/ (7o)
= o b A
1 :¢ '/Zeb/Sin(ﬂ’ebdeb)
1 ‘ JZetan(jeidet 12) 2
-jZedsin (7 etdet)
Symbols Subscripts
Z : Acoustic impedance p : Piezoelectric layer
y . Propagation constant n : Piezoelectrically inactive layer
d: Thickness of layer et : Top electrode layer
p . Density eb : Bottom electrode layer
S : Top electrode area s : Substrate
C: Static capacitance
¢ . Permittivity of piezoelectric layer
¢ . Ratio of transformer
v . Acoustic wave velocity
k : Electromechanical

coupling coefficient

Fig. 6.6 One-dimensional mechanical transmission line model included a

piezoelectrically inactive layer. The substrate thickness is assumed

to be infinite to exclude the effect of acoustic waves reflected from

the bottom surface of the substrate.
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6.2 ESTIMATION OF ELECTROMECHANICAL COUPLING
COEFFICIENT

To measure the piezoelectric properties of the HBAR, acoustic waves were
excited by applying a high frequency sinusoidal electric field between the top
and bottom electrodes [6.17], as shown in Fig. 6.7. Shear waves propagate
into the substrate and reflected at the top electrode surface and the bottom
surface of the substrate. This wave was observed using inverse Fourier
transform of reflection coefficients (S;;) of the HBAR (Fig. 6.8), which were
measured using a network analyzer (Agilent, E5071B) with a microwave
probing system (GGB Industries, Picoprobe model 40A). Top electrode areas
were adjusted to have the capacitive impedance of the layers close to 50 Q at
fundamental thickness shear mode resonant frequency. Conversion losses of
the HBARs were calculated from a Fourier transform of the first echo in the
shear wave. In the conversion losses, the effect of the propagation loss in the
silica glass substrate was subtracted using o/f > = 1.99x107"° dB-s*/m for a
shear wave [6.18, 6.19].

The experimental conversion losses were compared with the theoretical
conversion losses of one-dimensional mechanical transmission line model in
Fig. 6.4. The physical constant tensors of the ZnO layer were assumed to be
identical to the single crystal values [6.20] and properly rotated in accordance
with the c-axis tilt angle of 90°.

Table 6.1 shows the sample structures of the HBARs. The
c-axis-parallel-oriented ZnO film in sample A was grown by a conventional
RF magnetron sputtering system in Chapter 3 and had (1120) preferred
orientation. The FWHM value of the ZnO(1120) plane w-scan rocking curve
was 5.1°. On the other hand, the c-axis-parallel-oriented ZnO film in sample B
was grown by RF substrate bias sputtering in Chapter 4 and had (1010)
preferred orientation. The FWHM value of the ZnO(1010) plane w@-scan

rocking curve was 5.7°.
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Network analyzer

W) Dooooos e
Oo0000s & 6
N4

c-Axis-parallel oriented ZnO

Cu top electrode /
c-Axis

Microwave probe L / %
™
7

MicrowaveI G G —

Al bottom B
electrode
“ Acoustic
Silica glass wave

Fig. 6.7 Measurement system of reflection coefficient S;; by a network

analyzer.
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Fig. 6.8 Impulse response of the HBAR.

-77 -



6 Estimation of electromechanical coupling coefficient
and thickness of unoriented layer

Table 6.1 HBAR structures of sample A and B

A: B:
Cu/ZnO(1120)/AI/SiO,  Cu/ZnO(1010)/Al/SiO,
Top electrode Cu (0.25 um) Cu (0.10 gm)
Piezoelectric layer (1120) oriented ZnO (1010) oriented ZnO
(4.0 um) (2.4 ym)
Deposition method RF magnetron sputtering RF substra_te bias
sputtering
Bottom electrode Al (0.17 um) Al (0.10 zm)
Substrate Silica glass (0.5 mm) Silica glass (0.5 mm)
Acoustic wave Shear wave Shear wave

excitation

Figures 6.9(a) and (b) show the frequency responses of the experimental
shear mode conversion loss measured in sample A and B, respectively. In Fig.
6.8(a), the minimum conversion loss was found at 320 MHz, corresponding to
the fundamental thickness shear mode resonant frequency (S;) in the ZnO film.
The solid lines show the theoretical conversion losses calculated using
shear-mode electromechanical coefficients of ki5=0.09, 0.12, and 0.15. The
calculated minimum conversion loss using k;s=0.12 provided the best
agreement with the experimental minimum conversion loss. The shear-mode
electromechanical coefficient in sample A was thus estimated as K;s=0.12,
which corresponds to 65% of that in a ZnO single crystal (k;5=0.26). Likewise,
as shown in Fig. 6.9(b), the ks value was estimated to be 0.17 in sample B,
and corresponds to 46% of that in a ZnO single crystal. A discrepancy in the
shape of the experimental and theoretical curves is observed at approximately
640 and 1040 MHz in Figs. 6.9(a) and 6.9(b), respectively, which corresponds
to the second overtone mode resonant frequency (Sz). In the next section, the
thickness of the unoriented layer was estimated by analyzing the second

overtone mode resonant.
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(a) o  Experiment

............... Calculations
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Fig. 6.9 Frequency response of the shear-mode conversion losses of (a)

sample A and (b) sample B.

6.3 ESTIMATION OF THICKNESS OF UNORIENTED LAYER

To confirm the effect of the piezoelectrically-inactive layer on the
conversion loss of HBAR, sample C and D were prepared as shown Table 6.2.
The (0001) oriented ZnO layer can be grown on a (0001) oriented Ti electrode
because of the local epitaxial relationship between ZnO(0001) and Ti(0001).
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Therefore, the author predicted the piezoelectrically inactive ZnO layer would
be very thin in the sample consisting of Cu/ZnO(0001)/Ti(0001)/Si0, (sample
C). On the other hand, the sample including artificial piezoelectrically-inactive
layer (sample D) was prepared. (0001) oriented Al-doped-ZnO (AZO) layer was
intentionally inserted between ZnO(0001) and Ti(0001) layers. Because AZO
does not exhibit a piezoelectric effect due to its low resistivity, the AZO(0001)
layer behaves as a pseudo piezoelectrically-inactive-ZnO layer. The resonator

consisting of the (0001) oriented ZnO film excites pure longitudinal wave.

