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Abstract

This thesis reports on some recent results in the field of acoustics and magnonics.

Chapter 1 reviews the literature on magnonics and GHz frequency transducers,
and highlights the lack of understanding of the growth mechanism of magnetron
sputtered ZnO thin films. A novel configuration for exciting magnetostatic spin-
waves using ZnO transducers is proposed.

Chapter 2 is an introduction to piezoelectricity and how it can be used to generate
GHz acoustic waves. A detailed formulation of the Mason model is presented in
chapter 3 for predicting the performance of ZnO transducers.

In chapter 4, the fabrication protocol of ZnO transducers in the custom-built
sputtering plant is discussed and the transducer characterisation techniques in-
cluding X-ray and pulse echo measurement are described.

In chapter 5, the characterised properties of the film are compared with mod-
elling prediction. It is found that the piezoelectric and structural properties of the
fabricated ZnO films are strongly correlated and are critically dependent on the
sputtering conditions and thicknesses.

Chapter 6 is dedicated to plasma characterisation of the sputtering conditions
using Langmuir probe diagnostics. The making of the Langmuir probe system
and its development are discussed.

Chapter 7 examines the various possible growth mechanisms of the ZnO films
with a view to understanding how the c-axis texture forms during sputtering. The
results from the Langmuir probe diagnostics and X-ray characterization indicate
the detrimental influence of ion bombardment on the film qualities. It is deduced
that the c-axis self texturing of ZnO films is driven dominantly by the ‘survival of
the fastest’ mechanism.

Chapter 8 describes the theoretical formulation of magnetostatic spin-wave modes
and the mechanism for which the laterally propagating magnetostatic modes are
coupled to local elastic standing waves. The experimental evidence (using time
resolved spectroscopy) of the acoustic excitation of magnetostatic spin-waves in a
YIG film waveguide is then presented in chapter 9; the excitation efficiencies at
various magnetic field configurations and carrier frequencies are investigated.

Finally, chapter 10 ends the thesis with the summary of results and outlooks.
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Chapter 1

Introduction

1.1 Background

In recent years, there has been a growing interest in the study of magnonic sys-
tems. Magnonics, being the magnetic analogue of photonics, is the interdisci-
plinary branch of science which intersects magnetism, spintronics and electronics.
In contrast to the use of charge currents for signal processing in semiconduc-
tors, magnonics is predicated on the use of spin-waves to transmit, store and
process information. Spin-waves were first proposed theoretically in 1930 by F.
Bloch [1] and first observed experimentally by J. Griffiths [2]. They correspond
to phase-coherent precession of magnetic spins which are dynamic eigenmodes
of magnetically ordered materials (illustrated in figure 1.1). From the quantum
mechanical point of view, they can be considered as a collective excitation of har-
monic oscillators. The term magnon refers to the quasiparticle that represents

these excitations.

Magnonic systems have promising prospects as the basis for the next generation

of electronics. Compared to conventional electronics, these wave-based systems
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Figure 1.1: This diagram illustrates the precession of spins of a spin-wave in

a 1-D chain. The spins are precessing coherently and angular momentum is

transferred in spin-wave propagation.The graphic is adopted from [3]
offer numerous advantages. Firstly, they operate in the GHz regime which is con-
ducive to rapid computing power and speed. Furthermore, the miniaturization of
magnonic devices is less of a challenge due to the absence of Joule heating and the
much smaller spin-wave wavelength (of order microns) relative to electromagnetic
waves. Magnonic systems are also highly versatile and suitable for a variety of ap-
plications. For instance, the dispersion relations of the spin-wave is easily tunable
using small changes in magnetic field and it is also easy to get access to non-linear
effects at low threshold powers (<1 W) such as solitons [4], bullets [5], fractals [6],

chaos [7].

Recent research and development in magnonics has led to numerous discoveries
and advancement in technological applications. One such breakthrough is the
invention of magnonic crystals. These are artificially made magnetic materials that
have periodic spatial modulation of their magnetic parameters [8]. The control of
these parameters can be used to tailor band structure of diverse types and thereby

allows effective control for manipulating magnon currents [9].

Much research has been carried out at the interface between magnonics and spin-
tronics driven by the prize of ultimately integrating the two technologies. Spin-
tronics is the new science that exploits the electron spin for information processing
in additional to the the charge degree of freedom. Perhaps the most well known
and influential phenomenon discovered in spintronics is the giant magnetoresis-
tance (GMR) effect [10]. This technology has already been applied worldwide in

hard drives read head industrially. Despite this huge commercial success, further
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progress is handicapped by the short diffusion length of most practical spintronics
materials and the power dissipation issues that bedevil attempts to miniaturize
all electron devices. The capability of transmitting angular momentum at room
temperature for large distances makes magnonic systems the ideal candidate for
spintronic purposes. The investigation of the interplay between charge, spin cur-
rent and spin-waves has led to the discoveries of many interesting effects including
the Spin Hall Effect [11], the Inverse Spin Hall Effect [12], spin torque transfer [13]
and spin pumping [14]. Besides spin or angular momentum transport, magnons
can also carry heat. The existence of the coupling between thermal phonons and
magnons, first realised by K. Uchida’s group [15], has provoked a new branch of
research known as spincaloritronics, which is very promising for potential applica-

tions in future thermoelectric devices.

In this thesis, motivated by technical considerations that we will discuss later,
we are preoccupied with phonons in a lower frequency domain than the thermal
excitations and we study the ’direct process’ coupling of coherent phonons to

magnetostatic spin-waves (MSW) at GHz frequencies.

1.2 Magnetostatic spin-waves

Magnetostatic spin-waves (MSW) are large wavelength magnetic excitations that
are driven by dipole-dipole interaction. For such long wavelength limit, the ex-
change interaction between adjacent spins diminishes and becomes negligible. In
ferromagnetic thin film, the coupling of the MSWs with the boundary conditions
gives rise to diversified dispersion relations. These MSWs are readily observed
in epitaxially grown monocrystalline Yttrium Iron Garnet (YIG) thin film on
Gadolinium Gallium Garnet (GGG) substrates - YIG is a ferrimagnetic insulator

which has the lowest known spin-wave damping at the time of writing. Figure 1.2
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shows the typical dispersion relations of the MSWs in a YIG thin film for three
different magnetization configurations. A particularly interesting case is when the
B-field is parallel to the spin-wave propagation direction; in this configuration, the
slope of the dispersion curve is negative which means that the group velocity and

the phase velocity are in opposite directions.

1.3 Interaction of magnetostatic spin-waves with

acoustic waves

Bulk magnetoelastic coupling is a prerequisite for phonon-magnon coupling. It
has been studied extensively since the 1950s in such materials as the ferromag-
netic metals cobalt [16] and nickel [17] and in magnetic insulators such as Dyspro-
sium Aluminium Garnet (DAG) -Dy3Al;015 [18]; and also in Yttrium Iron Garnet
(YIG)- Y3Fe;042 [19], the material with which this thesis is concerned. However,
this literature mainly focuses on the acoustic interaction with exchange spin-waves
[19-22]: little study has been made of the lower frequency domain where acous-
tic waves couple to magnetostatic spinwaves. Moreover, the bulk magnetoelastic
effects that have been studied are necessarily narrowly confined to the situation
where magnons and phonons have matched frequencies and wavevectors and thus
constitute hybridized magnetoelastic waves: outside of this regime - including for
example the GHz MSW regime that interests us - the coupling is negligible. In this
thesis we propose and implement a novel magnetoelastic coupling mechanism that
works by combining bulk magnetoelastic interaction with local symmetry breaking
and is thus capable of broadband phonon-magnon coupling with high efficiency.
We are interested in this possibility not only because of the interesting new physics
that it deploys, but also because it offers two spectacular advantages over current

technology in the quest to integrate magnonics with existing spintronics: it opens
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Figure 1.2: The diagram shows the dispersion relations of: (a) Forward volume
magnetostatic spin-wave, (b) Backward volume magnetostatic spin-wave (c)
Magnetostatic surface spin-wave for a 5 um thick YIG film. The external bias Hy
used is 1845 Oe and the saturation magnetization is 4vM=1750 G. This diagram
is adopted from [23].

up the possibility of magnon generation with high spatial precision and it per-

forms this with minimal heat dissipation. Conventional magnon generation using

electromagnetic antennae fails on both of these counts.

Novelty involves generating a longitudinal elastic standing wave across the YIG
waveguide for which the localized oscillating Oersted field thereby created is mode
coupled to laterally propagating MSWs. This can be achieved by directly launch-
ing a longitudinal ultrasonic wave perpendicular to the YIG waveguide as shown
in figure 1.3. The size of the transducer electrode can be made very small, thus

enabling punctual MSW generation.
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(a) Conventional 1D antenna excitation method

GGG (Back substrate)

current producing magnetic field that couples with SW

(b) Proposed magnon point source
Zn0 transducer

Launching a longitudinal
acoustic wave into the
Y1G waveguide

Effective magnetic field generated by the
standing acoustic wave mode couples to
the MSWs

Detection of the excited MSW
using an antenna

Figure 1.3: Schematics showing the comparison between (a) a linear, ‘line’
shaped antenna, and (b) the point like, acoustically driven magnon launcher.
In a normal linear antenna, the MSW is excited by the oscillating Oersted field
produced by the current through a thin wire or a metallic strip; whereas in the
case of the acoustic magnon driver, the oscillating Oersted field is caused by the
formation of an elastic standing wave across the magnon waveguide.

1.4 Development of ZnO ultrasonic transducers

In order to excite MSW using acoustics, the phonons and magnons involved have
to be ‘on speaking terms’ !, so we need a high efficiency acoustic transducer that
operates at the GHz regime. Such high frequency acoustic transducers are un-
common; commercially available discrete transducers cannot offer the necessary
bandwidth. The thickness of the piezoelectric material has to be of order microns
to make GHz excitation possible and such devices cannot be self-supporting. GHz
ultrasonics therefore requires piezoelectric films with small grain size deposited
on a suitable substrate. The various piezoelectric materials capable of producing
GHz acoustic waves include cadmium sulphide [24], aluminium nitride [25] and

zinc oxide (ZnO). Of these the latter is the most appealing candidate due to its

On speaking terms’ is a phrase coined by A. Abragam to describe the cross-coupling that
obtains between systems of magnetic spins when their precession frequencies match.
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high electromechanical coupling and its tendency to form textured and polarized

crystals by magnetron sputtering.

Sputtering high quality ZnO transducers is, however, known to be notoriously
challenging and dependent strongly on the plasma and growing conditions [26—29].
The existing literature merely reports the engineering parameters (such as power,
pressure or substrate target distance) during growth for which their transducers
work optimally, but this information is only useful to operators that who possess
the same equipment. Moreover, although many authors have succeeded in growing
high quality transducers, the underlying growth mechanism for self texturing is
still unclear in the literature. In order to understand in detail the mechanism
of texture formation and the conditions required for optimal growth, we have
conducted an extensive study of the ZnO transducers that are grown in different
sputtering conditions. In our study, the ZnO film qualities are characterised using
X-ray diffraction and the transducer performance is characterised and compared
to the predictions of Mason’s model. These results are then correlated with the
physical properties of the plasma which were measured using a Langmuir probe.
Our study indicates that excessive ion bombardment has an adverse effect on the
film growth and that the growth mechanism is predominantly governed by the
‘survival of the fastest’. These results may have application not only in the field of
ultrasonics, but also in other technologies such as fabrication of ZnO transparent
conductive coating [30], ZnO solar cells [31], etc., where high quality c-textured

ZnO thin films are required.



Chapter 2

Using piezoelectricity to generate
ultrasonic waves (ZnO

transducers)

In this chapter, we first introduce the concept of piezoelectricity and the math-
ematical framework for describing it. We then discuss how piezoelectricity can
be applied to excite ultrasonic waves using piezoelectric transducers. Attention
will be focussed on studying GHz bulk acoustic wave (BAW) transducers based
on piezoelectric ZnO thin films. The crystal structure of ZnO and the electrome-

chanical conversion efficiency of ZnO transducers will be discussed.

2.1 Introduction to piezoelectricity

Piezoelectric effect refers to the ability of certain materials to generate a voltage

in response to an applied mechanical stress.
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The coupling between the electrical and the mechanical behaviour of a piezoelectric

crystal can be described using the linearized, coupled strain-charge equation:
Tij = CijnmSnm - elith (2.1)

Dk = efnmSnm + EklEl (22)

where we have used the Einstein Summation Convention and the symbols repre-
sent: the elements of the stress tensor T , electric field E, electric displacement
D, strain tensor S, elasticity tensor ¢, piezoelectric stress tensor € and dielec-
tric matrix €. The indices i, j, k denote the principal crystallographic axes of the
piezoelectric crystal. Equation (2.1) is a modified version of Hooke’s law where
the piezoelectric stress tensor & that describes the coupling of the stress T to the
electric field E has been introduced to take into account the piezoelectric action.

Likewise, equation (2.2) describes the coupling of the linear electric displacement

D to the strain S via the transposed piezoelectric stress tensor eT.

In order to cast equations (2.1) and (2.2) as a set of matrix equations, we make
use of the fact that the strain, stress and the piezoelectric stress tensor are all

symmetric tensors; the subscript (ij) can be re-labelled as («) such that:
1, S

This is known as the Voigt notation. Under such notation, the subscripts are
transformed as follows: 11 — 1, 22 — 2, 33 — 3, 23 — 4, 13 — 5, 12 — 6.
This transforms the stress tensor and the strain tensor in 6x1 vectors, while the
elasticity tensor and the piezoelectric stress tensor can be transformed into 6x6

and 6x3 matrices respectively. Equations (2.1) and (2.2) can therefore be rewritten
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as:
T, C11 Ci12 €13 Cia Ci5 Cig Sy €11 €12 €13
15 Co1 C22 C23 C24 Co5 Co 52 €21 €22 €23
Ey
T3 C31 C32 C33 C34 C35 C36 S3 €31 €32 €33
- E, | (24)
T Cq1 Cq2 C43 Cq4 C45 C46 S4 €41 €42 €43
Ej3
Ts C51 Cs2 Cs3 Cs4 C55 Csg S5 €51 €52 €53
Tg C61 Ce2 Ce3 Cea Co5 Co6 Se €61 €62 €63
Sh
Sy
D, €11 €21 €31 €41 €51 €1 €11 €12 €13 Ey
S
Dy | = | ez exn e e es ep €21 €22 €23 E, (2'5)
Sy
Dy €13 €23 €33 €43 €53 €63 €31 €32 €33 Es
Ss
Se

The piezoelectric properties of a crystal are governed by its symmetry. For a crystal

to exhibit piezoelectricity, it must lack inversion symmetry: otherwise all elements

of the piezoelectric stress tensor would vanish. However, even in a crystal that is

not inversion-symmetric, the other symmetries of the structure lead to significant

simplification of the tensor with many elements being zero. In section 2.2.2.2, we

will show the simplified elasticity, piezoelectric stress and permittivity tensors for

crystals with 6mm symmetry.
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2.2 Ultrasonics as an application of piezoelec-

tricity

2.2.1 How to use piezoelectricity to generate or detect

acoustic waves

An ultrasonic wave can be excited by applying an oscillating voltage across a
piezoelectric material. The application of this voltage induces an oscillating stress
due to the piezoelectric effect; this causes the material to vibrate which in turn
generates an acoustic wave. During this process, the piezoelectric material converts
electric energy into acoustic energy and thus it behaves as a transducer. Likewise,
the reverse effect occurs if a piezoelectric material is subjected to an externally
driven vibration; in this case the piezoelectric material acts as a sensor which

converts acoustic energy back into electric energy.

There are two main types of ultrasonic transducer - bulk acoustic wave (BAW)

transducers and surface acoustic wave (SAW) transducers.

BAW transducers produce acoustic waves that propagate in the bulk of the acous-
tic medium of interest. They can exist in two forms: longitudinal or shear waves.
The longitudinal BAW and the shear BAW transducer generate acoustic waves
for which the displacements of the acoustic medium are respectively parallel and
perpendicular to the direction of propagation of the wave. The most commonly
found BAW transducers are piezoelectric plates such as quartz, lithium niobate
(LiNbO3), lead zirconate titanate (PZT), etc. (see figure 2.1a). These materials
are all very efficient in producing ultrasonic waves, and are mechanically rigid.
However, since the resonant frequency of the transducer is inversely proportional
to the thickness of the piezoelectric layer, thick piezoelectric plates cannot offer

the necessary bandwidth for GHz operation. To generate GHz acoustic waves,
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Figure 2.1: A diagram showing the different types of ultrasonic transducer:
(a) Rigid BAW piezoelectric plate (e.g. quartz, Lithium niobate (LiNbO3), Lead
zirconate titanate (PZT)), (b) Thin film, bulk acoustic wave (BAW) transduc-
ers: the transducer comprises a piezoelectric thin film (e.g. Zinc Oxide ZnO,
Cadmium sulphide CdS, Aluminium nitride AIN) which is sandwiched between
two conducting electrodes; the transducer is attached at the back of a sub-
strate for mechanical support, (c¢) Surface acoustic wave (SAW) transducers:
The structure consists of interdigitated electrodes which are deposited on top
of a piezoelectric substrate (e.g. LiNbOs, Lithium tantalate LiTaO3); Surface
acoustic waves can be excited by applying an oscillating voltage between the
interdigitatated electrodes.

the thickness of the piezoelectric layer has to be of the order of microns. These
piezoelectric thin films are mechanically unstable and are usually deposited on
a flat substrate. A typical GHz BAW transducer comprises a piezoelectric thin
film which is sandwiched between two conducting electrodes; the structure of such
transducer is illustrated in figure 2.1b. Among the various materials such as ZnO,
CdS or AIN that are suitable for BAW applications, ZnO is the most attractive

candidate owing to its high electromechanical coupling coefficient and ZnO devices

were thus chosen for the work described in this thesis.