Table 6.2 HBAR structures of sample C and D

C: D:
Cu/ZnO(0001)/Ti(0001) Cu/ZnO(0001)/AZO(0001)
/Si0, /Ti(0001)/Si0O,
Top electrode Cu (0.15 gm) Cu (0.15 gm)
Piezoelectric layer (0001) oriented ZnO (0001) oriented ZnO
(3.2 pm) (3.5 pm)
Artificial (0001) oriented
non-piezoelectric layer Al-doped-ZnO (0.5 zm)
(0001) oriented Ti (0001) oriented Ti
Bottom electrode (0.10 m) (0.10 zm)
Substrate Silica glass (0.5 mm) Silica glass (0.5 mm)
Acoustic wave excitation Longitudinal wave Longitudinal wave

The crystalline orientations of the ZnO films in sample C and D were
measured with an X-ray diffractometer (PANalytical, X-Pert Pro. MRD). An
intense ZnO(0002) peak was observed in the both samples. The full width at
half maximum (FWHM) values of the ZnO(0002) plane @w-scan rocking curve
in sample C and D were 1.3° and 1.5°, respectively.

The experimental conversion losses of the resonators were measured
likewise in Section 6.2, and compared with the calculated conversion loss by
using the one-dimensional mechanical transmission line model including the

piezoelectrically-inactive layer in Fig. 6.6. In the theoretical model, the
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author selected the electromechanical coupling coefficient k value and the
velocity values of the ZnO film so that the minimum conversion loss mostly
agreed with the experimental result. Then, the thickness of the
piezoelectrically inactive ZnO layer d, value was estimated.

Figures 6.10(a) and (b) shows the frequency response of the experimental
longitudinal mode conversion loss in the resonator of sample A and B,
respectively. The minimum conversion losses were found at 890 MHz in Fig.
6.10(a) and at 730 MHz in Fig. 6.10(b), corresponding to the fundamental
longitudinal mode resonant frequency L;. In Fig. 6.10(a), the lines show the
theoretical conversion losses simulated by using transmission line model with
d,=0.0, 0.1, 0.2 and 0.3 um. The second overtone mode resonant L, at 1.78
GHz was enhanced with increasing d, values as expected. The theoretical
curve at d,=0.2 yum was in good agreement with the experimental curve.
Consequently, thickness of the piezoelectrically inactive layer in the sample A
was determined to be 0.2 gm. In Fig. 6.10(b), the second overtone mode
resonant L, at 1.46 GHz was highly excited due to the artificial inactive AZO
layer as expected. The theoretical curve at d,=0.7 um was in good agreement
with the experimental curve. Considering the 0.2 ym thickness of the inactive
layer in the sample A and the 0.5 gm thickness of AZO film as the artificial
inactive layer, the 0.7 um thickness of the inactive layer in the sample B is
reasonable.

To estimate the thickness of the unoriented layer, likewise, as shown in
Fig. 6.11(a) and 6.11(b), the d, value was estimated in sample A and B,
respectively. The theoretical curves at d,=0.3 and 1.5 ym were in reasonable
agreement with the experimental curves of sample A and B, The thicknesses of
the piezoelectrically inactive layer in the sample A and B were determined to

be 0.3 and 1.5 um from the resonance characteristics, respectively.
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Fig. 6.10 Frequency responses of the longitudinal-mode conversion losses of
(a) the ZnO(0001) film resonator (sample C) and (b) the
Zn0O(0001)/AZO(0001) film resonator (sample D). The simulated
minimum conversion losses using k33=0.23 in Fig. 6.9(a) and
k;3=0.22 in Fig. 6.9(b) provided the best agrecement with the
experimental one at the fundamental thickness longitudinal mode

resonant frequency L.
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Fig. 6.11
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Frequency responses of the longitudinal-mode conversion losses of
(a) the ZnO(1120) film resonator (sample A) and (b) the ZnO(1010)
film resonator (sample B). The simulated minimum conversion
losses using k;5=0.12 in Fig. 6.10(a) and k;5=0.17 in Fig. 6.10(b)
provided the best agreement with the experimental one at the

fundamental thickness shear mode resonant frequency S;.
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ED patterns of the sample A measured at three regions surrounded by a
circle in the TEM image of Fig. 6.12(a) were shown in Figs. 6.12(b)-6.12(d).
The direction of the incident electron beam was normal to the (1100) plane. A
ring pattern was observed in the ED pattern at the region 0.5 gm from the Al
bottom electrode, as shown in Fig. 6.12(d). The ring pattern at this region
indicates the random orientation in the initial stage of the film growth. At the
region 1.9 um, although the slight ring pattern still remained, a spot pattern
appeared, as shown in Fig. 6.12(c). The ring pattern disappeared and the spot
pattern was clearly observed at the region 3.3 um in Fig. 6.12(b). These
results indicate good crystalline orientation at more than 1.9 gm in thickness
of the ZnO(1120) film. From this observation, the author can conclude that
the thickness of the piezoelectrically inactive layer of d,=1.5 um estimated
from resonance characteristic is reasonable. In the transmission line model
proposed in Fig. 6.6, the author assumed the piezoelectrically inactive layer as
a uniform structure. On the other hand, the crystalline orientation of the ZnO
(1120) film in depth direction gradually improved as the growth proceeded in
Fig. 6.12. In spite of these actual conditions, these results show that the d,
value estimated from the simple theoretical model can be used as an index of

the degree of the crystalline orientation in depth direction.
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A (3) Region A

Region B

(d) RegionC

ZnO film thickness (um)

It
= |
a0

Fig. 6.12 (a) Cross-sectional TEM image of the (1120) ZnO film (sample A)

and ED patterns at the region (b) 3.3 um (region A), (¢) 1.9 um
(region B) and (d) 0.5 um (region C) from the Al bottom electrode.
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7 APPLICATION OF
C-AXIS-PARALLEL ORIENTED Zn0O
FOR SURFACE ACOUSTIC WAVE
AND LAMB WAVE DEVICES

7.1 SAW AND LAMB WAVE PROPERTIES OF C-AXIS
PARALLEL ORIENTED ZnO FILM

Surface acoustic wave (SAW) devices are widely used for frequency filters
in mobile communications [7.1, 7.2] and microsensors [7.3, 7.4]. The
bandwidth of SAW filters and the limitation of sensitivity in SAW sensors
depend on electromechanical coupling coefficient K* in the substrate structure.
For example, SAW substrate structures with high K? value are required for
broadband SAW filter [7.5]. On the other hand, SAW sensors such as gas
sensor and ultrabiolet sensor detect velocity changes of SAW in a
piezoelectric medium, and high K* value leads to high sensitivity in these
sensors. Therefore, the SAW substrate structures with high K* value have been
searched in many studies in order to improve the performance of these SAW
devices.

Wave propagation properties depend on crystalline anisotropy of the
substrate structure. Figure 7.1 shows the relationship between the direction of
electric field applied to ZnO and the electromechanical coupling coefficients
of bulk quasi-longitudinal wave k’;3 and bulk quasi-shear wave k’;s [7.6]. If
the c-axis direction corresponds to the electric field direction, the k’;3 value
reaches maximum. On the other hand, the k’3;5 value reaches maximum at the
c-axis direction tilted with respect to the electric field. These results indicate
the piezoelectric constant €33, which is the highest value in the piezoelectric
constants of ZnO, strongly contributes to both quasi-longitudinal and
quasi-shear electromechanical coupling coefficients. Based on these BAW
properties by the crystalline anisotropy, c-axis-parallel-oriented ZnO film
could enhance the K* value in the case of Rayleigh mode SAW coupled with

longitudinal and shear vertical (SV) wave.
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Fig. 7.1 Calculated electromechanical coupling coefficients of

quasi-longitudinal wave k’3;3 and quasi-shear wave k’3s for ZnO as a
function of the angle 6 between the c-axis and electric field

direction [7.6].

The K? value also depends on the acoustic and piezoelectric properties in
the substrate material. ZnO films, which have high piezoelectric constants,
have been studied for acoustic devices [7.5]. A ZnO film/silica glass substrate
structure is good candidate for the SAW devices because of its low cost and
relatively-high K? value [7.7, 7.8]. On the other hand, Si substrate is widely
used for MEMS devices. SAW devices fabricated on Si have an advantage for
integrated circuits. In addition, Lamb wave device can be fabricated by
etching the Si substrate. Lamb wave devices usually achieve the higher
electromechanical coupling than SAW devices.

At first, the SAW propagation property in an IDT/ZnO/Si substrate
structure was analyzed as functions of normalized film thickness H/A and
c-axis tilt angle € by using the Farnell and Adler’s method [7.9]. The SAW

propagation direction (X;) was parallel to c-axis tilt plane (X;-X3) in order to
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investigate the effect of the c-axis tilt, as shown in Fig. 7.1, on Rayleigh mode
SAW. Physical constants of ZnO reported by Smith and Stubblefield [7.10]
were used in the analysis.

Figure 7.2 shows surface plots of the calculated K* values of the second
(Sezawa) mode SAW in IDT/ZnO/Si structure. Maximum K* value was found
to be K> = 3.8% (phase velocity V = 5280 m/s) at H/A = 0.30 and 8= 90°. 0 of
90° means that the c-axis of ZnO is parallel to the substrate plane. Because the
electric field parallel to the substrate plane is enhanced in this structure,
highly piezoelectric effect was exhibited by the highest piezoelectric constant
es33 at @ = 90°. Figure 7.3(a) and 7.3(b) shows the profile curves of K? as a
function of H/A at &= 0° and 90° in this structure. The K* value of the second
mode at & = 90° and H/A = 0.30 was also higher than that of the other mode.
As a result, the second mode SAW in the IDT/c-axis parallel ZnO/Si structure

is a promising candidate for SAW devices.

90

. Second mode
o 60 SAW
3 =P _|DT electrode
Y .
© c-axis
2 ZnO film
®
= 30-
= Si Substrate

o -

0 0.5 1.0 1.5

Normalized film thickness H/A

0 1 2 3 4
Electromechanical coupling coefficient K2 (%)

Fig. 7.2 Calculated electromechanical coupling coefficient K* of the second
mode (Sezawa) SAW as a function of the c-axis tilt angle & and

normalized film thickness H/A in IDT/ZnO/S1 structure.
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R,: Over tone modes in Rayleigh wave

c-axis

i

c-axis

H/A
Fig. 7.3 the profile curves of K* as a function of H/A at (a) 6= 0° and (b) 90°
in IDT/Zn0O/Si structure.

Next, the Lamb propagation properties in the ZnO film were analyzed as is
the case in the SAW analysis. Figures 7.4(a) and 7.4(b) show surface plots of
the calculated K? values of the first symmetrical Lamb wave mode (Sy) in ZnO
film and ZnO film/bottom electrode, respectively, as functions of normalized
film thickness H/A and c-axis tilt angle 6. Maximum K* value was found to be
K? = 10.5% (phase velocity V = 5610 m/s) at H/A = 0.09 and € = 90° in the
ZnO film without bottom electrode. Figure 7.5 shows the profile curves of K?
as a function of H/4 at 8= 0° and 90° in the first asymmetrical mode (Ay) and
first symmetrical mode (Sy) of these structures. The K? value of the So mode at
0 =90° and H/A = 0.09 was also higher than that of the other mode. As a result,
the Sp mode Lamb wave in the c-axis parallel ZnO can be of great interest for

the applications.
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Fig. 7.4 Calculated K? values of the first symmetrical Lamb wave mode (Sy)
in (a) ZnO film and (b) ZnO film/bottom electrode, respectively, as

functions of normalized film thickness H/A and c-axis tilt angle 6.