SAW transducers operate differently to BAW transducers: they generate Rayleigh
waves that propagate along the surface of an acoustic medium. The amplitude
of the surface waves generated typically decay exponentially with depth into the
medium. Surface acoustic waves can be generated by applying an oscillating volt-
age between interdigitated electrodes which are deposited on top of a bulk piezo-
electric substrate such as LiTaO3. These SAW devices are now commonly seen in

such electronic devices as delay lines, filters, etc.
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2.2.2 Bulk acoustic wave (BAW) ZnO transducers
2.2.2.1 The crystal structure of ZnO

ZnO crystallizes into either the cubic zinc blende or the hexagonal wurtzite struc-
ture. Both of these structures lack inversion symmetry and exhibit strong piezo-
electricity. However, the wurtzite phase is more stable and is predominantly ob-
served. The hexagonal wurtzite structure has point group symmetry 6mm and

space group P63mec.

Figure 2.2 shows the unit cell of the wurtzite structure which is characterized
by two lattice parameters a and ¢, where ¢=0.32495nm and ¢=0.52069 nm [32]
where the [0001] is the c-axis direction. For a crystal structure to have inversion
symmetry, it must be possible to map x,y, z onto —x, —y, —z. It can easily be
seen from figure 2.2 that for ZnO the z to —z mapping does not happen (where we
have taken the z direction to coincide with [0001]). This gives rise to an electric
dipole moment associated with the c-axis of the crystal which is the piezoelectric

axis of the crystal.

Thin films of ZnO can be deposited using various methods such as radio-frequency
(RF) sputtering, pulsed laser deposition or molecular beam epitaxy. Of these, RF
sputtering is commonly preferred as an economical means of producing highly
oriented and uniform ZnO films. ZnO films grown by RF magnetron sputtering
are usually polycrystalline and comprise columnar grains with the c- axis parallel
to the long dimension of the column. If the ZnO crystallites are randomly ori-
ented, their piezoelectric action globally cancels; so even if the individual grains
are piezoelectric in nature, the film will exhibit no overall piezoelectric action.
Likewise, if the axes of the grains are perfectly aligned with one another but the

number of up-pointing grains is equal to the number of downward pointing grains,
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Figure 2.2: The atomic arrangement in the ZnO wurtzite structure is illus-
trated in the diagram. The yellow and blue spheres represent the O atom
and Zn atom respectively. Drawn in the red wireframe is the unit cell with
lattice parameters a=0.32495 nm and ¢=0.52069 nm. The tetragonal configura-
tion formed by the sp? coordination between the Zn and O atoms is highlighted
in the blue wireframe. The lack of inversion symmetry is evident from the fact
that there is no mirror symmetry in a plane perpendicular to the c-axis. This
diagram is adopted from [33].

no piezoelectric effect will be observed !. Thus, fabricating a high quality trans-

ducer requires deposition of a film in which the grains are both strongly oriented

and highly polarized.

2.2.2.2 Electromechanical coupling constants for BAW ZnO transduc-

ers

In section 2.1, we have mathematically described the piezoelectric effect for a
generic piezoelectric crystal. The 6mm symmetry of ZnO crystals significantly
simplifies the strain charge equations. By convention, the indices ‘(1,2)’ represent
the a-axis direction, and the index ‘3’ denotes the c-axis direction. The elasticity

tensor ¢, the piezoelectric stress tensor € and the permittivity tensor € then become

IThis is also referred to as polarization reversal.
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Zinc Oxid 1
inc Oxide (b)

(a) /r crystallites k

Figure 2.3: (a) The pure longitudinal ZnO BAW transducer: the c-axis aligns
with the normal of the substrate and the electric field points in the ‘3’ direction.
(b) The pure shear ZnO BAW transducer: c-axis is perpendicular to the normal
of the substrate and the electric field points in the ‘1’ direction.

[34]:

Ci1 Ci12 Ci13 0 0 0 0 0 €31
Ci2 C11 C13 0 0 0 0 0 €31

€11 0 0
Ci3 C13 C33 0 0 0 0 0 €33

c= ,€ = , €= 0 €7 O
0 0 0 eq 0 O 0 e5 O

0 0 €33
0 0 0 0 cu O eis 00
0 0 0 0 0 -cg 0 0 0

(2.6)

where cgg = 52,

If a BAW ZnO thin film transducer is deposited on a flat substrate surface such
as is shown in figure 2.4a, the c-axis orientation of the ZnO grains with respect
to the substrate surface determines whether longitudinal or transverse waves can
be excited. We now consider the two simplest configurations where the c-axis
crystallites are respectively parallel and perpendicular to the substrate normal
(see figure 2.3). For the case when the c-axis is parallel to the substrate normal,
the electric field is applied along the ‘3’ direction. Assuming an infinite plane
transducer with uniform electric excitation, the acoustic propagation direction
must be normal to the substrate surface and the strain-charge equations can be
simplified to:

T3 = 3353 — esz s, (2-7)
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D3 = 3353 + €33 3. (2.8)

This corresponds to the excitation of pure longitudinal acoustic waves that prop-

agate in the ‘3’ direction.
For the case when the c-axis is perpendicular to the substrate normal, the electric
field is applied along the ‘1’ direction and the strain-charge equations are now:

T5 = C44S5 — 615E1, (29)

D1 = 61555 + €11E1, (210)
and so pure shear waves that propagate in the ‘1’ direction can be excited.

In both of these cases, the strain-charge equations take the simple form of:

T =cS—ek, (2.11)

D =eS+¢E. (2.12)

When the c-axis is at an angle 6, with the substrate normal, the form of the strain-
charge equations is complicated. They can be worked out by applying rotational

transformations to the tensors involved.

Foster et al. [35] has calculated the effective electromechanical coupling constants
ki, (longitudinal waves) and kg (shear waves) of the BAW ZnO transducer for
various angles 6.. The results are illustrated in Figure 2.4b. The electromechanical
coupling constant is the measure of how efficiently the piezoelectric material can

convert energy between the acoustic and electric domains 2.

2The term “efficiency” is usually deployed to describe situations in which mechanical or elec-
trical energy is degraded to heat. In the present context where we are discussing a perfect
transducer that exhibits no ohmic heating losses, we follow the literature and (somewhat confus-
ingly) use it as a measure of the amount of mechanical strain obtained per unit of electric field
applied.
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Figure 2.4: (a) Schematics showing the geometry of a ZnO transducer grown
on the surface of an acoustically isotropic medium: the angle between the c-axis
of the ZnO crystallites and the substrate normal 6, is highlighted, (b) A plot
of the electromechanical coupling constants ki, or kg with respect to 6. (plot
adopted from [35]). At 6.=0°, only longitudinal waves can be excited; and at
0. ~90°, only shear waves can be excited. An efficient hybrid transducer - a
transducer that is capable of generating both longitudinal or shear wave - can
be made at 6, ~20°.

The constants are different for shear and longitudinal waves and they are defined

as:

ELs)

kiLs) = (2.13)

€(33,11) PZnOV(L,S)
where pz,0 is the density of the ZnO, v g) is the velocity of acoustic waves, e, g
is the effective piezoelectric stress constant which is a sophisticated function of e;;
and the angle .. When 6.=0°, i.e. when the c-axis is aligned with the substrate
normal, only longitudinal waves can be excited. In this case, er,=e33=1.14 Cm™!,
which corresponds to k;,=0.27; meanwhile es=0 which leads to ks=0. This is the
particular case that we will study in detail in the rest of this thesis. At 6. ~90°,
kr, vanishes and only shear waves can be excited. In this configuration, es=e;5=-
0.59 Cm~! and e;,=0 which leads to ks=0.3 and k;,=0. Interestingly, if one can
grow a ZnO film such that the crystallite c-axes make an intermediate angle with

the substrate normal, both ki, and kg are non zero, so one can make a transducer

that can excite simultaneously produce longitudinal and shear waves.
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The Mason model and its
application to the modelling of

bulk acoustic wave (BAW) ZnO

transducers

In this chapter, we describe a systematic method for modelling the response of
Zm0O piezoelectric transducers that have given materials properties and a given
geometry. Following Mason’s work [36, 37], we use an equivalent transmission line
model to describe quantitatively the transduction process and the acoustic trans-
mission. This in turn translates the problem into an exercise in circuit analysis,
which can then be solved in a relatively simple manner. However, even with this
formalism, the analysis of general ZnO piezoelectric layers that can generate both
longitudinal and shear waves is still very complicated. Accordingly, we simplify
the analysis by assuming that the transducer can only generate either longitu-
dinal waves or shear waves. In these cases, the strain-charge relations described

by equations (2.11), (2.12) can be applied. We will discuss the derivation of the

18
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equivalent circuits and hence the application of Mason’s model for simulating the
conversion efficiency of the BAW ZnO transducers. We start by investigating the

1D acoustic equation of motion.

3.1 The 1D acoustic equation of motion

The particle displacements u in the presence of an acoustic wave that are propa-

gating in the z-direction are governed by Newton’s second law:

iT 2
_ _ _ a7 1
P / TdA / v / V. (3.1)

where I is the net force applied by the acoustic wave; T:% is the stress, which is
the force applied to a surface of area A; p,, is the density of the acoustic medium
and dV denotes an infinitesimal volume element of the acoustic medium. So we
have:
2
CCZZ_Z = pmM. (3.2)
For a non-piezoelectric material, the stress T and the strain S :Z—Z are related by

Hooke’s law, such that:

T = ¢S, (3.3)

where ¢, is the elasticity of the acoustic medium. Substituting equation (3.3) into

(3.2) yields the acoustic equation of motion:

v py, dPu

Putting a trial sinusoidal solution into equation (3.4) gives the phase velocity of

the acoustic medium, i.e., T = v, = ;—m, where w is the angular frequency and k
m

is the wavenumber. One can also relate F' to the particle velocity U:% by noticing
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o O

Figure 3.1: The diagram shows the equivalent circuit model for an acoustic

transmission line. It is a T network with impedances, Z, = jZ,, tan(%2*) and

7y = S;fé’:), where Z,, is the characteristic impedance of the material m, and

Ym = kt,, with t,,, being the material thickness. (F,+1, vp41) is related to (F,
vp) by a transfer matrix A,, which is defined in equation (3.15).

that: % = pm% = kT = ppwv = % = ZPm = /PmCm, and so:

F=27,v=\/pmcmAv = Appv,0, (3.5)

where Z,, = Ap.,vp, is the characteristic impedance of the acoustic medium. Here,
F and v are analogous to V' and [ in an electrical circuit, and thus in a long
acoustic medium (compared to the wavelength), the acoustic variables F' and v

may be represented using an equivalent transmission line model.

3.2 Transmission line model for a non-piezoelectric

acoustic medium

Consider a slab of acoustic medium of thickness t,, bounded by two planes at
z = z, and z = z,,1 with cross sectional area A. The aim of this section is
to relate the forces at the boundaries (F},, F,,+1) to the particle velocities at the
boundaries (v,, vn41) and hence to formulate an equivalent circuit for a non-
piezoelectric acoustic medium. We suppose that there exists a superposition of

forward and backward travelling waves, so that the spatial dependence of the
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particle displacement u(z) can be written as:
u(z) = ute " 4 um el (3.6)

where ™ and u™ are the amplitudes of the forward and backward travelling waves.

The particle velocity at z, is given by:

d . ,
Uy = d—qz(zn) = jw(uTe Tk 4y~ el ), (3.7)

Similarly, we obtain an expression for v, 1,
du

Upi1 = a(znﬂ) = jw(ute IFantt gy edkEnin), (3.8)

Using equation (3.7) and (3.8), we can find vt and «~ in terms of v, and v,

such that:
‘ N Unejkszrl _ ,Un+1€jkzn
Jjwu = — , (3.9)
27 sin(yy,,)
_ Upge TP g em R

, (3.10)

Jet 27 sin(ym)

where 7,,=kt,,. We now find the relationship of the force F' with u™ and u~, i.e.,
d ) ) ) )
F=AT = AcmS = Acmd—u = jk-cmA<u+e*sz_u*ejkz> —_ ijm<u+e*sz_u*ejkz>.
z
(3.11)

Finally, substituting the expressions for «™ and u~ into equation (3.11) leads to:

Zm . ’Ym
Fo = (00 = nga) + 2 tan (%) on: (3.12)
Fn+1 = jsin . (Un — Un+1) — jZm tan (7>'Un+1. (313)

These equations can be represented by an equivalent circuit as shown in figure 3.1.

sin(ym)

It is a T-network with impedances Z,=jZ,, tan(%3*) and Z;, =
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To facilitate the conversion from (F),,v,) to (F,i1,Vns1), one can introduce the

matrix A,, such that:

E, E,
— A, . (3.14)

Un Un+1

coS(Vom) 7 Zm SIN(Vin
A — (Ym) J (Ym) | (3.15)

jE) cos(y,)

3.3 Equivalent circuit for ZnO piezoelectric lay-

ers (purely longitudinal or purely shear wave)

In this section, we consider a slab ZnO slab of thickness ¢, with boundaries at
2z = z, and z = z,,1 and a cross sectional area A. We begin by relating the acoustic
parameters at the boundaries (F,, v,), (Fyi1, Unp1) to the electrical parameters
(V, I). Based on these results, we develop an equivalent circuit that represents
the electromechanical coupling and the acoustic transmission of the piezoelectric

layer.

In a piezoelectric material, the displacement current density J is related to the elec-
tric displacement D by J :88—?. If the current I is sinusoidal, I = J A:%—?A:ijA.
Hence, we have:

D=—. (3.16)

Combining equations (2.11) and (2.12), F' can be written as:

. 2
Doy er Dysa-PA_usa 1 am

F:TA:cSA—e( -
€ € jw

2
where h=¢ and ¢ = c+<.
€ €

The forces at the boundaries of the piezoelectric slab can be obtained by modifying

equations (3.12) and (3.13). This is achieved by replacing ¢, by ¢’ and adding the
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term --L, i.e.
jw
A4 v I
F, = w = Unr) + 52" tan (2 )on — h— 3.18
Jsin(7y) (vn = Vn41) + jZ"tan 2)" Jw (3.18)
4 vy
Fopy = w = Vurr) = 52" tan (3 )iy = hom 3.19
= s =) =2t (o~ (319)

As e is small, Z' ~Z,=Ap,v, is the characteristic impedance of the ZnO slab.

Here, v, and p, are defined as the velocity of the acoustic wave and the density of

the ZnO piezoelectric layer respectively.
Now, we relate the voltage V' to I and the acoustic parameters.

Rearranging equation (2.2), we obtain:

Integrating £ and using v=jwu yields:

Dt, It, h

Zn+1
V= / Edz = — — h- [u(zp41 — u(z,)] = + — (v — Vpy1)-

€ C jwAe  jw

This equation can be rearranged to give:

I = j(,UCOV - hCo(Un - Un+1)

(3.20)

(3.21)

(3.22)

where C'(()L’S) = % is the capacitance of the piezoelectric layer. The current there-

fore comprises a contribution from the capacitance and a contribution from the

acoustic power generation due to the piezoelectric effect.

Equation (3.18), (3.19) and (3.22) can then be represented by a 3-port equivalent

circuit network as illustrated in figure 3.2. In this circuit, the transformer which

1
has effective turns ratio (1:¢ where qﬁ:hCo:k(L,S)(@y, and wg = 2%21’71;)

converts between the electrical parameters (V, I) into acoustical parameters (F,v)
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Figure 3.2: An illustration of the Mason equivalent circuit model for a piezo-

electric layer. Here, Z; = jZptan(%) and Z = %, VY = ktp, = %”,

1
_ _ _ CoZo \ 2 9. _ egeA
Zy = Appvp, ¢ = hCo = k:L(%> , Wy = 27T£, Co = %. The transformer

network represents the electromechanical coupling while the T network takes

into account the acoustic transmission. C((]L’S) represents the capacitance of the
ZnO piezoelectric layer.

and the T-network takes into account the acoustic generation and transmission in

the piezolayer.

If the F}, port is terminated with a back impedance Z,, then the matrix A relating
(V. I) to (Fhi1,vnt1) is [38, 39]:

V F,

=, (3.23)

I Un+1

A 1 1 jf—éo cosy, + jzpsiny,  Z,(zpcosy, + jsiny,)
P . )
oH jwCy 0 j% 2(cosy, — 1) + jzpsiny,
(3.24)
where z,, ¢ and H are defined as:
Zy
= 3.25
w=7 (3.25)
CoZy\ 3

6 = hCy = kg9 (2222) (3.26)
wo = o P (3.27)

2,
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(@)
Electrode I telectrode
Piezoelectric layer t,
Electrode I telectrode
Substrate (infinitely long)
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—>—{ 11"} {1 {1 11>
VO V1 V2 V3
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Top electrode Piezoelectric layer Bottom electrode Substrate

Figure 3.3: The total equivalent circuit model for the transducer is con-
structed by cascading the circuits for the corresponding piezoelectric and non-
piezoelectric layers. A stress-free surface is assumed on the top electrode surface
and the acoustic port (F3,v3) is terminated by the substrate impedance Zgp,
which represents an infinitely thick substrate.