ZnO films which c-axis is normal to the substrate plane are generally used
in acoustic wave devices, because wurtzite structure film including ZnO tends

to grow in c-axis normal (0001) orientation [7.11]. However, in Chapters 3
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and 4, c-axis-parallel-oriented ZnO films could be grown without epitaxial
technique. Next section, a first attempt to fabricate the Lamb device using the

c-axis-parallel-oriented ZnO film will be demonstrated.

12 | ‘ ‘ ‘ Lamb wave
S (6=90°) —

07~ A I S—— L

— = | 9=90°

(b) 12 ‘ ‘ ‘ ‘ ‘ Lamb wave
: : : : : #

. —————— — S mmn

————————————— A (o=egn T t 1 |o=0

— = | 9=90°

10 12 Metal electrode

H/A
Fig. 7.5 Profile curves of K? as a function of H/A at 8= 0° and 90° in the first

asymmetrical mode (Ay) and first symmetrical mode (Sy) of (a) ZnO

film and (b) ZnO film/bottom electrode

7.2 SAW AND LAMB WAVE DEVICE FABRICATIONS

First, a c-axis parallel oriented ZnO film was deposited on a Si substrate
by an RF magnetron sputtering system likewise in Chapter 3. Table 7.1 shows
a deposition conditions. The film thickness of the sample was 2.3 um above

the target erosion area.
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The crystalline orientations of the ZnO film were determined by XRD
measurement. Figures 7.6 show a XRD pattern of the sample above the
erosion area. An intense (1120) peak was observed, and the FWHM value of
the ZnO (1120) plane @-scan rocking curve was 4.6°. Therefore, the
c-axis-parallel oriented film can be also grown on a Si substrate using the

conventional RF magnetron sputtering system.

Table 7.1 Deposition conditions is grown on a Si substrate in RF magnetron

sputtering
Total gas pressure 0.1,1.0 Pa
Ar/ 0O, 1/3
RF power 13.56 MHz, 200 W
Deposition time 1 h 50 min
Film thickness 2.3 um
S
ey
20

BN
()]
|

Intensity (kcps)
o
|

5 L

0 1 Ll .l I Ll Ll I 1 1 IAI_I L1 1 LI L1 1 1

30.0 35.0 40.0 45.0 50.0 55.0 60.0
26 (deg.)

Fig. 7.6 XRD pattern of the sample on Si substrate.

Next, Al/Ti IDTs with the wavelength of 8 um were fabricated on the
sample to excite SAWs. The c-axis direction corresponded to the wave

propagation direction. Figures 7.7(a) and 7.7(b) show the IDT configurations
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and optic-microscopic image of the IDT structure. An insertion loss of the
sample was measured by a network analyzer to investigate the propagation
characteristics of SAWs as shown in Fig. 7.8. The strongest peak was
observed at the center frequency (f;) of 575 MHz. The phase velocity of the
acoustic wave was roughly estimated to be 4850 m/s at the wavelength of 8
um. To determine the wave mode, SAW velocities calculated as a function of
normalized film thickness H/A were plotted in Fig. 7.9. Compared with the
experimental value of the velocity, the second (Sezawa) mode SAW was
probably excited. One possible reason for the difference between the
experimental and calculated values is that the density of the c-axis-parallel
oriented film was lower than that of single crystal ZnO used in the

calculation.

(a) 140 m

SAW

. c-AXis

Fig. 7.7 (a) IDT configurations and (b) optic-microscopic image of the IDT

structure.
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Fig. 7.8 Insertion loss characteristic observed in the Al/Ti

IDT/c-axis-parallel-oriented ZnO/Si substrate structure.
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Fig. 7.9 SAW velocities calculated as a function of normalized film

thickness H/A.
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Finally, the Si substrate was etched to fabricate a Lamb wave device.
Figure 7.10 shows an optic-microscopic image of the Al/Ti
IDT/c-axis-parallel ZnO membrane structure. Likewise, an insertion loss of
the sample was measured to investigate the propagation characteristics of
Lamb waves as shown in Fig. 7.11. The strongest peak was observed at the
center frequency of 606 MHz, and the phase velocity was estimated to be 4850
m/s. Lamb wave velocities calculated as a function of normalized film
thickness H/A were plotted in Fig. 7.12. Compared with the experimental
value of the velocity, the first symmetrical mode Lamb wave (S;) was excited.
The difference between the experimental and calculated values also indicated
the lower density of the c-axis-parallel oriented film. The minimum insertion
loss of the Sy mode in the Lamb device was about 3 dB higher than that of the
Sezawa mode in the SAW device. Therefore, the Lamb device has higher

electromechanical coupling coefficient K* than the SAW device.

il

50 um
—

Fig. 7.10 Optical-microscopic image of the Al/Ti IDT/c-axis-parallel-oriented

Zn0O membrane structure.

Although further investigations of the fabrication methods and device
properties are required, the c-axis-parallel-oriented film can be applied to
Lamb devices. For an additional application, the high frequency
magneto-elastic coupling in multilayered structure including the
c-axis-parallel-oriented ZnO membrane and magnetostrictive thin film can be

of great interest [7.12].
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Fig. 7.11 Insertion  loss characteristic observed in the  Al/Ti
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8 Conclusions

8. CONCLUSIONS

In conclusion, the unusual crystalline growth of ZnO film induced by the
negative ion bombardment in the RF magnetron sputtering has been
investigated. The unusual (1120) preferred orientation appeared on the target
erosion area with decreased gas pressure from 1 Pa to 0.1 Pa. The amount of
negative ion flux in low gas pressure of 0.1 Pa, where mean free path is long,
was twice as large as that in 1 Pa on the target erosion area. By comparing
these results, it was indicated that the highly-crystallized (1120) ZnO film
was obtained at the area where a large amount of energetic negative ion O
bombardment (170-250 eV) exist. This ion bombardment technique is

promising for the unusual crystalline growth of various oxide films.

The author also investigated quantitative information of relationship
between the RF bias power, amount of ion flux, ion energy and crystalline
orientation of ZnO in RF substrate bias sputtering. The wusual (0001)
orientation changed into the (1120) preferred orientation with 2 MHz RF bias
power of 10 W, where the peak value of O," energy was 180 eV. The (1120)
preferred orientation then changed into the (1010) preferred orientation with
increasing RF bias power of 20 W at O, energy of 250 eV. The
highly-energetic positive ion irradiation by high RF bias power induced
c-axis-parallel orientation in ZnO film. RF substrate bias method is useful for

orientation control of polycrystalline films.
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8 Conclusions

Finally, the author investigated the potentiality of the c-axis-parallel-oriented
ZnO films for guided acoustic waves including surface and Lamb acoustic waves,
experimentally and theoretically. Values of K? can be theoretically achieved up to
3.8% for the second Rayleigh mode SAW in the ZnO film/Si substrate structure
and 10.5% for the first symmetrical mode Lamb wave in the ZnO membrane.
Then, Sezawa SAW and first symmetrical mode Lamb wave were experimentally
excited. Applications for the acoustic devices which have the high K* are

expected.
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A EFFECT OF METAL AND OXIDE MODE
OF Zn TARGET ON c-AXIS-PARALLEL-
ORIENTED ZnO FILM GROWTH IN
A REACTIVE MAGNETRON SPUTTERING

A.1 INTRODUCTION

ZnO polycrystalline films have attracted considerable interest in
piezoelectric devices and sensors [A.1-A.10]. ZnO films have a strong
tendency to develop a c-axis normal orientation [(0001) orientation]. c-Axis
normal oriented films are widely used for microwave frequency resonators
and filters based on acoustic longitudinal wave and Rayleigh-type surface
acoustic wave [A.1-A.5]. In contrast, unusual c-axis parallel oriented films
[(1010) or (1120) oriented films] are suitable for acoustic shear wave and
surface-horizontal-type surface acoustic wave excitation [A.8-A.10]. These
films are promising for the sensors to measure mass loading in the liquid.

In previous study, c-axis-parallel-oriented ZnO films could be grown by
using an RF magnetron sputtering of a ZnO ceramic target without use of
epitaxial growth techniques, and the effects of sputtering gas conditions on
the development of c-axis parallel (1120) orientation have been investigated
[A.11]. This orientation appears under the conditions of low gas pressure (<
0.1 Pa) and high oxygen gas concentration. A probable reason is the
high-energy oxygen negative ions generated at the ZnO target. These negative
ions easily bombard the substrate during the deposition under the low gas
pressure where the mean free pass is long. The (1120) preferentially develop
was due to the anisotropy of damage tolerance for ion bombardment among
crystal plane. The most densely packed (0001) plane should incur more
damage by ion bombardment than the (1120) planes. Therefore, the ion
bombardment during deposition suppresses the usual (0001)-oriented grain
growth, resulting in the preferential development of the (1120) orientation
instead of the (0001) orientation [A.12-A.14].

In general, a ZnO ceramic target or a Zn metal target is used as a
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sputtering target in a ZnO film deposition. A ceramic target have been used in
the c-axis parallel oriented film deposition because fully oxidized ZnO films
can be easily obtained. However, quality of the films varies according to
different ZnO ceramic target. On the other hand, in terms of cost effectiveness,
workability, and high purity, a metal targets are used in a reactive sputtering
method for oxide films. It is well known that transition between metal mode
and oxide mode occurs on the metal target surface according to the condition
of oxygen gas flow rates and applied DC or RF power [A.15-A.19].

In this appendix, effects of metal mode and oxide mode on the unusual
c-axis parallel oriented ZnO films in a reactive sputtering of Zn metal target
were investigated. The author predicted that highly crystallized (1120)
orientations are obtained in the oxide mode because more oxygen ion
bombardment to the substrate is expected in the oxide mode than the metal
mode. Two types of samples deposited under the metal mode and the oxide
mode were prepared. The transition between these modes was controlled by
adjusting the target temperature without changing conditions of oxygen gas
flow rates and applied RF power, because these deposition parameters have a
great effect on the degree of the (1120) orientation [A.11]. Influence between
the metal mode and the oxide mode on the crystalline orientation were

investigated.

A.2 7ZnO FILM FABRICATIONS

Figure A.l1 shows an RF magnetron sputtering apparatus with a
neodymium magnet used in the experiment. ZnO films were deposited on

3, Tosoh, ED-B) with an evaporated

silica glass substrates (25x75x1 mm
aluminum electrode thin layer. The substrate holder was cooled by water, so
that substrate temperature was 100-200 °C. A Zn metal disc (80 mm diameter,
Furuuchi Chemical Co.) was used as a sputtering target and fixed on the
water-cooled cathode with a bolt. The target temperature were controlled by

the degree of tightening of the bolt. When the Zn target was tightly bolted on
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the cathode, the Zn target surface was cold because of heat transfer from the
cathode to the Zn target. In this case, the Zn target surface was in the metal
mode. On the other hand, when the Zn target was loosely bolted on the
cathode, its surface was in the oxide mode. Table A.1 shows the deposition
conditions. Two types of samples deposited in the metal mode and the oxide
mode were prepared. Figure A.2 (a) and (b) shows the images of target
surfaces in the case of the metal mode and the oxide mode. Target temperature
was monitored by an infrared radiation thermometer. Target surface start to
oxidize at 300 °C, and when the temperature exceeded 340 °C, Zn target start

to sublime, in present RF power and gas pressure condition shown in Table I.

[ —l
Anode <+—Cooling
Y . ) — Water
— : Distance from
40 Substrate ! anode center_ Infrared radiation
Vacuum i > | thermometer
pump ~ 80dia. | .7
v - . Sl il o
— Zn Target Viewing port
Cathode Ar, O,
RLELE |
_—T Matchin
Magnetron — |- Box ?
circuit
Unit in mm

Fig. A.1 Reactive RF magnetron sputtering system for fabricating c-axis

parallel oriented ZnO films.