H = cosvy, — 1+ jzpsiny,. (3.28)

3.4 Mason’s equivalent circuit for ZnO BAW trans-

ducers

Combining the equivalent circuits for non-piezoelectric and ZnO piezoelectric lay-
ers, one can construct the total circuit for the BAW transducers with the layer
structure electrode/ZnO piezoelectric layer/electrode/substrate. The total equiv-
alent circuit is illustrated in figure 3.3. In the model, we have assumed that the
substrate is infinitely long. This assumption can be justified by the fact that the

acoustic wave is excited by a pulse in the experiment, and the duration of this

pulse is much shorter than fjubmate so that no standing wave is formed. We have

substrate



Chapter 3. Mason’s equivalent circuit for ZnO BAW transducers 26

assumed that the top electrode surfaces are stress free as they are allowed to move
freely in space; this implies we can short circuit the leftmost port. The total
impedance of the transducer can be then found by noticing that:

Vv F2 F3 F3
= AP = ApAbottom electrode = Atot (329)

I (%) V3 Vs

and the impedance Z;, is given by:

Tin = = (3.30)

K . Aot 11F3 + Aior 1203 Ator,11Zs6 + Atot12
- - 9
I A1 Fs + Aior22vs Avor, 21250 + Aot 22

By _

P «» With Zg being the characteristic

where in the last step, we have used

acoustic impedance of the substrate.

The back impedance Z;, that appears in the matrix A, can be calculated by notic-
ing:
Fy F

= Atop electrode . (331)
() U1

But Fy=0 (short circuit), so we have:

F A
Zb _ __1 o top electrode,12 (332)

(%1 Atop electrode,11

This equation can be simplified by assuming the ZnO piezo-layer is sandwiched
by a back impedance Zj, = 2,7, (mentioned previously) and a forward impedance

Zy = zpZ, (see figure 3.4), Z;, can be found to be [40]:

Ly k(2 + 2p) siny, + j2(1 — cos ) ]

Zin = — — : -
jwCy Yo (26 + 2f) cosy, + J (1 + zp2p) siny,

(3.33)

We can now calculate the acoustic power that is generated in the transducer for

a given input impedance. Using standard transmission line theory, the fraction of
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incident electrical power that is converted to acoustic power is:

Fraction = Re(l B (gz—;g:)?) _ ( (Zi ?y)
=Re(1- (Z ;5)2) :Re<(GC—i—§)> (3.34)

o 4CJSCTYin
(G +Gw)?+ B2

where in the calculation, we have expressed the power transmitted in terms of the
admittance Y, = Zi = Giy + jBin- The conversion ‘loss’ CL (dB) ! is therefore

given by:

4G Gy )

CL (dB) = 10-10g10(<G T

(3.35)

3.5 Theoretical predictions of the Mason model

In this thesis, the transducers fabricated can only generate longitudinal acoustic
waves and they have the structure Au/Cr/ZnO/Au/Cr/sapphire as shown in fig-
ure 3.4. To apply the Mason model developed in section 3.4 in this particular
configuration, the transfer matrices can be set as: Agop electrode=AauAcr, A,=A% o

and Zg,=Zsapphire, and the electromechanical coupling constant is set as k..

To facilitate the design of a transducer geometry that has maximum conversion
efficiency, we now investigate the behaviour of transducers with various ZnO thick-

nesses tz,0, electromechanical constants ky,, electrode thicknesses and areas.

LA term confusingly used in the literature despite there being no real loss in power to heating
effects.
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Figure 3.4: (a) The layer structure of the ZnO transducer considered in
the Mason model, (b) Applying the Mason model to a transducer structure
of Au/Cr/ZnO/Au/Cr/sapphire. In the diagram, tay, tcr, tzno denote the
thicknesses of the gold, chromium and ZnO layers respectively.

3.5.1 Transducer response as a function of ZnO thickness

Figure 3.5 illustrates the possible resonant modes of a BAW ZnO transducer de-
posited onto a flat substrate. In this configuration, the top electrode of the trans-
ducer is free to vibrate in space and so it is an antinode. Conversely, the bottom
electrode is attached to a high impedance substrate so the acoustic wave is effec-
tively pinned at this bottom electrode surface causing its amplitude of vibration
to minimize. Hence, only odd modes can be excited. If we consider the ideal
situation where the electrodes are infinitesimally thin and the acoustic impedance
of the substrate is infinitely large, then the ZnO thickness t7,0 is related to the
resonant frequency fy by:

Ao Vo

tn = —_— =
ZnO n2 n2f0

(3.36)
where n is an odd integer greater than 1, i.e., 1, 3, 5, etc.; A\g is the wavelength at

the resonant frequency and vy o is the velocity of the longitudinal acoustic wave

in ZnO.
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Figure 3.5: Odd modes are excited in a BAW ZnO transducer deposited on a

substrate of high acoustic impedance. This is caused by the fact that the top

electrode vibrates freely in space while the bottom electrode is pinned by the

load imposed by the substrate.
Figure 3.6 demonstrates the frequency dependence of the predicted CL (dB) com-
puted for various tz,0. The first noticeable result is the progressive increase in
the resonant frequency (the point for which the CL is minimal) as the thickness
of ZnO reduces. This agrees with the observation that the resonant frequency is
inversely proportional to tz,0 in equation (3.36). Moreover, for the same tz,0,
successive peaks in CL are observed (corresponding to the harmonics) with fixed

frequency gaps Af in between. These gaps are closer for thicker ZnO films as

predicted by the same equation.

Another interesting feature is the relationship between the minimum CL and tz,0.
The minimum CL is the value of CL at the resonant frequency of the fundamental
mode. One might intuitively expect the minimum CL to be the same regardless
of the thickness of the ZnO film as long as kj, is the same. In fact, this is only
true for the case when tz,o is greater than a threshold value. For tz,0 less than
the threshold, the insertion loss increases exponentially, and the CL rises to oo
as thickness tends to zero. This feature can be seen in figure 3.7 in which the

minimum CL is displayed for various ty,0 given the same ky,.
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Figure 3.6: The theoretical CL of transducers with t7,0=500nm, 1000 nm
and 2000 nm. The fitting parameter used are tcy=4nm, ta,=25nm, electrode
diameter=400 ym and ky,=0.25.
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Figure 3.7: Using fixed fitting parameters: tc,=4nm, ta,=25nm, electrode
diameter=400 pm and k;,=0.22, the minimum CL is calculated as a function
of ZnO thickness. It should be noted that there exists a certain threshold
thickness (circa 2000 nm in the case illustrated) below which the CL increases
exponentially. Above the threshold thickness, the CL takes its minimum value
which is independent of the thickness.

3.5.2 Transducer response as a function of ky,

In section 2.2.2.2, we introduced the parameter ki, as a measure of the efficiency
for conversion of electrical power into acoustic power. Figure 3.9 shows the min-

imum CL for the transducers at various k. As one would expect, the minimum
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Figure 3.8: The theoretical CL of transducers with k;,=0.1, 0.25. The fit-
ting parameter used are tc,=4nm, ta,=25nm, electrode diameter=400 ym and
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Figure 3.9: The minimum CL of the transducer at various k..

CL drops monotonically with kp. In figure 3.8 , we have shown the frequency

dependence of the CL for k,=0.1 and k;,=0.25. It can be seen that ki, only influ-

ences the amplitude of the CL; the shape of the CL versus frequency curve remains

unchanged.
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Figure 3.10: The theoretical CL of transducers with various Au electrode
thickness t4, of 25nm, 50nm and 100nm. The fitting parameters used are
tcy=4nm, ta,=25nm, electrode diameter=400 ym and k;,=0.22.

3.5.3 Transducer response as a function of Au electrode

thickness

In the prior analysis of section 3.5.1, we have calculated the resonant frequency
in equation 3.36 by assuming that the electrodes are infinitely thin. In reality,
electrodes have finite thicknesses, typically around tens of nanometers. Owing
to the mass loading effect, the resonant frequency of a real ZnO transducer will
be vastly reduced. This feature is predicted by the Mason model, for instance,

a 1060 nm thick ZnO without the influence of mass loading should give rise to a

resonant frequency of 3100 GHza 3 GHz; whereas if the ZnO film is sandwiched by

Au electrodes of 25 nm, the resonant frequency drops to around 2 GHz. Figure 3.10

depicts the impact of mass loading on the piezoelectric response of the transducer.
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Figure 3.11: The influence of the top dot electrode diameter on the perfor-
mance of the transducer

3.5.4 Transducer response as a function of the the top sig-

nal electrode area

It turns out that the top electrode area has a significant influence on the transducer

performance. It is found that the transducer is best matched to the 50 €2 transmis-

€A
tzno

sion line when the capacitance Cy = takes a value such that Z, = ——=-j50 Q.

jwCo ™
This matching as a function of the top electrode area is illustrated in figure 3.11
(circular electrode shape is assumed). Hence, in order to design the most efficient

transducer, one has to take the electrode size into consideration.



Chapter 4

Fabrication and characterization

of ZnO ultrasonic transducers

In this chapter, we will describe how bulk acoustic wave (BAW) ZnO transducers
are fabricated and characterized. We begin by presenting the design and layer
structure of the transducers. The techniques required to deposit the electrodes and
the ZnO thin films of the transducers will be discussed. We proceed to describe
the assembly of the custom-built evaporation/sputtering plant and the fabrication
protocols for producing high quality transducers. The transducers fabricated are
characterized by two methods - X-ray diffraction and microwave electrical pulse-
echo measurement. These measurements enable us to quantify the quality of the
Zn0O film and the conversion efficiencies of the transducers. We will explain in
detail how these characterization methods work and how the various necessary

pieces of equipment are set up to obtain accurate, reproducible measurements.

34
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4.1 Design and layer structure of the fabricated

transducers

In section 3.4 we described the typical structure of a BAW ZnO thin film transducer
which takes the form of a ZnO thin film sandwiched between top and bottom
electrodes; and the bottom electrode is in direct contact to the substrate. Now
we will describe a slight adjustment to this design which simplifies the fabrication

procedure.

In this new structure, there is an extra top ground electrode which has a much
larger surface area than the top signal electrode. This top ground electrode couples
strongly to the bottom electrode due to their mutual capacitance, so the bottom
electrode is effectively grounded. Therefore, the transduction characteristics of
these transducer can also be adequately described by the Mason model developed
in section 3.4. Having such a top ground electrode avoids the need to use post-
deposition lithography to expose the bottom electrode for grounding purposes.
This saves time, eliminates cost and avoids the risk of the lithography procedures

damaging the quality of the ZnO film.

Each electrode consists of two metallic layers. The first layer is Cr and is present to
improve film adhesion and hence to avoid peeling of the film due to their intrinsic
stress. The latter is a common problem in magnetron sputtered ZnO films. The
second layer is made of Au, this layer provides a highly conductive and uniform
layer for the ZnO films to deposit on. Ideally, the electrodes should be made as
thin as possible to avoid mass loading. However, in reality, thin electrodes tend to
be porous and less conductive. As a compromise between these two constraints,
we have used electrodes with a Cr thickness of 4nm and a Au thickness of 25 nm.
As previously discussed, the size of the top signal electrode is also important for

optimizing the matching of the transducer to the 502 transmission line. For
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Figure 4.1: A schematic diagram showing the layer structure of the transducers

fabricated. The large ground electrode at the top surface is electrically coupled

to the bottom electrode via the big capacitance between them, so the bottom

electrode is effectively grounded. Each electrode consists of two metal layers:

Cr and Au. The Cr layer serves as an adhesive agent so that the film grown

does not simply peel off from the substrate due to intrinsic stress while the Au

film provides a highly conductive and uniform layer for the ZnO to deposit onto.

The structure therefore takes the form of: substrate/Cr/Au/ZnO/Cr/Au.
example, for a transducer that has a ZnO thickness of 1000 nm, the optimum
diameter is around 130 pm. However, due to the difficulty of depositing such small

dots without the use of lithographic tools, all the transducers we have fabricated

have top signal electrode diameters of 400 pum.

4.2 Deposition of ZnO transducers

In this section, we will discuss how a BAW ZnO transducer is fabricated practi-
cally. We begin by discussing how the substrate surfaces are prepared before the
transducer is deposited. We then present the methods for depositing the metal
electrodes and the ZnO thin film. The assembly and design of the custom-built

evaporation/sputtering plant is described.

4.2.1 Surface preparation

The substrate needs to be very clean in order to produce high quality transducers.

Any oil contaminants such as finger prints militate against good film adhesion.
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They may also outgas and impair the chamber vacuum, thus degrading the c-axis
texture of the ZnO films. The presence of these hydrocarbon molecules should thus
be strenuously avoided. In order to guarantee a clean surface, the substrate is first
immersed into a Decon bath (a highly effective surface active cleaning detergent)
and is subsequently washed by water rinsing. The substrate is then transferred
to a vacuum chamber for sputter-cleaning. This final step is crucial for producing
a good quality surface on which to deposit: omitting this step invites the grown

films to self-destruct by peeling.

At the microwave frequencies used, the acoustic wavelength is on the order of
hundreds of nanometres, so the substrate also needs to be optically flat. This
can be achieved by carefully polishing the substrate surface. Any scratch or non-
uniformity that has a physical dimension comparable to the wavelength of the

acoustic wave can lead to destructive interference of the transduced waves.

4.2.2 Depositing the metal electrodes using thermal evap-

oration

Both the Cr and Au components of the electrodes of the ZnO transducers are
deposited using flash evaporation. The Cr and Au are first loaded into their
respective tungsten evaporation boats. A high DC current is passed through the
boat so that the metal to be deposited is heated. The boats are held at cherry-red
temperature for around 10 seconds to drive off hydrocarbon contamination. The
substrate is then unmasked and the boat abruptly raised to flash evaporate the
films. The thickness of the deposited metal layer can be controlled by the mass of
metals that are loaded into the boats. The top signal electrode and the top ground
electrode can be deposited by evaporating the metals through a mask. The mask

needs to be thin and should be placed as close to the sample surface as possible in
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Figure 4.2: The diagram shows the evaporation mask used for depositing top
electrodes.
order to avoid misalignment of the Cr and Au layers. Figure 4.2 shows the mask

used for the fabricated ZnO transducers.

4.2.3 Depositing the ZnO thin film using magnetron sput-

tering

Magnetron sputtering can be performed using either a DC or an RF electrical
supply. DC sputtering is generally used for target that are conductive whereas
RF sputtering can be used for sputtering materials that are either conducting or
insulating. ZnO is a semiconductor so our system operates with an RF system at
13.56 MHz which applies an oscillating voltage to the target relative to the metal
walls of the chamber. The electric field thus generated acts as a trap for any free
electrons® in the chamber and imparts an oscillating kinetic energy to them in one
dimension. Quasi-elastic collisions with gas atoms feed this energy progressively
into the other two dimensions where it accumulates until the electron acquires
enough energy to ionise a gas atom, thereby triggering another identical process
and hence a chain reaction which then maintain the sputtering plasma. The
positive-going excursion of the target suck in burst of highly mobile electrons in
the plasma. The target thus set at a negative DC so the positive ions are strongly

attracted towards the target surface. They thus bombard the target and transfer

1Usually caused by cosmic radiation.
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their momentum to the ejected surface atoms. These ejected atoms migrate to
the adjacent substrate and a thin film is produced as these atoms reform on the

substrate surface.

Sputtering is performed in a vacuum chamber at a working pressure that is typi-
cally in the range from 1 mtorr to 50 mtorr. The low pressure allows the sputtered
particles to travel directly to the substrate without hitting other gas molecules
on the way. During the sputtering process, ions and molecules in the sputtering
plasma eventually de-excite emitting photons that give rise to a glow that enables
the plasma location and characteristics to be visually monitored. A satisfactory

ZnO sputter discharge in an Ar/O, gas mixture has an easily recognised lilac glow.

Both the DC and RF sputtering can be used to deposit ZnO film. In the DC
mode, Zinc target is used with a pure oxygen working gas. This is known as
reactive magnetron sputtering. The control of the stoichiometry of the ZnO films
is difficult in this set up and the sputtering rate is significantly lower due to the
use of an oxygen plasma. The ZnO film described by this thesis were made by RF
sputtering of a ZnO target formed from compressed ZnO powder. It is commonly
known that [41] the sputtered particles from a ZnO target contain an excess of Zn
atoms over oxygens, so Ar/O, is used as a working sputtering gas to oxidize any

remnant Zn atoms in order to achieve good film stoichiometry.

A cylindrical magnetron was in-house designed and constructed for ZnO sputter

deposition (see figure 4.3 and 4.4). The design has the following features:

1. Magnets of opposite polarities were arranged on a mild steel back plate as
illustrated in figure 4.3. At a certain radial distance r from the centre, the
B-field produced is parallel to the target surface. Since the electrons drift
in the £'x B direction, these electrons are confined in the ring of radius r

near the target surface where the plasma is at its densest. This region of the
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magnetron is known as the racetrack and it corresponds to maximum target

erosion.

2. Strong N42 neodymium iron boron (NdFeB) permanent magnets were used

for plasma confinement in order to generate a dense plasma.

3. An unbalanced magnet configuration (i.e. not all B-field flux lines return
to the magnetron) was chosen. This is achieved by making the area of the
single-ring piece and the central magnet unequal. Magnets of exactly the
right dimensions are difficult to find and so we implemented it with a series
of button magnets arranged in a ring pattern. The effect of the unbalanced
magnetron is that the B-field flux leakage lines guide the plasma to hit
the surface of the substrate which is placed directly above the magnetron.
This ion and secondary electron bombardment is thought to promote surface

diffusion and hence better film growth in sputtering.

4. The ratio of the target diameter to the thickness is kept as high as possible.
This geometry tends to enhance the field near the racetrack, and thus giving
stronger plasma confinement. It has the disadvantage that the thin targets
necessarily employed have a limited lifetime. A large diameter target is
therefore desirable to allow a target thickness of at least 5mm and hence a
reasonable working life. The ZnO target that we have used has a diameter

of 89 mm and a thickness of 6.6 mm.

5. A thermally and electrically conducting silver-loaded epoxy glue was used to
attach the back of a copper disk which was soldered onto a brass annulus.
This whole unit can be fitted to the magnetron assembly using two screws,

this allows the targets to be conveniently interchangeable.

6. The magnetron is water cooled to avoid overheating of either the target

material (causes cracking) or the magnet (residual magnetization degrades
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Figure 4.3: The schematic of the magnetron.

at high temperature). A vacuum gap is engineered between the annulus and

the NdFeB to avoid heat transfer from the hot target.

7. A grounded shield was put in place close to the target to avoid plasma from
striking at the back of the magnetron. This prevents unwanted sputtering

and thus minimizes the impurities introduced to the fabricated film.



Chapter 4. Deposition of ZnO transducers 42

Figure 4.4: The inside of the ZnO magnetron and the spatial arrangement of
the NdFeB magnets.

4.2.4 The assembly of a custom built evaporation/sputter-

ing plant

The setup of the custom-built sputtering plant is depicted in figure 4.5. The
cylindrical stainless steel vacuum chamber of diameter 8.5” and height 11.5” is
supported on an aluminum table. There are multiple %” feedthroughs on the side
of the chamber and a 30 mm thick glass plate is used to seal the top of the chamber
allowing good visual monitoring of the deposition processes. The vacuum is pro-
vided by a E06 oil diffusion pump which is backed by a rotary pump, and a liquid
nitrogen trap is installed to prevent oil backstreaming. Sputtering gas (Ar/Os
mixture) can be introduced into the chamber via a leak valve. The main chamber
and the diffusion pump may be isolated by a butterfly valve, which is used for
controlling the gas load of the pump intake. To reduce water contaminant of the
gas admitted, the mixture goes through a Peltier cooling device before entering the
chamber. A Meissner trap is also installed inside the chamber to selectively pump

any residual water vapour: the reducing effect of the hydrogen radials caused by
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plasma cracking of water molecules is thought to suppress good thin film growth.
The magnetron is mechanically installed via the side feedthrough port and sits
near the centre of the chamber. It is connected electrically to the 13.56 MHz RF
power generator via a matching network. In addition to magnetron sputtering, the
chamber is also capable of thermal evaporation. As shown in figure 4.6, the high
current feedthroughs enter via the chamber base plate to power the evaporation
boats. The capability of carrying out thermal evaporation and sputtering with-
out the need to break vacuum in between is essential for high quality transducer
fabrication. In order to control access of the sputtered or evaporated material to
the substrate, the latter may be displaced between two positions where it is re-
spectively exposed and masked. This feature is enabled by an externally operated

sliding vacuum feedthrough.

4.2.5 The fabrication protocol

In this section, we present the recipe for fabricating ZnO transducers using our
custom-built evaporation/sputtering plant. The protocol (illustrated in figure 4.7)
is as follows:

1. Clean the substrate with 5% Decon solution and thoroughly rinse with water.

2. Load the substrate into the chamber, and bake the chamber for at least 6

hours to remove water contamination
3. Meanwhile the chamber is pumped down to below 2x 107> mbar.
4. Allow the chamber to cool down to ambient temperature.

5. Fill the Meissner trap with liquid nitrogen to pump the residual water and

oil contaminants.
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Figure 4.5: A schematic diagram showing the set-up of the sputtering plant.

6. Switch on the Peltier cooler in the gas input line. After it has been cooling

for 10 minutes, allow Ar/O, gas to enter the chamber via the leak valve.

(The Peltier is to condense any the water contaminant in the input gas line.)

7. Connect the electrically floating substrate holder to the RF source, sputter

clean the substrate for 7 minutes at 30 W at 4 pbar (having adjusted the

matching network for maximum power). This cleans and raises the temper-

ature of the substrate to about 150°C.
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Figure 4.6: The base plate of the sputtering plant, highlighting on the making
of the evaporator.

Cut off the gas feed leak valve, pre-cook the metal charge to drive off con-
taminant, then expose the substrate and evaporate 4 nm of Chromium (cor-
responds to a charge of ~ 0.0035g) and then 25nm of Gold (=0.05g) onto

the substrate.

Reopen the gas feed leak valve, ion clean the Gold film for 15 seconds at

20 W at 4 ubar .

Maneuver the substrate so that it faces the centre of the magnetron. Connect
RF source to magnetron, excite the plasma at the desired sputtering condi-
tions to sputter ZnO onto the substrate (require re-tuning of the matching

network).

Depending on the length of the sputtering operation, refill the Meissner trap
once every 30 minutes to avoid warmup of the trap and release of the trapped

contaminants.

After finishing the deposition, wait for at least 3 hours before opening the
chamber via a nitrogen line (if humid air accesses the chamber while the

trap is cold, water condenses on the trap, so extended pump-down times
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Figure 4.7: An illustration on the fabrication procedures

is required when the plant next operates). As an extra precaution against

water adsorption, the plant is vented with dry nitrogen when it is eventually

opened.

13. Install the mask onto the substrate holder, and load it onto the chamber

again.

14. Pump down the chamber to below 5 x 10~5 mbar.

15. Evaporate 4 nm of Cr (~ 0.0035g) and then 25 nm of Au (=0.05g) onto the

substrate.

16. Evacuate chamber and retrieve the sample deposited.

17. The chamber is kept under vacuum when it is not in use. This is to avoid

ingress of water vapour and oil contaminants.
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4.3 X-ray characterization

4.3.1 Basics of X-ray diffraction

X-ray crystallography is a non-destructive technique for analyzing the structure
of crystalline materials. The technique involves irradiating the crystal of interest
with a monochromatic X-ray beam and analysing the detected diffraction pattern

in which the information about the structural properties of the crystal is encoded.

Consider the diffraction of an incoming X-ray beam by a set of lattice planes of
interplanar spacing d. The beam makes an angle # with the planes as shown in
figure 4.16. The path difference between the beams scattered by adjacent planes
is then 2dsinf. At certain angles #, this path difference is exactly equal to the
X-ray wavelength A (or multiple of the wavelengths) and the diffracted beams
constructively interfere giving a strong diffracted signal. This condition can be

expressed mathematically by Bragg’s law of diffraction.

nA = 2dsin6. (4.1)

In order to label the lattice planes in a systematic way, the Miller index system is
used. The Miller indices describing a family of planes are determined as follows.
The crystal lattice is defined by the three lattice vectors a;, az and ag. A lattice
point is arbitrarily chosen as the origin and the member of the family of planes
that passes closest to this origin is determined. This plane intersects the vectors
aj, az and ag drawn from the origin at positions £+,%2 and %*. The Miller indices

correspond to the family planes is then (hkl). The interplanar spacing between

adjacent (hkl) planes is dp.

Bragg’s approach to diffraction is instructively helpful, but of little use for a deeper

understanding of diffraction. A much more powerful and versatile tool involves
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(hkl) planes

nA=2dsin6 |Gh|=2ksin®=1/dy,
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Figure 4.8: The diagram illustrates the Bragg and Laue conditions for X-ray
diffraction in the real and reciprocal spaces respectively. In real space, an X-
ray beam with wavevector ki, is incident on the (hkl) planes with an angle
f. The incident beam is diffracted by the lattice plane causing the beam to
travel away from the crystal with a wavevector koyt. Strong diffraction signals
are detected when the diffracted beams constructively interfere (i.e. Bragg’s
condition), and this happens when nA=2dy;sin 6. In reciprocal space, the Laue
condition is satisfied when the scattering vector Ak = kj, —Kkout coincides with
the reciprocal lattice vector Gpyy. The circle represents an Ewald sphere with
radius k = 27” which is drawn to touch the reciprocal lattice point that is chosen
as the origin of the reciprocal space. It thus traces out all possible koyt for
a given Kj,. The Laue condition is fulfilled if the surface of the Ewald sphere
touches a second reciprocal lattice point (In addition to the reciprocal lattice
point at the origin.)

the application of reciprocal space. The reciprocal lattice vectors Gy are defined

as:

thl - hbl + ksz + lb3 (42)
and they are derived from the real space lattice vectors by the relation:

a; X ak

bi =27 (43)

a; - (aj X ak)'

It can be shown that G is orthogonal to the real space lattice planes (hkl) and the

real space interplanar distance dyy,; is given by:

(4.4)
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Bragg’s law (derived from purely real-space consideration) can therefore be rewrit-

ten as:
thl = Ak (45)
and
|th1‘ = Qko sin @ (46)
where kg = 27” is the wavenumber of the X-ray and Ak = kous — Kin is the X-

ray scattering vector connecting the incident and diffracted X-ray wavevector. So
this means that strong diffraction signals are detected when the scattering vectors
coincide with reciprocal lattice vectors; this is known as the Laue condition. All
scattering vectors satisfying this condition may be found by the Ewald sphere

construction as illustrated in figure 4.8.

In this work, we used X-ray diffraction to analyse our ZnO thin films so as to deter-
mine properties such as the crystal structure, preferred orientation of crystallites,

crystallite sizes, angular distribution of crystallite orientation and film stress.

4.3.2 Lattice planes and the corresponding reciprocal lat-
tice vectors of c-axis oriented ZnO polycrystalline

grains

As noted in the previous section, a family of perfect lattice planes (hkl) is repre-
sented by a point whose position vector is the reciprocal lattice vector Gyi. We

can now extend this concept to model crystal impurities in reciprocal space.

In the idealised case when all the c-axes of the grains point normal to the substrate,

the {002} planes ? correspond to point in reciprocal space whose position vector

2For c-axis oriented ZnO thin films, the lattices planes that are parallel to the substrate are
the (001) planes. The (001) diffraction peak is systematically absent and the first observed (001)
diffraction order is (002).



Chapter 4. X-ray characterization 50

is Oby + Obg + 2bg as depicted in figure 4.9a.

Although the ZnO films grown are highly c-axis oriented (as we will demonstrate
later in section 5.3.1), inevitably the c-axes of some grains have a slight misori-
entation relative to the substrate normal direction. The misorientation angle §
is typically normally distributed as shown in figure 4.10. In a real space, one
can visualise the misoriented lattice planes as lying perpendicular to cones that
make an angle § with the substrate normal as seen in figure 4.9b(ii). In recipro-
cal space, the crystallite misorientation is represented by a smearing out of the
(0,0,2) reciprocal lattice point to form a section of a spherical surface of radius
|Gooz|=2kosin @ (see figure 4.9b(iii)) that subtends an angle ¢ at the origin. Of
course this model assumes a constant lattice parameter dyge. In fact, the lattice
parameter also varies very slightly throughout the film, the reciprocal lattice point
representing the (002) planes in reciprocal space smeared out into a volume rather

than just a surface.

4.3.3 Scanning modes

In a typical X-ray diffraction set-up as shown in figure 4.11, X-rays produced by
a fixed source are directed to a sample that is attached on a sample bed and the
diffracted beams are collected using a detector. Both the sample bed and the
detector can vary in position. Conventionally, the angle between the incident X-
ray beam and the sample bed surface is defined as w and the angle between the

incident X-ray beam and the detector is 26.

In this section, we will describe various scanning modes including 6/26, 20 /w and w
scans and we will discuss how these scans can provide useful structural information

about the c-axis oriented ZnO thin films.
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Figure 4.9: (a) Case when all c-axis grains points parallel to the substrate
normal: (002) planes in real space are represented by a single vector in reciprocal
space. (b) Case when the c-axis grains are slightly misoriented and lie at angle
6 to the substrate normal: the misoriented lattice planes lie perpendicular to
cones that make an angle § with the substrate normal; these planes can be
represented by a section of spherical surface in reciprocal space.

Number of
grains

. Misorientation angle &
Misoriented angle 9

=0 (c-axis grains pointing
normal to the substrate)

Figure 4.10: The normal distribution of misorientation angle . When =0,
the c-axis of the grains point parallel to the substrate normal.

4.3.3.1 Gonio (0/20 scan)

The 6/26 scan is a coupled scan in which both sample bed and detector move
simultaneously so that w=6#. When the angle # satisfies the Bragg condition, a
diffraction peak is detected if {002} lattices planes are present in the ZnO thin

films grown.
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Sample bed

Incident x-ray beam

Detector
Figure 4.11: A typical X-ray diffraction set up: w= angle between the incident
X-ray beam and the sample bed surface; 20= angle between the incident X-ray
beam and the detector.

The 6/260 scan can be more conveniently understood in reciprocal space. Figure

4.12 illustrates how the incident k;, and diffracted wavevectors kou change as 6

2r

v centred at the reciprocal lattice

varies. kj, lies in the dotted circle of radius ko=
point (0,0,0). As 6 increases, the angle 20 between k;, and keyue opens up and the
tip of the kot vector tracks along the dotted line until it coincides with the (0,0,2)
reciprocal lattice point, in which case Bragg’s condition is satisfied leading to a
peak to the detected diffraction pattern. Suppose the sample is misaligned with
the sample bed at an angle A. The dotted line then misses the (002) reciprocal

lattice point and so for a perfect crystal, no diffraction signal is observed.

Now, suppose that the film is imperfect and comprises an ensemble of crystallites
whose c-axes have a spread of angles relative to the substrate normal. In figure
4.12, the arc encompassing the (0,0,2) reciprocal lattice point represents the locus
of the tips of the reciprocal lattice vectors that correspond to the (002) planes
of the misoriented crystallites. If we misalign the sample by an angle A relative
to the sample bed, the tip of the kgyut vector will still track through the arc
and a diffraction signal will be observed provided that the angular misorientation

represented by the arc exceeds the misalignment angle A.

It should be noted that the diffraction peak is never infinitely sharp even for a
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perfect crystal structure due to broadening caused by instrument limitations (finite
slit sizes) and finite crystallite sizes (the diffracted beam from different crystallites
are incoherent with each other). The lower limit of the crystallite size (7) can be

estimated using the Scherrer equation,

KA
T B cost

(4.7)

where £ is the full width half maximum (FWHM) of the peak in radian, and K is

a shape factor ~0.9.
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Figure 4.12: This diagram illustrates how the incident k;, and diffracted
wavevectors Koyt change as 6 varies in the 6/26 scan. In this scan mode, w=6.
In reciprocal space, k;, stays within the dotted circle as 6 changes; kout is at
an angle 20 with respect to ki, and the tip of the kout vector tracks along the
dotted line during the scan. Bragg’s condition is satisfied when the tip of kout
coincides with the (0,0,2) point in the reciprocal space. It can be seen clearly in
the real space that if there is a misalignment between the sample and the sample
bed, the detector will be mispositioned with respect to the diffracted beam and
the tip of kout will miss the (002) point. However, if the crystallites being
analysed have a spread of misalignment angles relative to the substrate normal,
a diminished diffraction peak will still be observed as long as the angular spread
of the misorientation is larger than the misalignment angle A.
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4.3.3.2 20/w scan

The w/20 scan is essentially the same as the 6/20 scan, the only subtle difference
is that there is an offset in w to compensate for the alignment error of the sample,
i.e., w =0+ A. Doing this aligns the diffracted beam with the detector position
20 when Bragg’s condition is satisfied, and the maximum peak signal is again
detected. In reciprocal space, the addition of A to w in the w/260 scan moves the
track of the tip of the kou vector by exactly the angle A that is necessary if it
is to find the misaligned (0,0,2) reciprocal lattice point. For an imperfect crystal
comprising an ensemble of grains with a range of c-axis misalignments, koyu again

hits the centre of the arc and delivers maximum X-ray signal.

In order to carry out this scan mode, the sample stage must be designed such
that it can offset any given random misalignment. Often it can be achieved by
allowing the sample stage to rotate with respect to w and 1, where w is as defined
previously, and ¢ is the angle of rotation with respect to the axial direction. The
angle ¢, defined as the angle of rotation with respect to the azimuthal direction,
does not need to be corrected if the thin film sample of interest is uniform. The

angles w, 1, ¢ are illustrated in figure 4.15.

If the alignment error is satisfactorily compensated, the height of the diffraction
peak can be used as a measure for quantifying the strength of c-axis orientation

for ZnO films.
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w/20 scans: Sample that is imperfectly aligned with the holder

Real space

Sample mount

26,

Reciprocal space

Spread of reciprocal points from
crystallites with imperfect orientations

(002) / (002)

~———-

Figure 4.13: This diagram illustrates how the incident kj, and diffracted
wavevectors Koyt changes as 6 varies in the w/26 scan. The mechanics for which
kin and koyut changes is essentially the same as that of the /20 scan except the
fact that an offset is artificially introduced to w such that w = 6 + A. This
compensates the alignment error of the sample so that maximum diffraction
signal can be obtained.
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4.3.3.3 w scan (Rocking curve)

In the w scan, the sample bed rotates (w is varied) while the detector position (26)
is held fixed. The value of 26 is set to satisfy Bragg’s condition for the specific
lattice planes of interest. So, for example to study the {002} planes in c-axis

oriented ZnO thin films, 26 is set to 29:2arcsinﬁ.