Film samples were visually clear and transparent. Film thicknesses of the
samples in metal mode and in oxide mode were 6.4 and 4.1 um, respectively,

at 30 mm from the anode center. The deposition rate in the oxide mode is
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generally lower than that in the metal mode in reactive sputtering because the
sputtering rate of an oxide is lower than that of metals [A.20]. The difference
of these thicknesses is due to the transition between the metal mode and the

oxide mode.

(b)

Fig. A.2 Zn target used in the sputtering deposition (a) in the metal mode and
(b) the oxide mode. Temperatures of the target surface in the metal
mode and the oxide mode were adjusted to 300 °C and 340 °C,

respectively.
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Table A.1 Deposition conditions for ZnO films

RF power 13.56 MHz, 200 W
Zn target Metal mode or oxide mode
Total gas pressure 0.1 Pa
Gas 0,
Target-substrate distance 40 mm
Deposition time 3 hours

A.3 CRYSTALLINE ORIENTATIONS OF ZnO FILMS

The crystalline orientations of the samples were measured by 260-m scan
XRD patterns using an x-ray diffractometer (PANalytical, X-Pert Pro MRD).
These measurements were performed on each sample at 5 mm intervals to 50
mm from the anode center.

Figure A.3(a) and A.3(b) shows the XRD patterns of the samples deposited
in the metal mode and the oxide mode, respectively. (1120) peaks observed in
both samples indicate c-axis parallel orientation. Intense (1120) peaks were
observed in the sample in the oxide mode around 25 mm from the anode center,
compared with the peaks in the sample in the metal mode. In addition, the
degree of the (1120) preferred orientation of the samples was evaluated from
the full width at half maximum (FWHM) of the (1120) plane w-scan rocking
curve, as shown in Fig. A.4. FWHM values of sample in the oxide mode also
showed higher crystalline alignments than that of the sample in the metal
mode.

In a previous report, Tominaga et al. have investigated the flux of the
energetic oxygen ions in the reactive sputtering of the Zn target [A.21, A.22].
These oxygen ions were mainly generated by the sputtering of the oxidized
part of the Zn target. The reason for higher (1120) crystalline orientation in
oxide mode may be due to the oxygen bombardment. Actually, higher (1120)

crystalline orientation appeared around the target erosion area (30 mm from
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anode center) where a large amount of energetic oxygen ions generates owing

to the magnetron circuit. The FWHM value in the oxide mode at 30 mm from

anode center was 5.4°. This FWHM value shows good crystalline alignment as

well as that in the previous samples deposited using ZnO ceramic target

[A.11].
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Fig. A.3 26-w scan XRD patterns of the ZnO films deposited (a) in the metal

mode and (b) in the oxide mode of the Zn target.
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Fig. A.4 FWHM of the (1120) plane w—scan rocking curve in the ZnO films

deposited in the metal mode and in the oxide mode.

A.4 CONCLUSIONS

The effects of the ZnO film depositions in the metal mode and the oxide
mode on the c-axis parallel (1120) orientation have been investigated by
reactive sputtering of a Zn target. Strong preferred (1120) orientation
appeared in the sample deposited in the oxide mode. It may be caused by the
excessive supply of energetic oxygen species generated from the surface of a
fully oxidized target. It is possible that the crystalline orientation of oxide
film is controlled by the difference of the supply of energetic oxygen species

between the conditions in the metal mode and in the oxide mode.
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B WIDEBAND MULTIMODE TRANSDUCER
CONSISTING OF c-AXIS TILTED
ZnO/c-AXIS NORMAL ZnO MULTILAYER

B.1 INTRODUCTION

Wideband ultrasonic transducers are required for acoustic imaging
[B.1-B.6]. They can be used to determine the qualitative and quantitative
properties of cells and bulk tissue [B.1-B.3, B.5]. Wideband detector response
is essential for imaging reconstruction of multiscale objects using a range of
characteristic acoustic wavelengths [B.2]. However, the frequency bandwidth
1s narrow in the case of a conventional thickness-mode transducer, because
even-order overtones cannot be excited. Nakamura et al. have reported the
fabrication of a wideband VHF transducer using a ferroelectric inversion layer
formed by the heat treatment of a LiNbO3 plate [B.7-B.9]. An electric field
applied across the plate can excite a second-overtone mode as well as a
fundamental mode. The combination of these mode excitations makes a
wideband excitation possible.

High resonant frequency in the UHF range is necessary for achieving high
resolution imaging of microstructures. Thickness-mode resonant frequency is
determined by the thickness of the piezoelectric layer. Because the
thicknesses of LiNbOj; plates were several ten to several hundred um, the
center frequencies of these transducers were in the VHF range (several ten to
several hundred MHz). Several um thin piezoelectric layers are necessary in a
transducer operating in the UHF range. On the other hand, thin film
transducers that can excite both the longitudinal and shear modes have been
studied for application to nondestructive evaluation [B.10-B.12]. In these
studies, c-axis tilted piezoelectric thin layers are used. In previous studies, a
transducer consisting of a single c-axis tilted ZnO layer were developed, as
shown in Fig. B.I(a) and succeeded in the simultaneous excitation of

longitudinal and shear waves [B.12-B.14].
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(a) (b)
Cu electrode Cu electrode
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c-axis tilted i Zn0 layer
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Glass substrate
A A A~ Classsubstrate  _}~

Fig. B.1 Structures of the transducers consisting of (a) single c-axis tilted

7ZnO layer and (b) c-axis tilted ZnO/c-axis normal ZnO multilayer.