Referring to figure 4.14, in a rocking curve scan, ki, and ko respectively trace out
the red circle and black dotted circle in the reciprocal space. Diffraction signals
are detected when the tip of Koyt coincides with the black arc (which represents
the reciprocal vectors for misoriented lattice planes as discussed previously). The
signal will peak when the tip of koyu¢ hits the centre of the arc. From figure 4.14,
it is clear that if the sample is misaligned by an angle A, the diffraction peak will
also be shifted by A.

The full width half maximum (FWHM) of the w scan therefore provides us with
information about the angular distribution of c-axis planes. The offset of the peak
from w=0 = arcsinﬁ indicates the misalignment angle. Assuming that the peak

measured is Gaussian, the total volume of c-axis crystallite is proportional to the

product (FWHM xpeak height).
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w scans (20 is fixed)

Real space

Sample mount

Reciprocal space

Sample that is perfectly aligned with the holder (A=0)

Spread of reciprocal points from
crystallites with imperfect orientations

Figure 4.14: In the w scan, the detector position is fixed while the angle
between the incident beam and the sample stage varies. In the reciprocal space,
kin and keoyut rotates on the red circle and the dotted black circle respectively.

The diffraction signal reaches its maximum when kgt lies at the centre of the
black arc.
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4.3.4 The practicalities of taking X-ray data

Two Philips PANanalytical XRD systems (X’ Pert Powder diffractometer and X’
Pert Pro diffractometer- MRD) were used to analyse the ZnO thin films that we
fabricated. Rapid 6/26 scans were taken using the powder diffractometer without
any sample alignment. More accurate 20/w and w scans were performed using
the MRD system. Our discussion will focus on the setup of the MRD system and
the protocols for making a diffraction measurements and compensating alignment

eITors.

4.3.4.1 The Philips PANanalytical X’Pert MRD Pro system

Figure 4.16 shows the setup as used for the 20 /w and w scans. The X-rays produced
first pass through a %O divergence slit. The resulting beam is then monochromated
by reflection of a X-ray mirror and directed to a soller slit. The soller slit con-
sists of a set of fine parallel foils which suppress angular divergence of the beam.
The outgoing beam then goes into the Ge[220]-4-crystal monochromator which
preferentially selects the Cu Ka radiation with A=0.154056 nm. A beam mask is
installed at the end of the monochromator to restrict the beam size. The size of
the beam is set to be 5mmx10mm. The sample stage is then manipulated so
that the X-ray impinges directly onto the sample and finally the diffracted beam

is measured with a detector.

The sample sets on a triple-axis goniometer which is capable of moving in the X,
Y and Z direction and can vary all of the w, ¥ and ¢. This allows the alignment

of beam and sample as well as accurate compensation of the sample misalignment.

To make a diffraction measurement, we need to align the X-ray beam so that
it directly hits the sample. A preliminary alignment can be made by placing the

sample at the centre of the sample stage and optimizing the sample height z. After
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4
Figure 4.15: Visualisation of the angles w, ¢ and ¢ with respect to the sample
stage.
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Figure 4.16: This diagram shows the experimental set up in the Philips
PANanalytical X’Pert XRD system.

optimizing z, the misalignment of w and 1 is compensated. Then X and Y are

optimized. The detailed protocol is as follows:

A. Preliminary alignment of the sample position:

1. Place the sample as close to the centre of the sample stage as possible.

2. Set 20=0°.
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3. Optimize the z position by scanning z until the X-ray counts have fallen to
50% thus indicating that the sample assembly is blocking 50% of the beam

and hence that the sample is in the beam centre.

4. Align the sample surface parallel to the beam by scanning w to find the value

that maximises the X-ray counts for each iteration.

5. Repeat step 3-4 until the change in z is less than 0.2 mm.

B. Finding the offset required to compensate the sample misalignment:

1. Set w=#, and the detector position 26 to the values where the diffraction

peak is expected in the absence of misalignment.

2. Perform a w scan and set w to the value that gives maximum counts.

3. Perform a 1 scan and set ¢ to the value that gives maximum counts.

4. Repeat steps 2-3.

5. Optimize the 26 position by scanning the detector and setting to the value

that gives maximum counts.

6. Repeat steps 2-5 until the changes in the w, 1 offsets are less than 0.2° and

the change in 26 is less than 0.05°.

C. Further alignment of the sample position

1. Perform an X-scan, align X on peak counts.
2. Perform a Y-scan, align Y on peak counts.

3. Repeat steps 1-2 until the changes in X, Y are less than 0.2 mm.

D. Optimizing all variables
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1. Repeat B and C until the changes in w, 1 offsets are less than 0.2° | the
changes in X and Y are less than 0.2 mm, and the change in 26 is less than

0.05°.

4.4 Pulse echo characterization

4.4.1 The concept of pulse echoes

The piezoelectric action of a transducer can be tested directly using acoustic pulse
echo measurements. In these measurements, a microwave pulse is first applied to
the transducer. This launches an acoustic pulse into the transducer substrate. The
wave propagates until it reaches the opposite substrate-air boundary where most
of the acoustic power is reflected. When the wave returns to the transducer, the
latter acts as a detector that converts acoustic energy into electrical signal via the
piezoelectric effect thereby delivering a first electrical echo signal. Meanwhile, the
wave reflects at the transducer /substrate interface and sets off again towards the
opposite interface. This cycle repeats until the acoustic waves die away mainly due
to dissipation in the substrate. The measured electrical signal is thus a series of
successively attenuated echoes. From this acquired electrical signal, the conversion

loss (CL) of the transducer can be found from the relation:
1
CL (dB) = 5 <IL (dB) — 2-way acoustic attenuation (dB)) (4.8)

where the insertion loss IL (dB) is defined as the relative magnitudes of the incident

electrical power and the detected power of the first echo.
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4.4.2 Experimental set-up

Figure 4.17(b) shows the experimental set-up used for pulse echo measurements.
The HMC-T2220 signal generator is used to supply a microwave carrier of known
power to the custom-built single pole double throw (SPDT) switches. The first
SPDT switch is used as a single pole single throw (SPST) switch (terminal 2
is unconnected) in order to provide additional isolation between the source and
transducer. The second SPDT switch connects the transducer to the microwave
source when it is at position 1 and to the amplifier circuits when it is at position
2. The switches are controlled such that (refer to figure 4.17) the transducer is
connected to the source for a brief period to excite the acoustic pulse; and then
for the rest of time time, it is connected to the amplifier circuits for echo mea-
surement. The resulting echoes are then amplified by the ZVA-213-S+ amplifier,
rectified using the HP33330B diode and finally measured using the 104-MXs-B
LeCroy oscilloscope with a 502 termination. The two SPDT switches and the
oscilloscope are synchronized via the internal trigger from SPDT switch B. All the
apparatus is kept at 502 in order to avoid power reflection between components.
Labview programs were used to control the signal generator and the digital scope

for frequency sweeps and data acquisition respectively.

The specifications of the experimental apparatus are:

1. Digital oscilloscope:
A LeCroy 104-MX-B (2 GHz) oscilloscope was used to capture the echo wave-
forms measured by the transducer. The scope communicates with the com-
puter via an ethernet connection. The waveform acquired is averaged over 5
captures. To measure the frequency response of the transducer, echo wave-
forms were recorded at successive frequencies. This was achieved by repeat-
ing the algorithm: increment the frequency by 100 MHz, wait for 200 ms,

then make 10 measurements on the waveform to flush out of oscilloscope
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memory of the 5 waveforms captured and stored at the previous frequencys;
then acquire the data. The scope is triggered at 10 kHz using the custom

built combined pulse generator and SPDT switch unit B.

2. The signal generator:
A Hittite synthesized signal generator HMC-T2220 with GPIB control is
used. Its output has a wide frequency range from 10 MHz to 20 GHz with
a resolution of 1Hz and a versatile power output from -60dBm to 30 dBm

with 0.1 dBm resolution.

3. Pulse generator and single pole double throw (SPDT) switch combined unit:
This unit is custom built in the lab. The SPDT switch is driven by a switch
driver. When logic ‘0’ is applied to the driver, switch contacts 1 and 3 are
connected; whereas when logic ‘1’ is applied, contacts 2 and 3 are connected.
Fast switching can be achieved by feeding a short pulse (15-30ns) into the
switch driver. This pulse can be generated by AND gating two wide square
pulses that are separated in time by a variable delay (15-30ns). The initial
wide square pulses can be produced by using a simple Schmitt trigger os-
cillator, whilst the variable delay between the two pulses can be controlled

using an adjustable RC time constant.

4. The amplifier:
The echo signals are amplified by a Mini-circuit ZVA-213-S+ amplifer. This
is a wide band amplifier that works from 800 MHz to 21 GHz with +26 dB

of gain.

5. Detector diode:
The echo signal is rectified using the HP33330B when the diode is 502

terminated, the signal power P, and the output voltage V. are related by:

Vout(mV) = exp(2.495 + 0.203 x P,,(dBm) — 0.026 x (Py,(dBm))?) (4.9)
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6. Electrical contact to the ZnO transducer:
The picoprobe model 10 (the ground-signal option) is used to make electrical
contact to the transducer. The probe operates from DC to 7GHz with a
50 €2 input impedance and has a 6dB 2-way insertion loss. The probe is
integrated with a Thorlab DT12 3-axis translation stage to enable different
regions of the transducers to be easily accessed. To form a connection to
the transducer, the probe is carefully lowered using the translation stage
until the signal pin contacts the top dot, and the ground pin contacts the
capacitive grounding layer. The pins need to be bent at a certain angle to
ensure better physical contact between the probe and the electrodes. This
may change the characteristic impedance of the probe (might introduce more
self inductance), but it does not seem to have a detrimental effect on its
performance. We have chosen to use probe tips that are made of palladium

rather than the tungsten to avoid damage to the thin films.

4.4.3 Examples of pulse echoes measured

Using the method as described in section 4.4, we measured the pulse echo response
of the fabricated transducers. Figure 4.18 shows a typical trace of successively at-
tenuated acoustic echoes at 1.9GHz. As expected, the echoes decay exponentially
due to heat dissipation in the substrate. The sharp peak at the beginning of the
traces is not an echo, it is caused by microwave leakage from the switch. Figure
4.19 shows a similar measurement at a much higher frequency (9.148 GHz) and a
larger amplification (456 dB). The characteristic increase in acoustic attenuation
at higher frequency can be clearly seen. To the author’s knowledge, this echo sig-
nal is at a higher frequency than anything so far reported in the literature. This
reinforces our belief that we have succeeded in developing ZnO transducers of very

high quality.
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Figure 4.17: (a) The switch positions relative to the trigger as a function of
time, (b) At ¢t = t1, both SPDT switches are on position 2, no microwave carrier
is transmitted to the transducer. At t = to, SPDT switch A is on position 1 while
SPDT switch B is on position 2; again no microwave carrier is transmitted to
the transducer. At t = to, both SPDT switches are on position 2, the microwave
carrier is connected to the transducer, so an acoustic wave is excited. At t = t4,
SPDT switch A is on position 1 while SPDT switch B is on position 2, so the
transducer is connected to the amplifier circuit for echo measurement.
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Figure 4.18: The echo voltage measured at 1900 MHz with +26dB am-
plification for a ZnO transducer grown at a sputtering gas pressure of
10 pbar, substrate-target-distance=45mm, 100 W of power and film thickness
tzno=1060 nm.
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Figure 4.19: The echo voltage measured at 9148 MHz with +56dB am-
plification, for a ZnO transducer grown at a sputtering gas pressure of
4 pbar, substrate-target-distance=45mm, 100 W of power and film thickness
t7n0=530 nm.



Chapter 5

The structural and piezoelectric

properties of ZnO transducers

In this chapter, the properties of the ZnO transducers that were fabricated un-
der various sputtering conditions are discussed. We describe the experimental
procedures for characterising the transducers and show how the Mason model is
applied to predict transducer performances. The experimental and simulated re-
sults will then be compared in section 5.2. From this comparison, we deduce some
interesting properties of the transducers including the structural properties of the
ZnO thin films and the relationship between these structural characteristics and

transducers performance.

5.1 Experiments

All the transducers were fabricated with the layer structure described in section
4.1. They are grown on 10 mm diameter and 2mm thickness c-axis oriented sap-
phire single crystals. Sapphire is used as the substrate because it has very low

acoustic attenuation at high frequency. The thicknesses of the Cr and Au layers

68
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were kept constant at 4nm and 25 nm (measured by quartz monitor) respectively

for all transducers. The diameter of all the signal top electrodes is 400 pm.

Using the fabrication protocol described in section 4.2.5, ZnO transducers were
grown under various sputtering conditions as shown in table 5.2. The variables
include different substrate target distances- std (25/45mm), sputtering gas pres-
sure (4/10/20 pbar) and power (60/100 W). A number of ZnO transducers, all
having the same sputtering condition (45 mm std, 10 gbar, 100 W) but different
thicknesses of 265nm, 530nm, 800nm, 1060 nm were also fabricated. The gas
mixture ratio of Ar-Oy is fixed at 1:1 in all cases. Although the temperature of
the substrate is not controlled in the sputtering process, a spot measurement using
a thermistor indicates that the substrate temperature only varies between about
135-185°C. In view of the effective temperature of the growing surface under ion
bombardment, this temperature variation is considered to be insignificant. The
substrate is heated up to around 150°C in the ion cleaning process before the
deposition of ZnO, so the temperature stays fairly constant throughout the whole

sputtering process.

After the transducers are fabricated, they are first characterized by the /260 scan
in the X-ray powder diffractometer. The 26 position and the FWHM of the peaks
are extracted from the diffraction patterns. More accurate X-ray measurements
are then made in the X'pert Pro MRD where the 20/w and w scan are performed
with precision alignments. The protocol for these X-ray measurements can be
found in section 4.3.4.1. From the 26 value, the FWHM of the w scan and the

(002) peak value are extracted.

The transducers were then subsequently tested by the pulse echoes measurement
as described in 4.4.2. Acoustic pulses are excited with an input electrical power
of +25dBm. Six different top electrodes on the same sample were tested. The

voltages of their first echo peaks were measured and averaged and the measurement
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error is calculated from the standard deviation of the six echo voltages. The echo
voltages were then used to calculate the conversion losses of the transducers using

the known gains and losses of the switch/amplifier circuitry.

Using Mason’s model that we adapted to our purposes in section 3.4, the conversion
efficiencies of the transducers were predicted and compared to the measurement

values.

5.2 Experimental results

5.2.1 X-ray diffraction patterns

The preliminary 0/260 scan shown in figure 5.1 of a 265nm thick ZnO transducer
grown at power=100 W, pressure=4 pbar, std=45 mm shows the main X-ray fea-
tures of our device. The ZnO(002) peak around 34.4° can be clearly identified.
There are also two large and sharp peaks at 41.7° and 90.8° corresponding to the
sapphire (006) and (0012) peaks respectively. One can identify a small Au(111)
peak at 38.2° and the ZnO(004) peak at 72.7°. The ZnO(004) peak arises from the
224 order Bragg diffraction from the {002} planes. We cannot identify any (100)
a-axis peak at 31.8°. All the other transducers that we have grown were found to
exhibit similar /26 scans and no a-axis diffraction peak was found in any trans-
ducer. The crystalline sizes of all the fabricated films were found to be around

50nm by inputting the FWHM of the (002) peaks into the Scherrer equation.

Figure 5.2 shows the 20/w scans (a) and the w scans (b) for ZnO transducers grown
under identical sputtering conditions but of different thicknesses. From powder
diffractometry we know that all of our ZnO thin films are c-axis oriented, so we
have focussed on investigating the (002) diffraction peak near 20=34.4°. To get an

acceptable X-ray detector count rate, we used a large receiving slit (1 mm) in the
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Figure 5.1: The diagram shows a 6/26 scan of a 265 nm thick ZnO transducer

grown at power=100W, pressure=4 ubar, std=45 mm.
X-ray measurements and this leads to the broadened peaks obtained in the 26/w
scans. Hence, we cannot estimate the size of the crystalline grains from these scans
because most of the broadening comes from instrumental effects. Nevertheless, the
height of the peak should still be a good indicator for quantifying the degree of
c-axis orientation in ZnO films of the same thickness so long as the alignment
of the beam with the sample is correctly set and the misalignment offsets are

satisfactorily compensated.

The rocking curves in figure 5.2b indicates that the misorientation angles of the
c-axis grains do indeed show a Gaussian distribution about the substrate normal.
The total volume of c-axis crystallites is thus proportional to the area under the

rocking curve which in turn is proportional to the product FWHM xpeak height
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Figure 5.2: This diagram illustrates the results from the 26/w scan (a) and the
w scan (b) for ZnO transducers with tz,0=265nm, 530 nm and 1060 nm. The
three transducers are grown at the same sputtering condition at power=100 W,
pressure=10 pbar, std=45mm.

The FWHM, (002) peak height and the 26 positions for transducers grown in other

sputtering conditions are displayed in table 5.2.

5.2.2 Pulse echoes

Figure 5.3 shows examples of pulse echo traces taken from transducers that were
grown under different sputtering conditions. The initial peak originates from mi-
crowave leakage and should be ignored. The difference in echo voltages observed
suggests that the transducer performance is highly dependent on the sputtering

conditions. It was also found that the amplitude of the echoes observed from

'To be more accurate, the total volume of the c-axis crystallites is proportional to the total
occupied volume of reciprocal space. So in fact, the broadening of the 6 value caused by finite
crystallite sizes should be taken into account when calculating the total volume. Nevertheless,
since we have chosen a slit size that is big enough to capture all the diffracted beams with the
corresponding angular spread in 6, the volume integration along € is effectively performed by
the detector.
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Figure 5.3: Examples of pulse echoes traces from transducers that were grown
under different sputtering conditions.
different transducers that were made in the same transducer batch do not vary
to any considerable extent. This indicates that the sputtered ZnO film is fairly

uniform. The echo voltages for the different transducers can be found in table 5.2.

5.2.3 Measured and simulated frequency response of the

transducers

Using the fitting parameters as shown in table 5.1, the insertion losses of the
transducers with t7,0=530nm, 800 nm and 1060 nm are computed using the Ma-
son model and compared to the data that was measured on samples of these various
thicknesses that were grown under the same sputtering condition (Figure 5.4). For
the sample with t7,0=1060 nm, an excellent fit was obtained whereas for samples
with t7,0=800nm and 530 nm, the fit is noticeably worse especially towards the
low frequency end, and the predicted bandwidth tends to be marginally less than
the measured bandwidth. One can also see that the measured insertion loss ap-

pears to level off at the high frequency end. This is an artifact caused by the fact
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Figure 5.4: The graph shows the predicted and measured frequency re-
sponses of ZnO transducers with t7,0=530 nm, 800 nm and 1060 nm. The three
transducers are grown under the same sputtering conditions (power=100W,
pressure=10 pbar, std=45mm).

Data ta, (nm) tz,0 (nm) Expected tzno (nm) K

Black 18 960 1060 0.25
Red 25 860 800 0.2
Blue 25 600 230 0.2

Table 5.1: The table shows the fitting parameters used in the Mason model
for calculating the frequency response of various ZnO transducers as shown in
figure 5.4. The electrode diameter and the thickness of Cr are fixed at 400 ym
and 4 nm respectively.

that at 50 dB insertion loss, the signals are so small such that they are no longer

resolvable against the background noise.

We have also plotted the predicted and the measured resonant frequency against
tzno in figure 5.5. Reasonably good agreement is found between the predicted and
experimental curves but once again, the model is less accurate as tz,0 becomes

smaller.
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Figure 5.5: The graph shows the predicted and the measured resonant fre-
quency of the transducers against tz,0

5.3 The properties of ZnO transducers

In this section, we analyse the measurements made on transducers of different
sputtering conditions and thicknesses to deduce their piezoelectric and structural
properties, in particular, residual stress of the film, crystal orientation, total num-
ber of crystallites and polarization. We will also examine the dependence of the
relationship between the piezoelectric activity and the crystal quality of the ZnO
grains. These analyses lead us to an overall picture as to how the piezoelectric and

structural properties are inter-related. This is presented in the conclusion section.

5.3.1 Self texturing with c-axis orientation perpendicular

to the substrate surface

For devices made under all sputtering conditions, ZnO(002) peaks were observed.
No a-axis peaks were found in the /26 scan. This confirms that the ZnO thin
films of all transducers are c-axis oriented and agrees with the observation that the
transducers made all exhibit longitudinal piezoelectric activity as deduced from

the velocity measurements of the pulse echoes.
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5.3.2 Compressive stress is developed in ZnO thin films

grown on Au layers

By comparing the 260 position in the 260 —w scan with the bulk value, i.e., 26,,,=34.443°,
the residual stress of the ZnO film may be deduced. The residual stress ogy, of

the ZnO films can be calculated using the relation [42]:

2
2ci3 — czz(cin + c12)  daim — du
2¢13 ik

(5.1)

Ofilm =

where dg, and dpyy are the (002) plane spacings for the ZnO film and bulk ZnO re-
spectively. Using c;1=208.8 GPa, ¢;5=119.7 GPa, ¢;3=104.2 GPa, ¢33=213.8 GPa,
we have:

O = —232.81 GPa x Jim = outc (5.2)
dbulk

In all of our grown samples, Og1,-Gu are measured to be negative, so dgi, — dpuk 18
positive. This implies the existence of a compressive residual stress. This residual

stress arises from two main contributions:

Firstly, the difference in thermal expansion coefficient « of the substrate and the
film causes the film to deform as both substrate and film are cooled to room tem-
perature from the higher sputtering temperature. Since a for Au (14.2x107K~1)
is higher than that for the ZnO (4.75x107¢ K1), we expect the film to develop a
planar compressive stress as illustrated in figure 5.6. The thermal stress is given

by:

Ey

. (g — ay)(T —Ty) = 2.025 x 10K Y(T —T;) GPa  (5.3)
— v

Othermal =

where Fy = 150 GPa and vy = 0.3 are the Young modulus and the Poisson’s ratio
of the ZnO film respectively, o and oy are the thermal expansion coefficients of the

substrate and film respectively, T-Ty is the difference between room temperature
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Figure 5.6: An illustration of the effect of compressive stress (a) and tensile
stress (b) in sputtered thin films. Consider the case when the thermal expansion
coefficient of the substrate is higher than that of the film. As the sample cools
down from the deposition temperature to room temperature, the substrate will
contract more than the film. This difference in contraction causes the sample
to deform. So a compressive stress is developed in the film. The opposite will
happen when the thermal expansion coefficient of the film is higher than that
of the substrate, in which case the film will exhibit tensile stress.
and the temperature during deposition. Using the information that T" — T, =~
—120 K, the thermal stress is around -0.243 GPa. This value accounts for 16-83%

of the stresses in all of our samples.

Another contribution to the observed compressive strain is the stress caused by the
ion peening. In magnetron sputtering, the energetic ions can penetrate through
the surface layer of the film, thereby increasing both the density of the film and
the unit cell dimension. The films produced therefore tend to buckle under their

own internal stresses.

5.3.3 The existence of a dead layer

Figure 5.7 compares the total X-ray area under the rocking curve (which is pro-
portional to the total volume of c-axis crystallites) with the thicknesses of various
ZnO films grown under the same sputtering condition. A clear linear trend is seen
but with a non-zero xraxis intercept. Simplistically, one would expect this inter-
cept to be zero since zero X-ray area should correspond to the case where there
is no film. The volume of c-axis crystallites must therefore increase non-linearly
before a threshold thickness (as shown in the dotted line) after which the crys-

tallite number rises uniformly as thickness increases. The initial slow increase in
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Figure 5.7: This figure plots the relationship between the total X-ray area

under rocking curve and the thickness of the ZnO layer in the transducer
the X-ray area indicates that the ZnO crystal begins to grow with an amorphous
structure at the Au/ZnO interface. The structure then gradually self-textures into
c-axis columnar grains. Hence, there exists a dead layer for which the structure
of the film is amorphous and the thickness of this dead layer can be roughly esti-
mated by the xz-intercept of the total X-ray area versus thickness curve. For the
sputtering conditions: at substrate-target distance=45mm, pressure=10 pybar and

power=100 W, the thickness of the dead layer is around 190 nm.

5.3.4 Orientation improves with thickness

FWHMs of transducers grown under the same sputtering conditions but with
different thicknesses ranging from 265 to 1060 nm are found to reduce from 7.48°

to 4.12°. This indicates an improvement of orientation with increasing thickness.
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Figure 5.8: The data shows that the FWHM of the rocking curve Aw reduces
as the thickness increases, implying that the texture and c-axis orientation of
the ZnO film improves with thickness.

5.3.5 Polarization does not significantly vary with the thick-

ness of the ZnO film

Good c-axis orientation does not guarantee good transducer action; for instance,
it might be possible to have a perfectly oriented c-axis crystal but if the ratio
of upward and downward pointing c-axis grains happens to be the same then no

piezoelectric action would be observable.

To find out how the polarization varies with the ZnO film thickness, we compare
the measured and simulated (with the Mason model) of a set of transducers of
varying thicknesses grown under the same sputtering conditions. Figure 5.9 com-
pares the simulated insertion loss for fixed value of k;=0.22 with the measured
insertion loss. The good agreement between the experimental data and the com-
puted result indicates that kp, stays fairly constant as the thickness increases, and

thus the polarization does not significantly vary with the thickness of the ZnO film

for thO > Zfdead layer -
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Figure 5.9: Using fixed fitting parameters: {tcy=4nm, tp,=25nm,
Dtop dot=400 pm and kr,=0.22, the minimum insertion losses are calculated as
a function of ZnO thicknesses. The simulated insertion losses agrees well with
the measured data. This indicates that the polarization does not significantly
vary with the thickness of the ZnO film.

5.3.6 Polarization reversal is insignificant

Figure 5.10 shows a plot of the total integrated X-ray area against echo voltage
for transducers all of the same thickness that are grown under different sputter-
ing conditions. The linear relationship between the piezoelectric response and the
volume of c-axis oriented crystallite suggests that the polarization ratio of the
c-axis crystallites is fixed, and thus the degradation of acoustic transduction as
the sputtering conditions are changed is caused by poor crystalline quality. Al-
though the c-axis peak height is a reasonably good indicator of the piezoelectric
action, in odd cases (e.g. the sample that was grown with sputtering conditions
45 mm substrate target distance, 20 ubar, 100 W), it is possible to observe good
piezoelectric action from a transducer that has a low c-axis peak provided that its
FWHM in the rocking curve is large so that the total X-ray area is high. The best
transducer, however, was found to have a high c-axis peak and low FWHM. Hence,
a transducer that has a high c-axis peak and hence highly oriented crystallite is

guaranteed to show good piezoelectric action, but a transducer with a low c-axis
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Figure 5.10: This figure shows the linear relationship between the echo volt-
ages and the total integrated X-ray area for transducers that have the same
thickness but are grown in different sputtering conditions. This suggests that
polarization reversal is insignificant.

peak (i.e. the crystallite orientates relative to the film normal are spread) can also

show good action owing to the fact that the cosine of a small angle is still close to

unity.

The best transducer we made was found to have a kp, value of around 0.22, which
is about 81% of the bulk value as quoted by Foster et al. [35]. This suggests that

polarization reversal is insignificant in magnetron sputtered ZnO films.

5.3.7 Conclusion

In this short section, we summarize the properties of the ZnO transducers based
on the results obtained. The first three bullet points are illustrated in figure 5.11a

and the fourth is seen in figure 5.11b.

e The kis of the sputtered ZnO films stay fairly constant as the thickness of the

ZnO layer is varied but are strongly dependent on the sputtering conditions.
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e The polarization ratio of the c-axis crystallites is fixed, and for a given trans-
ducer thickness, the total number of properly oriented crystallites is smaller

for ZnO films that have smaller kj,.

e In any ZnO film, there exists an initial layer that is piezoelectrically dead

for which the ZnO layer structure is highly disordered.

e The transducer conversion loss is fairly constant at large film thickness but
shoots up as the thickness is reduced below a certain threshold value. This is
because thin piezoelectric layers are ineffective in driving the heavy mechan-
ical load imposed by the electrodes and substrates. As the ZnO thickness
increases, the conversion loss levels off at a certain threshold value. This

behaviour is predicted by our Mason model simulations (see section 3.5.1).

e We can also explain why the Mason model is less accurate in predicting
transducer performance for thinner ZnO samples as discussed in section 5.2.3.
The inaccuracy arises from the fact that the Mason model only assumes a
homogenous piezoelectric layer, so its modelling ability decreases with sample
thickness as the corresponding fraction of t4ead 1ayer to the actual thickness is

higher.
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Figure 5.11: (a) An illustration of the expected total X-ray area vs thickness
for samples of different ky,. The rate of increase of X-ray area with thickness is
expected to be lower in small ky, samples as a larger fraction of the ZnO grown
would have a disordered structure. (b) Transducers with smaller kj, have less
piezoelectric activity. The conversion loss should plateau at a certain threshold
thickness as predicted in the Mason model.
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Chapter 6

Langmuir probe diagnosis of RF

Zn0O plasma in magnetron

As discussed in previous chapters, we have succeeded in manufacturing excellent
Zm0O piezoelectric thin films that have electromechanical coupling constants up
to 80% of the bulk value. Sputtering is a process that requires optimisation in
a multidimensional parameter space and thus requires in the worse case very ex-
tensive fine-tuning of the sputtering plant and countless hours of trial and errors.
Any additional insight or information that can shorten this very time inefficient
optimization is extremely valuable. Although the very substantial background
literature [26-28, 43, 44] on ZnO fabrication gives guidelines as to sputtering con-
ditions for producing high quality ZnO films, these conditions are usually described
in terms of the ‘engineering parameters’ such as power, target-substrate distance,
pressure etc. These convey little useful information to readers other than those
who happen to possess exactly the same fabrication equipment as the contributing
author, since only in this circumstance do they translate directly to the essential
‘physics parameters’ local to the film growth process that actually determine the

quality of the growing film.

85
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The purpose of this chapter is therefore to describe an approach to successful
piezoelectric transducer growth that is of more general application and we do
this by focussing on measuring, interpreting and reporting these more universally
relevant ‘physics parameters’ that need to be implemented at the growing film in
order to guarantee satisfactory film fabrication. Having access to these physics
parameters can also allow us to understand the growth mechanisms behind the
formation of self textured, c-axis oriented ZnO thin films. These mechanisms will

be discussed later in chapter 7.

The relevant physics parameters involved here include the growth rate of the thin
film, the effective substrate temperature as well as the plasma conditions. The
first parameter can be measured easily using the quartz thickness monitor and
will not be discussed in detail. Instead, we will focus on investigating the plasma
conditions such as sheath width, wall potential, interface electric field, plasma
density, ion bombardment flux, ion energy, and electron temperature, which can
be inferred via the use of a Langmuir probe. Plasma conditions including electron
temperature, ion flux and energy are important parameters for determining the

effective surface temperature of the substrate in sputtering.

Langmuir probe diagnostics essentially involve measuring the current induced in
a DC biased conducting probe that is inserted into a plasma (see figure 6.1).
The information about the nature of the plasma is encoded on the resulting 7-V
curve, which is subsequently analysed theoretically to deduce the relevant physical
conditions. By designing and building a special miniaturized Langmuir probe and
positioning it carefully in the magnetron plasma, quite accurate localised plasma

conditions can be extracted.

This chapter is organised as follows. We will begin by understanding the electrical
properties of the RF plasma in a sputtering plant. The application of Langmuir

probe diagnostics on the RF plasma will then be studied and the expected ideal
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Figure 6.1: A sketch of Langmuir probe diagnostics in a RF sputtering envi-

ronment
I-V curves will be derived. We will then discuss how a realistic I-V curve dif-
fers from the ideal case and how the acquired data can be analysed using various
models. We then investigate the -V curve distortion due to both insufficient
RF compensation and to the presence of magnetic field and discuss how various
techniques and configurations can be used to avoid them. A suitable design of
a miniaturized Langmuir probe plus accompanying circuitry is then proposed to-
gether with a recipe for measuring and analysing the plasma parameters of the
magnetron discharge. Finally, results obtained under various sputtering conditions

are presented and compared.

6.1 Electrical properties of RF plasma

In this section, we discuss the dynamics of the electric potential of a RF plasma
formed between two asymmetric electrodes (e.g. a sputtering chamber). We begin

by explaining some of the physics facts that is genuine to the plasma systems.

One implementation of a plasma is a quasi-neutral ionised gas with freely moving
electrons and ions. Their velocity probability densities typically follow Maxwellian

distributions.
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Consider the case when an electrically isolated wall introduced into the plasma.
The electrons and ions in the plasma move freely in space and occasionally these
charge carriers will collide with the wall. Since the mass of the electron is smaller,
the electron mobility is higher than that of the ions. So the wall will charge
negatively relative to the plasma potential V; until the electron flux is suppressed
by the opposing electric field produced by the negative charge on the wall. Close
to the wall, a plasma sheath is formed. This is a volume that has a positive space
charge (of ions) and across which the electric field from the negatively charged wall
is amortised. Consequently, outside the sheath, the electric field in the sheath has
no influence so ion current or electron current depends on thermal diffusion of
charge carriers into the sheath. The potential of such a ‘floating’ wall is defined
as the floating potential or ‘wall potential’ V;. When sitting at V}, the wall will
collect no net current, i.e. the ion current drawn is equal to the electron current

drawn.

Now consider the case when the wall is electrically connected to a voltage source
and we thereby arrange that the potential V' of the wall is less than V}, then the
electron flux will be even more suppressed so a net ion current can be collected.
Inversely, if V' > V, then a net electron current will be drawn to the wall. Again
in these cases, the currents collected are caused by thermal diffusion of charge
carriers into the sheath. Thus, the current drawn for a given potential of the wall
should look like as shown in figure 6.3a, where the non-linearity of the curve, i.e.
low ion current at V' < V; and a high electron current V' > V} arises from the

difference in thermal flux between the electrons and the ions.

In an RF sputtering system, the ’walls’ mentioned previously are the two elec-
trodes: the target and the ground electrodes. When the plasma is excited by
an external RF source (see figure 6.1), there is an RF current flowing across
the ‘target—plasma—ground’ circuit. The total current flow must be continu-

ous which means that the current taken by each electrode must be equal and
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Figure 6.2: This diagram illustrates the various currents drawn into the elec-

trodes with a given electrode potential and plasma potential. Current continuity

is only satisfied in the case when both electrodes are negative with respect to the

plasma. The red lines indicate the spatial distributions of the electric potential.
opposite (i.e., if an ion current is taken in one electrode, an electron current must
be drawn on the other electrode and vice versa). This condition, together with
the non-linearity of the voltage-current characteristics, forces the potential of the
contacting electrodes to be negative relative to the plasma. This is illustrated in
figure 6.2 and can be understood as follows. If the potentials of both electrodes
are higher than the plasma potential, then both electrodes will draw a net electron
current and current continuity cannot be satisfied. Likewise in the case where one
electrode has a potential lower than the plasma potential and the other electrode
has a potential higher than the plasma potential, the small ion current drawn in

one electrode cannot compensate the high electron current drawn in the other

electrode so once again current continuity cannot be satisfied again.