In this study, a wideband multilayer transducer consisting of a c-axis tilted
ZnO/c-axis normal ZnO multilayer is proposed, as shown in Fig. B.1(b). The
crystalline orientation of a ZnO layer is strongly influenced by the crystalline
orientation of the bottom electrode [B.15-B.17]. It is mainly caused by lattice
fitting between the grains of the ZnO polycrystalline layer and the grains of
the bottom polycrystalline electrode. The lattice misfit between ZnO(1100)
and Au(110) is only 2.5% [B.16-B.17]. Because of the local epitaxial
relationship between ZnO(0001) and Au(111), the c-axis normal ZnO layer
can be grown on a Au(111) layer even though these layers are polycrystal. It
was predicted that the c-axis normal ZnO layer forms on the Au electrode due
to the local epitaxial effect during the initial stage of ZnO deposition, and
c-axis tilted orientation gradually forms as growth proceeds. This means that
the c-axis tilted ZnO/c-axis normal ZnO multilayer can be continuously grown
in one deposition process. The multilayer transducer consisting of these layers
is expected to excite both the fundamental and second-overtone modes.

To demonstrate this idea experimentally, a c-axis tilted ZnO/c-axis normal
ZnO multilayer on a Au(111) layer was fabricated by sputtering deposition.
Next, the crystalline orientations of the multilayer transducer were

investigated by an XRD pole figure and a scanning electron microscopy
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(SEM) analyses. Finally, it was demonstrated that the c-axis tilted ZnO/c-axis
normal ZnO multilayer is suitable for a wideband transducer by a comparison
between the theoretical and experimental frequency responses of the

transducer conversion loss characteristics.

B.2 EXPERIMENTAL METHODS

B.2.a TRANSDUCER FABRICATION

A silica glass (0.625 mm thickness, Tosoh, ED-B) with Au(111) (0.15
um)/Ti (0.01 pum) layers was used as a substrate. The c-axis tilted ZnO/c-axis
normal ZnO multilayers shown in Fig. B.1(b) were deposited on the substrate
using an RF magnetron sputtering system (Ulvac Kiko, RFS-200) with a
neodymium magnet, as shown in Fig. B.2. The substrate was set at 80° with
respect to the ZnO target surface at the anode center [B.12-B.14]. Deposition
conditions were set as shown in Table B.1. The c-axis 20 to 30° tilted ZnO
single layer on the Al bottom electrode with good crystalline alignment can be
formed under these conditions [B.13]. These conditions were not changed
during the ZnO multilayer deposition. Finally, the Cu top electrode layer (0.18

um) was evaporated on the ZnO layer surface.

Table B.1 Deposition conditions for c-axis tilted ZnO/c-axis normal ZnO

multilayer
RF power 13.56 MHz, 200 W
Total gas pressure 1.0 Pa
Ar/ 0O, 3/1
Substrate heating 400 °C
Deposition time 1 hour
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Fig. B.2 RF magnetron sputtering system for fabricating c-axis tilted

ZnO/c-axis normal ZnO multilayer.

B.2.b TRANSDUCER CHARACTERIZATION

Crystalline orientation of the transducer was determined by XRD pole
figure analysis (PANalytical, X-pert Pro MRD). The y-scan profile curves of
Au(111) and ZnO(0002) in the transducer were measured. The y angle, where
a (0002) ZnO peak appears, corresponds to the c-axis tilt angle from the
normal to the transducer surface. The structure of crystal grain growth was
observed by cross-sectional SEM.

To measure the piezoelectric properties of the transducer, acoustic waves
were excited by applying a high frequency sinusoidal electric field between
the top and bottom electrodes [B.18, B.19]. Longitudinal and shear waves
propagate into the substrate and reflected at the top electrode surface and the
bottom surface of the substrate. These waves were observed using inverse

Fourier transform of reflection coefficients (S;;) of the transducer, which were
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measured using a network analyzer (Agilent, E5071B) with a microwave
probing system (GGB Industries, Picoprobe model 40A). Top electrode areas
were adjusted to have the capacitive impedance of the layers close to 50 Q at
fundamental thickness longitudinal or shear mode resonant frequency.
Conversion losses of the transducer were calculated from a Fourier transform
of the first echo in longitudinal or shear waves. In the conversion losses, the
effect of the propagation loss in the silica glass substrate was subtracted using
a/f 2 = 9.55x107'° dB-s*/m for a longitudinal wave or o/f > = 1.99x107"
dB-s*/m for a shear wave [B.20, B.21]

This experimental conversion losses were compared with the theoretical
conversion losses of a single layer transducer and a multilayer transducer.
Theoretical curves were calculated using a modified Mason’s equivalent
circuit model including the effect of c-axis tilt angle and electrodes [B.18,
B.19] The physical constant tensors of the ZnO layer were assumed to be
identical to the single crystal values and properly rotated in accordance with

the c-axis tilt angle of the ZnO layer [B.22]

B.3 CRYSTALLINE ORIENTATION OF THE TRANSDUCER

Figure B.3 shows the w-scan profile curve of Au(111) in the multilayer
transducer [Fig. B.1(b)]. The maximum value of w-scan profile curve was
observed at = -0.2°, indicating that the Au(111) layer was parallel to the
substrate. The w-scan FWHM of this curve was 5.6°. Figures 4(a) and 4(b)
show the w-scan profile curves of ZnO(0002) in the single layer transducer
[Fig. B.1(a)] and the multilayer transducer [Fig. B.1(b)], respectively. The
single layer transducer was also prepared for comparison with the multilayer
transducer. Only one peak was observed at w= 21.6° in the single layer
transducer. This peak indicates that the c-axis tilt angle of the ZnO single
layer is 21.6°. Generally, the c-axis normal ZnO local epitaxial layer is not
grown on the Al electrode, because the surface of Al is covered with

amorphous aluminum oxide in the presence of oxygen [B.16, B.17]. Therefore,
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the c-axis tilted ZnO layer was grown on the Al electrode surface in this case.
In contrast, two peaks were observed at = -0.7 and 22.0° in the multilayer
transducer, and the w-scan FWHM of the peak at = -0.7 was 6.6° in Fig.
B.4(b). This result shows that the multilayer transducer included two different
orientations: c-axis normal and c-axis 22.0° tilted orientations. In general, the
surface of Au does not oxidize, and therefore, the c-axis normal ZnO layer is
epitaxially grown on the Au(111) layer [B.16, B.17].