It is also worth noting that the electrodes are asymmetric in the sputtering system,
with the surface area of the ground bias much larger than that of the target. The
large surface area of the ground implies that its voltage swing should be smaller

than that of the target potential in order to maintain current continuity.

In an RF plasma in a properly earthed apparatus, the plasma potential and the
floating potential both oscillate and the ground potential stays fixed relative to

the laboratory’s ground. However, in order to understand the dynamics of electric
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potentials in the plasma system, it is much more convenient to redefine the plasma
potential as the zero of potential. Under such a transformation, the potential of

the ground electrode now oscillates.

We therefore expect the potentials of the electrodes to vary as shown in figure
6.3b which plots the target potential (blue line) and ground potential (red line)
with respect to the plasma potential. As discussed, these potentials are always
lower than the plasma potential V. The voltage variation for V' > V; should be
very small (drawing electron current) compared to that for V' < V; (drawing ion
current) due to current continuity requirement and the non-linearity of the I-V

characteristics.

To find the target potential relative to ground, one can simply subtract the blue
curve from the red curve and the result is a sine-like curve with a negative DC
offset as shown in figure 6.4 where we have transformed back to the frame of

reference with Vgpouna=0V.

We illustrate the spatial variation of the electric potential in figure 6.4. In the
bulk of the plasma, the plasma potential stays relatively constant '; whereas near
the electrode surface, the potential plummets severely once the plasma sheath is

entered.

The behaviour of the electric potentials of the plasma system can be modelled using
an equivalent circuit model as shown in figure 6.5. In the plasma sheath region,
the positive space charges can be modelled primarily as capacitive; meanwhile
an additional parallel resistor represents the collisional power dissipation in the
sheath. A diode is also incorporated in the sheath equivalent circuit to model the
non-linearity introduced by the relative suppression of ion currents compared to

electron currents. The capacitance connecting the RF source includes the total

lactually there are significant variations of the plasma potential across the chamber due the
plasma confinement, this will be discussed later in later section of this chapter
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Figure 6.3: (a) A sketch showing the expected current drawn I when there
exists a voltage V' between the electrode and the plasma. (b) The red line shows
the oscillation of the ground potential relative to the plasma potential Vi=0V;
while the blue line shows the variation of the target potential with respect to
Vs. Combining the graphs in (b) and (c), one would expect the target potential-
to- ground to take a form similar to that of the black line. In this curve, we
have transformed back to Vgrouna=0V.
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Figure 6.4: A sketch illustrating the ‘simplified’ spatial variation of the electric

potential of an asymmetric magnetron discharge for two instants in time that

are half an RF cycle apart.
capacitance arising from the target insulator and the matching network. The
charge storage ability of this capacitance allows the target to acquire and store
a constant negative DC bias which is fueled once a cycle by the positive RF
excursions that collect bursts of electron current. Away from the electrode, the

bulk plasma is simply represented using a resistor to take into account the bulk

power dissipation due to collisions.
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Figure 6.5: An equivalent circuit of a capacitive magnetron discharge

6.2 Langmuir probe diagnostics of a RF plasma

In order to investigate the plasma conditions of the RF magnetron plasma, a
single Langmuir probe comprising a cylindrical metallic wire is inserted into the
magnetron plasma and subsequently DC biased to collect either an ion or an

electron current.

Consider the situation when the probe is DC biased with respect to ground at a
voltage Vpc. If the probe is perfectly compensated (this will be discussed later in

section 6.4), then the voltage of the probe V,,(t) is given by (see figure 6.6):
Vp(t) = Ve + (Vi(t) — Vipe). (6.1)

where V; pe is the DC voltage applied relative to ground to make the probe voltage
equal to the plasma potential and V(t) is the plasma potential relative to ground
at time t. The difference between the probe potential with respect to the plasma

potential therefore transforms as:

Vu(t) = Vi(t) = Vbe — Vipe. (6.2)
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Figure 6.6: A diagram showing the relationship between the plasma potential
Vs(t), the probe potential Vi(t) and the floating potential Vy when the probe is
biased with Vpc relative to ground.
Under this condition, DC Langmuir probe theories can be applied. In what follows,
we will derive the expected [-V characteristics of such a compensated Langmuir

probe. The plasma is considered to be collisionless, i.e., it is a low pressure plasma

with a large particle mean free path.

When V, pc<V;pc, the probe is negatively biased; positive charges accumulate
around the probe forming a positive space charge sheath. It acts to shield sur-
rounding plasma from the effect of the probe so that charge carriers outside the
sheath experience no electric field due to the probe’s presence. The characteristic
length scale for this electrical screening is referred as the Debye length Ap. One
would then expect to collect a current that corresponds to ions diffusing thermally
into the sheath. However, it can be shown that, under the assumption that the
ions are moving much slower than the electrons, the ion current is instead deter-
mined by the ‘Bohm criterion’. The criterion stated that in order for a sheath

to form, the ion must enter the sheath with a speed exceeding the Bohm velocity

kB Te
m;

Uy = where T, is the electron temperature and m; is the ion mass. This
condition can be derived based on the fact that the ion density ought to be greater

than the electron density in the positive space charge region. Consequently, there
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exists a pre-sheath region where the ions are being accelerated to the Bohm ve-
locity. Detailed calculation showed that that the density of ions falls to 1/e of the
bulk value in the pre-sheath region [45]. Since the flux of ions coming into the

sheath is e 'nug, the ion current I; collected is:
I;s = 0.61neugA, (6.3)

where I, is the saturation ion current, A, is the area of the probe and n is the
density of ions. Although electrons are being repelled in the negatively biased
regime, some electron current is still be collected since electrons are light and
mobile. Assuming that the electron thermal energy is governed by the Maxwellian

distribution with an electron temperature 7, the electron current I, is given by:

—e(Vs,pc—Vp,DC)

I, = 1I.e¢ kpTe , (6.4)

where I, is the electron saturation current.

When V, pc is larger than V;pc, the probe is positively biased and there is a

negative space charge sheath. The thermal flux of electrons falling into the sheath

is given by %nvth, with vy, = /22T being the thermal velocity of the electron and

TMe

m, is the mass of the electron. The saturation electron current I., is therefore:

1
I, = Z—lnevthAp. (6.5)

The ion current in the positively biased regime is negligible compared to the elec-
tron current. Hence, the total current collected I is:
—e(Vs,pc—Vp,DC)

—0.61neugA, + %nevthApe kpTe for V,pc < Vspe

inevthAp for V,pc > Vipc
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Figure 6.7: The ideal I-V characteristics of a Ar plasma with physical param-
eters Vs pc=40V, n=10%m=3 and A= 1.75mm? for different electron temper-
atures at T=1eV, 5eV and 10eV. The x axis represents the DC bias relative
to ground Vpc.

The voltage for which the current collected is zero is known as the floating potential
Vipc. This corresponds to the voltage that the probe would develop if it were
electrically insulated. Since the electrons are more mobile, the rate of electrons
hitting the probe is larger than that of the ions, so the probe needs to acquire a
more negative voltage with respect to the plasma in order to equalise the ion and
electron currents. By setting /=0 in equation 6.6 , a relationship between V}pc

and V; pc is found:

kgT.

27rme>

Vipc = Vapo + 2= 1n (0.61 (6.7)

my;

Figure 6.7 shows the ideal I-V' characteristics of a Ar plasma simulated with
parameters V; pc=40V, =10 m~3 and A,= 1.75 mm? for different electron tem-

peratures at T,=1eV, 5eV and 10eV.
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The voltage for which there is a sharp gradient discontinuity is the plasma poten-
tial. Keeping Vs pc and n constant and raising the electron temperature means
more electron current is collected and Vypc sits at a more negative potential. This
is because the high T, electrons tend to have larger kinetic energy leading to a
higher thermal flux, so more electron charge accumulation on a floating probe is

required to repel the incoming electron flux in order to maintain zero net current.

6.3 Realistic /-V characteristics of a Langmuir

probe in RF plasma

Unfortunately, in the real world, the actual experimental /-V' curves measured are
often found to be different from those that are predicted by the idealised theoretical
model above. A typical I-V characteristic is shown in figure 6.8. There are two
main features that distinguish it from the ideal curve. Firstly, the sharp kink at
the plasma potential is rounded such that the slope of the I-V curve becomes
continuous. This is caused by the presence of plasma potential oscillations by
imperfect probe compensation (as discussed in section 6.4). Secondly, the ion and
electron currents do not saturate at the positive and negative extremes of probe
bias, but instead continue to rise owing to the enlargement of the probe collection

area.

Depending on the geometry of the probe and the size of the sheath, numerous
theories were developed to explain and predict how the collection area increases
with bias. They include the Child-Langmuir (C-L) [46], the Allen-Boyd-Reynolds
(ABR) [47], the orbital motion limited (OML) [48] and the Laframboise theories
[49].

Both C-L and ABR theories are based on solving Poisson’s equation which gov-

erns the relationship between the charge density and the electric potential of the
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Figure 6.8: A diagram showing the difference between a realistic I-V curve
acquired by a Langmuir probe and the ideal I-V curve.

sheath as derived in Appendix A. Disappointingly, Poisson’s equation cannot be

solved analytically for this case. The C-L theory makes the approximation that

VS,DC _Vp,DC |

T is much greater than unity; and

the dimensionless parameter n =
this condition, the Poisson’s equation simplifies to a simple second order linear

differential equation which can be integrated straightforwardly to yield:

4ey[2e\3 3
?=57() M-V, (6.8)

where Jj is the space charge limited current density, m is the mass of the charge
carrier, €y is the permittivity of free space and d is the sheath thickness. This
result is derived assuming a planar geometry; however, it can be shown that for
;—2 < 3, with r, being the radius of the probe, equation (6.8) also applies for cylin-
drical probes. The ABR theory takes the different route of solving the Poisson’s
equation numerically, and then approximating the numerical solution by fitting an

appropriate analytical function.

For cylindrical probes, both C-L. and ABR theories break down if the sheath size
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is large compared with the probe radius, i.e., Ap > r,. Under this condition, the
orbital motion of the charge carriers around the probe can no longer be neglected.
The OML theory uses simple calculations that involve analysing the trajectory
of a charged carrier under the central electrostatic force of the biased probe (see

appendix B). The effective collection radius r.g of the probe is found to be:

Te = 2 (en) %rp (6.9)

for n > 1. The Laframboise theory is the most accurate theory available, as
it takes into account of the effect of both sheath expansion and orbital motion
of the charges. Numerical results are presented in Laframboise’s thesis [49] and

analytical fitting to the results are available in Ref. [50].

6.4 RF compensation

In order to carry out /-V measurements so that the DC Langmuir probe theories
described in section 6.2 can be applied and analysed, one has to find a way to
allow the instantaneous AC voltage of the probe to follow the temporal variations
in the space potential. If this is not seen too, the measurements are distorted and

the electron temperature deduced is therefore severely overestimated (see figure

6.10).

The equalisation of the AC voltage of the probe and the space potential can be
achieved using compensation techniques. There are two types of compensation:

active and passive.

In active compensation, AC signals are directly fed into the probe to cancel out

any difference in AC voltage between the probe and the plasma. This method
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Figure 6.9: An equivalent circuit model highlighting the interplay between the
impedances of the sheath Z, the compensating electrode, the RF chokes Z.,
and the stray capacitances Cs1, Cs2. In order to compensate adequately, the
impedance of the sheath has to be smaller than the rest of the compensating
circuits.

requires advanced electronics and very involved tuning, and hence takes a long

time to set up.

The passive compensation mode is comparatively easier to implement. The idea
is to reduce the impedance path between the plasma and the probe, and at the
same time, increase the impedance between the probe and the ground. This
effectively forms a potential divider between the sheath and the probe-to-ground
impedance so that the voltage across the sheath is minimized. Practically, the
plasma-to-probe impedance can be minimized by exposing the plasma to a large
compensation electrode which couples to the probe via a capacitor. In this way,
only the AC part of the signals are affected. The probe-to-ground impedance can
be increased by introducing resonant series LC circuits comprising of chokes with
parallel-connected capacitance. These RF blockers should be located as close to
the probe as possible to avoid stray capacitance. The passive compensation scheme
can be understood more clearly using an equivalent circuit diagram as shown in
figure 6.9. Here, Z,,, Z, and Z_., represent the sheath impedance of the probe,
the compensation electrode and the RF chokes respectively; C,, and Cs indicate

the capacitance of the coupling capacitor and the stray capacitance.
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Figure 6.10: The black line shows the real I-V curve. As the relative probe
voltage V), — V oscillates due to voltage drop in the sheath, the acquired I-V
curve from an uncompensated Langmuir probe is distorted.

6.5 Langmuir probe analysis in magnetic field

In a magnetron configuration, the strong NdFeB magnets provide the magnetic
field required both to increase sputter ratio and to allow the discharge to run at a
low gas pressure. The magnetic field, however, can be detrimental to the Langmuir
probe analysis. It is well known that the presence of magnetic field suppresses the
current collected by the probe: this can lead to distortion of the knee region of

the I-V characteristics and underestimation of the plasma density [51].

Charged particles follow a helical path with Larmor radius 7 in the presence of

magnetic field B. The Larmor radius is given by:

r, = (610)

where ¢, m are the charge and mass of the charge particle respectively and v is
the component of the velocity perpendicular to the direction of the magnetic field.
The distortion effect is dependent on the ratio of the probe radius to the Larmor
radius, f=r,/r;,. When f<<1, the Larmor radius is so large that the trajectory
of the particle can be approximated as a straight line. Under this circumstance,

the particle trajectory is largely unaffected and the collection area is unchanged.
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In contrast, conditions of large [ result in more severe distortion of the I-V curve.
Since the mass of the ion is much larger than that of the electron, the Larmor
radius for the ion is relatively large, and hence § is small. Therefore, unless the

magnetic field is very large, the ion collection part of the I-V curve is unaffected.

The effect of magnetic field on the I-V curve is also related to the angle of the field
with respect to the probe. Under strong field condition, the particles are effectively
confined and therefore move in the direction of the magnetic field. This means
that the current collected is reduced when the field is parallel to the probe. This
effect can be minimized by placing the field perpendicular to the probe so that the

effective diffusion coefficient of the particles across the sheath is unchanged.

The optimum Langmuir probe measurement configuration is to use a probe that is
as small as possible and to align the probe perpendicular to the magnetic field. In
this study, the radius of the probe used is 0.028 mm, and the magnetic field present
is less than 50 mT. This means that for a 1eV electron, < 0.5. According to [51],
at $=0.5, the modification to the I-V curve is less than 20%, which is comparable
to the experimental error. Thus, the effect of magnetic field is ignored in our

Langmuir probe analysis.
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Figure 6.11: The schematics of the in-house designed and constructed Lang-
muir probe used for measuring the ZnO magnetron plasma
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Langmuir probe in a ZnO magnetron plasma

Figure 6.12: Showing the orientation of the Langmuir probe with respect to
the magnetron in the vacuum chamber; a red hot, glowing tip was observed at
high positive voltage (the regime which large electron current was being drawn.)

6.6 Design of the Langmuir probe and circuitry

The Langmuir probe needs to be configured both mechanically and electrically in
order to obtain reliable quantitative results. This section serves to provide a guide
to construct a simple Langmuir probe that is usable in diagnosing the plasma

conditions of RF magnetrons.

We first discuss the mechanical construction of the probe, which is shown in figure
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6.12. To begin with, the material for constructing the probe must be able to with-
stand the high temperature of the plasma. In this respect, glass tube and PTFE
were chosen as working materials for making the insulated casing of the probe
which shields the internal conducting parts. The whole body of the Langmuir
probe should also be made as small as possible to minimize the perturbative effect
of its presence on the properties of the adjacent plasmas. The dimensions of our

Langmuir probe used were 70 mm long and 13 mm in diameter.

The diameter of the current collecting tip has to be made as small as possible
to avoid error due to distortion from magnetic field (see section 6.5). Due to the
small diameter, a very rigid material is needed to provide the physical integrity
(otherwise the tip would not remain straight). Tungsten wire of diameter 0.028 mm
was used in our Langmuir probe. In order to integrate such a small tungsten wire
into the rest of the electrical circuit, a small hole is first drilled into a ¢1.6 mm
solderable wire, and the tungsten wire is crimped into the bigger wire using a pair

of pliers.

The RF blockers, each consisting of parallelly connected capacitor and inductor
are installed as close to the tip as possible to minimise the stray capacitance. For
this reason, the chokes are put inside the glass casing, only 20 mm away from the
tip. These RF chokes were tuned to resonance at the first and second harmonics
of the applied RF field, i.e., at 13.56 MHz and 27.12 MHz. This is to minimise the
voltage drop in the sheath at these two frequencies so that the voltage oscillation
of the probe tip faithfully follows that of the space potential. An S5; measurement
was made on the tuned RF chokes as shown in figure 6.13. The signal attenuation
is about 75dB at 13.56 MHz and 55dB at 27.12 MHz. It should be noted that
capacitors with lossy plastic dielectric should be avoided as they heat and melt
when subjected to large RF voltages; this issue can be resolved by using mica

ceramic capacitors instead.
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Figure 6.13: This figure shows the So; measured for the tuned RF chokes.