A cross-sectional SEM image of the multilayer transducer is shown in Fig.
B.5. Crystal grain growth in the normal direction on the Au bottom electrode
was observed during the initial stage of ZnO layer deposition. Crystal growth
direction began to tilt at the c-axis normal layer thickness of 1.25 gm. The
author can confirm that the c-axis tilted ZnO/c-axis normal ZnO multilayer

was continuously grown during one deposition process.

50 ‘ :
. = -0.20\51
2 40
9 30 w-scan FWHM in
:>,’ B Au(111): 5.6°
‘3 20 | |
2
< 10
0 | N i 1 1 ' 1 1 1 1 ' 1 1 i |
-90.0 -60.0 -30.0 0.0 30.0 600 90.0

y (deg.)

Fig. B.3 w-scan profile curve of Au(111) in the multilayer transducer.
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Fig. B.5 Cross-sectional SEM image of the multilayer transducer.
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The results shown in Figs. B.3-B.5 indicate that the c-axis normal ZnO
layer grew on the Au(111) layer by local epitaxial relationship between
ZnO(0001) and Au(111) during the initial stage of ZnO layer deposition. It
seems that this local epitaxial effect decreases as ZnO film growth proceeds.
Therefore, the c-axis tilted ZnO layer is grown instead of the c-axis normal
layer, because the sputtered particles tilt to the substrate plane [B.23, B.24]
The ZnO transducer with the c-axis tilted ZnO/c-axis normal ZnO multilayer
thus can be fabricated continuously without changing the conditions during
the deposition.

The thickness of the c-axis normal layer was 1.25 gm in this study. The
origin of 1.25 um thickness is not clear, but this thickness may be determined
by the thickness that the epitaxial effect from the bottom electrode reaches,
and the thickness can be controlled by the crystallinity of the bottom electrode

or deposition conditions.

B.4 FREQUENCY CHARACTERISTICS OF THE TRANSDUCER

Figures B.6(a) and B.6(b) show longitudinal wave and shear wave
conversion losses of the transducers. Two theoretical curves were calculated
using Mason’s equivalent model. One was the characteristic of the single layer
transducer (with the thickness of c-axis 22.0° tilted layer being 4.21 ym) and
the other was that of the multilayer transducer (with the thicknesses of the
c-axis normal and 22.0° tilted layers being 1.25 and 2.96 um, respectively).
The fundamental mode resonant frequencies of the longitudinal wave (L) and
shear wave (S;) are the frequencies of minimum points of the conversion

losses. L1 and S1 were found at 630 and 300 MHz, respectively.
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Fig. B.6 (a) Longitudinal wave and (b) shear wave conversion losses of the
transducers. Dashed lines show the theoretical curves of the single
layer transducer. Circles and lines show the experimental and

theoretical curves of the multilayer transducer, respectively.

A second-overtone mode excitation is not found in the theoretical curve of
the single layer transducer in Figs. B.6(a) and B.6(b). Figures B.7(a) and
B.7(b) show schematic diagrams of piezoelectric polarizations of the single

layer and multilayer transducers, respectively. Stresses or piezoelectric
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polarizations induced at the upper and lower parts of the piezoelectric layer
cancel each other in the single layer transducer, and acoustic waves cannot be
excited and detected in a second-overtone mode. In contrast, the
second-overtone modes of the longitudinal wave (L,) and shear wave (S;)
were observed in the multilayer transducer at 1.22 GHz and 580 MHz,
respectively. Stresses or piezoelectric polarizations induced at the c-axis tilted
Zn0O/c-axis normal ZnO multilayer are not equal and are not completely
canceled, as shown in Fig. B.7(b). Second-overtone modes are then excited
and detected. The frequency bandwidth of the multilayer transducer was
broader than that of the single layer transducer in the UHF range, because the
fundamental and second-overtone modes were excited. Longitudinal and shear
conversion losses of the multilayer transducer fell within 7 dB in the 500

MHz-1.3 GHz and 200-600 MHz ranges, respectively.

Polarization charge: + —
Electric field: | 1

Second
(a) Single layer (b) Multilayer overtone mode
+ + + + +[ [+ ++ + ] /upper
part
I e
FTTTTt |1 11 Lover
+ + + + + ] - il + |\
Acoustic wave Acoustic wave
cannot be excited @ is excited

Fig. B.7 Schematic diagrams of piezoelectric polarizations induced at upper

and lower parts of (a) the ZnO single layer and (b) ZnO multilayer.

B.5 CONCLUSIONS

The ZnO multimode transducer consisting of the c-axis tilted ZnO/c-axis

normal ZnO multilayer has been investigated. The ZnO multilayer on a
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Au(111)/Ti/silica glass substrate were fabricated by RF magnetron sputtering
under the condition of the c-axis tilted ZnO layer growth. To grow the c-axis
normal ZnO layer, the local epitaxial relationship between ZnO(0001) and
Au(111) were used. XRD pole figure analysis and cross-sectional SEM
revealed that the c-axis normal ZnO layer was grown on the Au(111) layer and,
as ZnO grain growth proceeded, the c-axis 22.0° tilted ZnO layer was grown
instead. Using this fabrication method for the multilayer transducer, the c-axis
tilted ZnO/c-axis normal ZnO multilayer can be grown without changing the
conditions during the deposition. This multilayer transducer simultaneously
excited the second-overtone modes of longitudinal and shear waves as well as
the fundamental modes in the UHF range. Therefore, the frequency bandwidth
of the multilayer transducer was broader than that of a single layer transducer
consisting of the c-axis tilted ZnO layer. The center frequencies of the
longitudinal and shear waves of the multilayer transducer were 900 and 400
MHz, respectively. This wideband UHF transducer consisting of the c-axis
tilted ZnO/c-axis normal ZnO multilayer has potential for use in acoustic

imaging and nondestructive evaluation.
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