One can identify a large drop in S2; at 13.56 MHz and 27.12 MHz.
The RF compensation can be improved further by having a compensation elec-
trode. This electrode should be put as close to the probe tip as possible and
cannot be made too large, otherwise the compensation electrode will sense and re-
lay a different variation of space potential owing to the position dependence of the
plasma properties near the a magnetron. The compensation electrode in the probe
that we constructed had of diameter 7.5 mm and length 8 mm. The compensation
electrode is connected to the probe circuit via a 2.2 nF high voltage (200 V) SMD

capacitor which is soldered on the inside of the metal electrode (see figure 6.12).

The Langmuir probe is connected to a bendable semi-rigid coaxial cable which
allows easy manipulation of the probe position and orientation with respect to
the magnetron. The probe is positioned above the centre of the magnetron in the
position where the films grow. In this position, the magnetic field is normal to the
magnetron; so as discussed in section 6.5, it is best to orient the probe parallel to
the magnetron as illustrated in figure 6.12 in order to minimize the effect of the

magnetic field.
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Figure 6.14: The circuit diagram of the probe circuit for Langmuir probe data

acquisition
In order to acquire the I-V characteristics, a voltage sweep unit and a current
measuring device are needed. The voltage sweep can be produced, for example,
by a programmed DC signal generator, or even by stepping down the mains volt-
age. However, one has be careful with the sweep rate; fast voltage sweep would
introduce a large capacitive current which would severely distort the I-V curve
acquired. In our probe circuit, we use 100 Volt banks, each comprises twelve 9
volt batteries. The voltage sweep is obtained by manually varying the 100 K(2
potentiometer from -100V to 100V at a rate of about 2 minutes per full sweep.
While the voltage is sweeping, ion or electron currents are being drawn from the
plasma, and they pass through a current shunt resistor (2000€2) which connects

the current to a voltage reading. [llustrated in figure 6.14 is the probe circuitry. In

Vo Volts
2000 2

this particular set up, the current I is given by I = and the voltage applied
to the probe with respect to ground is V= V; — V5. Both V} and V; are measured
using a high impedance (10 M) digital multimeter and the results are logged by a

computer using a Labview interface. To further reduce the noise due to the stray

RF breakthrough (inevitably the RF choke does not block all the RF), a 10 nF
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capacitor is inserted between the probe circuit and the Langmuir probe to short
the 13.56 MHz breakthrough to ground. The capacitance value chosen is such that
its impedance at 13.56 MHz signal is small, but the capacitive current due to the

voltage sweep is still significantly less than the ion current being collected.

6.7 Analysis of Langmuir probe measurement for

a ZnO plasma

If the configuration of the Langmuir probe I-V measurement is set up correctly,
one should obtain an analysable curve. In order to extract a reliable the physical
properties of the plasma from this data, one needs to apply the appropriate theories
that correspond to the specific plasma operations regime. There exists a large
volume of literature on the subject of analysing the I-V characteristics, and the
level of complexity of each analytical model varies. This section aims to outline

the simplest model that works well with our magnetron plasmas.

The procedures for analysing the I-V data are as follows:

1. Smoothing of the I-V data

e We need to smooth the data in order to get an accurate measure of

dI

T for locating the plasma potential. However, the smoothing pro-

cess needs to preserve the shape of the I-V curve, so it is immediately
obvious that the moving average technique is not appropriate. Instead,
for this purpose, the Savitzky-Golay (S-G) filter is used. This filter first
divides the whole data set into multiple data subsets. The subsets will
then be individually fitted to polynomials of order n. Figure 6.15a and
b compare the noisy raw data with the smoothed data using a S-G filter

of polynomial order 2 at a window of 400 data points.
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2. Finding the floating potential V} pc

e V;pc is found by locating the voltage for which the current is zero, this

is when the ion current is equal to that of the electron current.
3. Locating the plasma potential V; pc

e Because the electron current saturates at the plasma potential, a kink is
observed in the I-V curve as illustrated in figure 6.15f, g. An accurate
dl

value of V; pc can be found by locating the voltage for which —Zing 18

maximum.
4. Finding the electron temperature 7T,

e The logarithm of the total current versus voltage is linearly fitted be-
tween the range of V;pc and Vi pc. An initial estimate of the electron

temperature can be found by setting FlTe:slope of linear fit.

e Using this initial temperature estimate T,, the ion current is fitted
by the function I; = Ip(1 + n)® (figure 6.15¢) in accordance with the
Laframboise parametrization [52]. This takes into account the sheath
expansion at large voltage deviation from the plasma potential. The

electron current I, is then given by I, = I,y — ;.

e Now by linearly fitting In 7, versus Vpc, one obtains a better estimation

of the electron temperature.

e The last two steps are repeated to get an increasingly accurate value
of T,,. The good linear fit of In I, versus Vp¢ confirms the reliability of

our data.
5. Finding the ion/electron density n

e Due to the uncertainty of the ion mass (the ratio of ion species that is

present in the plasma is unknown for a mixed Ar/O; sputter-gas but



Chapter 6. Analysis of Langmuir probe measurement for a ZnO plasma 108

could probably be discovered using optical spectroscopy), it is difficult
to estimate the ion density using the ion current. Instead, as long as
rp/r<1 (as discussed in section 6.5), we can rely on using the char-
acteristics of electron current to find n. In the regime of thick sheath
(due to the small mass of the electron), OML theory is applicable and

the electron density is given by:

2 d[2
n?= -2 T (6.11)
2Ap€ dVDC
and the term dﬁl/i can be determined by the slope of the linear curve
DC

given by I? versus Vpc for Vpe>V,pc (see figure 6.15g). Because of
plasma neutrality, the ion density should be the same as the electron

density.

6. Estimating the sheath thickness x,¢ at Vypc and the electric field E at the

surface of a planar substrate with dimensions much larger than Ap

e In order to find an analytical solution for the sheath thickness and the
electric field of the cylindrical Langmuir probe, one has to solve Pois-
son’s equation. However, as described in section 6.2, since this equation
is practically insoluble, numerous tactics and tricks have been used to
yield approximate solutions; they usually involve heavy computational
analysis. Fortunately, what interests us in this particular Langmuir
probe analysis is to find how the substrate behaves during magnetron
sputtering. The problem falls into the ‘thin sheath’ regime, where the
substrate dimension is much larger than Ap and the Child-Langmuir
law applies. The sheath thickness at the floating potential z,; is given
by:

Vave = Viwo)\
DO ﬂDC))4AD (6.12)

Tpf = 1.018<e( T
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where the Debye length is:

eokpT.
Ap = 1/ 6.13
D o2n ( )

and the largest electric field near the surface is given by the Mackeown
equation:

(6.14)

P <2.88n26k'BTe(Vs,DC - Vf,DC))‘IL.

€o
The full derivation of these equations is described in Appendix A.
It should be noticed that the sheath thickness actually oscillates at
13.56 MHz with the applied RF voltage; the value we obtain here is the

mean values of these oscillations.
7. Estimating the ion flux J to a planar substrate

e At the plasma potential, the sheath thickness of the cylindrical probe is
zero, so the effective collection area is equal to the probe area. Hence,
the ion flux J incident on a planar substrate can be estimated from the
ion current drawn to a cylindrical probe held at the plasma potential,
ie.,

(6.15)

6.8 Results and Discussion

Using the analytical methods as described in the previous section, the /-V curves
for the ZnO magnetron at various powers (40-120 W), pressures (2 pbar-20 pbar)
and substrate-target distances (25 mm or 45 mm centrally above the magnetron)
are investigated. The results are summarised in figure 6.16. Here, the red and blue
lines indicate measurements at 25 mm and 45 mm respectively, while the circle,

square, triangle and diamond symbols represent data points at pressures of 2, 4,
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10 and 20 pbar respectively. In the following, we will discuss how the plasma’s
‘physical parameters’ vary with the ‘engineering parameters’ and how they relate

to the substrate environment of the substrates during a sputter deposition process.

1. Electron temperature 7,

e The electron temperature characterises the kinetic energy of the elec-
trons and hence the ionising capability of electrons in a plasma. The
electron gains energy by electrostatic repulsion from the target, so we
expect the electron energy to be higher when the target potential is
more negative. In a region that is close to the target surface, the
ejected secondary electrons have less chance to collide with other atoms
or ions, so they maintain a relative high energy. As we move away from
the target, these electrons lose their energy via collisions with other
particles in the system, and therefore we expect T, to reduce at higher
target-substrate distances. In our particular magnetron configuration,
T, decreases from around 3eV to 2eV ? as the substrate-target distance
increases from 25 mm to 45 mm. It is also found that 7, reduces with
increasing pressure. This can be explained by the fact that, at a lower
pressure, there are fewer atoms to participate in ion- forming collisions;
thus in order to sustain the plasma, the system will have to compen-
sate by having higher electron energies. The reduction of T, as pressure
increases is also accompanied by a reduction of the target potential. Al-
though one might expect that the increase in power should raise 7., T,
actually stays fairly constant with increasing power. This might be
due to the increase in ion density which leads to more electron-atom/
electron-ion collisions causing electron energy relaxation and reduction

of T,.

2Note that the conventional units for describing electron temperature is in eV rather than K.
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As a rule of thumb, a pure Ar plasma usually has a T, of around 1eV.
In much of the literature as well as in our studies, it is found that the
introduction of Oy into the plasma has a tendency to raise T.. The
reason for this is still under debate, but it is generally believed that
this comes from the electronegativity of the oxygen plasma, due to
the presence of O~ ions. It follows that because of plasma neutrality
and the negative charge of the O™, there are more ions than electrons,
and so the electrons need to have higher energy (and thus a higher
T.) to sustain the plasma excitation. It has also been reported that
bi-Maxwellian distributions were detected in other magnetron systems;

however, this behaviour has not been observed in our measurement.
2. Vspc — Vipc

e When a floating substrate is immersed in a plasma, the substrate will
build up a potential that is equal to the floating potential (potential for
which current is zero). This potential is always lower than the plasma
potential, and so as soon as the ions wander into the plasma sheath
next to the substrate surface, they will be accelerated by the electric
field and acquire an energy of Vi pc — Vypc. Therefore, Vi pc — Vipc
determines the average kinetic energy of the singly charged positive
ion bombardment which is of order of around 10eV. It is found that
the dependence of the V; pc — Vypc is the same as that of T, which is
expected as V; pc — V¢ pe should be directly proportional to T, according

to equation (6.7).
3. Ion flux J

e The ion flux is found to be of order 10*® m~2s~! and it tends to increase
with increasing pressure and power and with decreasing substrate-target

distance. At low substrate-target distance and high power, the electrons
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travel at faster speeds and thus the rate of ion creation increases leading
to a bigger ion flux. At higher pressures, the concentration of the gas
molecules is larger, so the probability for an electron to hit an atom and
create an ion also increases. Again, this leads to an increase in ion flux.
Combining the ion flux with the previously deduced Vs pc — Vypc, we
can find the power flux J*(V; pc—V}pc) to the substrate. This provides
the activation energy for reconfiguration of surface structure of the film
as the ion bombardment enhances adatom mobility. The ion bombard-
ment action therefore gives rise to an effective substrate temperature

which is much larger than the actual temperature of the substrate.

4. Electron density/ Ton density n

e The electron density is measured to be of order 106 m=3

in our mag-
netron system. This value is quite high considering a thick ZnO target is
used. This indicates that a strong plasma confinement is achieved using

the strong neodymium magnets. The dependence of n with pressure,

power and substrate-target distance are similar to that of J.
5. Electric-field E in the plasma sheath near the substrate surface

e The electric field of the plasma sheath near the substrate surface was
thought to be an important parameter for determining the growth of
a thin film that has a preferred orientation or polarization. The effect
of the electric field is to lift the energy degeneracy involved between
structures of different orientations or polarizations such that a partic-
ular one is favoured. In our magnetron system, the electric field near
the surface can be as high as 50,000 Vm~!. This is a very large electric
field; to put it in perspective, it is 1/20 of the electric field needed to
ionize air. It is found that the electric field increases with decreasing

substrate-target distance and increasing power. This is caused by the
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increase in n and the corresponding reduction in the Debye length. On
the other hand, at increasing pressure, due to the decrease in T,, the

sheath thickness increases which means that the electric field reduces.
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Chapter 7

Growth mechanisms of c-axis
oriented ZnO films and the

optimum growth condition

Having used Langmuir probe diagnosis and deposition rate calibration (see table
7.1) to find the physical parameters that characterise the growth conditions, we are
in a position to look for correlations between this data and the structural properties
of the ZnO thin films made under the various different sputtering conditions. As
such, we can gain insight into the deposition process and ultimately reveal the
underlying growth mechanism for ZnO thin films with preferred c-axis orientation

of the grains.

In this chapter, we will first present the basic micro-evolution processes involved
in polycrystalline film growth; this serves as a prerequisite for investigating the
growth mechanisms in ZnO thin films. Various aspects of the growth of c-axis
oriented ZnO films will be discussed including epitaxial growth, the polarization
effect due to the action of the plasma wall potential, the minimization of surface

energy and the ‘van der Drift’ evolutionary selection by ‘survival of the fastest’. By
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comparing the various models and experimental knowledge about the structural
properties of our ZnO films, we deduce that the governing mechanism for growth
of c-axis oriented films is the ‘survival of the fastest’ theory. We further investigate

the relationship between ion bombardment and structural properties of the films.

ion fluxXion energy
deposition rate

It is discovered that the parameter = = is strongly correlated with
the c-axis texture of the film; and that films grown in a high = condition tends
to have little c-axis orientation. The adverse effects of having large = can be
explained by the tendency of the (0001)-oriented film to renucleate due to the

additional cluster dissociation and adatom surface diffusion mobility induced by

low energy ion bombardments.

7.1 Microevolution of polycrystalline film growth

The growth of a polycrystalline film typically involves four main processes:

nucleation—impingement /sticking of island—grain growth —coalescence of grains.

1. The film nucleates and begins to grow on a substrate. In this process, the
incoming depositing species, also known as the precursors, land on the sub-
strate. The precursors bond to each other due to their mutual attraction,
so they cluster into islands of condensed phase. If the substrate possesses a
crystal structure, the interaction between the substrate and the precursors
can lead to nucleation with a preferred orientation (figure 7.1a). This is
known as epitaxial growth. If the substrate is amorphous and the surface
mobility is high, it is energetically favourable for the nucleation to present
the crystal plane of lowest surface energy plane to the substrate surface which
lays the foundation for highly oriented grain growth later on (figure 7.1b).
However, when the surface diffusion is insufficient, the nucleation tend to be

randomly oriented (figure 7.1c).
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Figure 7.1: (a) Substrate before deposition. (b) Nucleation with preferred
orientation. (c) Nucleation without preferred orientation. (d) Grain growth
given a preferred nucleation, an equiaxed columnar structure is formed. (e)
When the surface diffusion is low, planes with high surface energies are preferred
forming non-equiaxed columnar structure with surface texture. (f) When the
surface diffusion is high, planes with low surface energies are preferable and non-
equiaxed columnar structure without surface texture is formed. (g) Coalescence
of grains (diagram adopted from [53]).

2. The islands grow laterally and eventually collide; they will tend to coalesce
and lead to the formation of a grain. The grain grows vertically forming a

columnar structure.

3. If the nucleation were initially oriented during the nucleation stage, the pre-
ferred orientation tends to persist during the grain growth. Films grown
under this condition usually have an equiaxed columnar structure (figure

7.1d).

For randomly oriented nuclei, the preferred orientation of the grain is deter-
mined by the surface mobility of the adatoms. The level of surface mobility
can affect film orientation in three ways. Firstly, when the surface mobility
is extremely low, the structure tends to be randomly oriented as the precur-
sors cannot reorientate themselves to form a coherent structure. Secondly,
in situations when surface mobility is low but sufficient such that adatoms

only have just enough energy to diffuse within the same grain, then the
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el Tl

Figure 7.2: (a) When surface diffusion is slow but high enough that adatoms

diffuse within the grain, higher surface energy planes will have faster vertical

growth speed. They thus dominate the structure of the film due to evolutionary

selection. (b) When the surface diffusion is high, i.e., when the adatoms have

enough energy to diffuse across the grain, growth of lower surface energy planes

is more favourable. This diagram is directly adopted from [54].
planes with high surface energy dominate due to their faster vertical grow-
ing speed. This can be understood in terms of the minimization of the total
surface energy of the grain which leads to the elongation of grain and thus
faster vertical growth (see figure 7.2a) along the high surface energy plane
direction. Films grown under this condition usually take the form of non-
equiaxed columnar film with surface texture as shown in figure 7.1e. This is
also referred to as the van der Drift [55] evolutionary selection model which
states that the faster growing species will grow on the expense of the slower
growing ones, so the end product consists predominantly of grains with the
fast growing orientation. Thirdly, when the surface mobility is high such
that the adatoms can migrate to other grains, then the vertical growth rates
of the grains will be equalised, so the lowest surface energy plane would
dominate the growth due to minimization of overall surface energy (see fig-

ure 7.2b). The films fabricated in this case tend to have a non-equiaxed

columnar structure without surface texture as shown in figure 7.1f.

4. Finally, the columnar grains coalesce with each other, forming even larger

grains as illustrated in figure 7.1g.
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7.2 The possible growth mechanisms for preferred

orientation in our fabricated ZnO thin films

The mechanism that promotes c-axis orientations ZnO thin film sputter-growth is
still unclear in the literature. Four possible growth models have been suggested.
In this section, we will offer up each model to the data obtained from our Lang-
muir probe measurements of the plasma and X-ray measurements of the film and
identify the mechanism whose features seem best correlated with the experimental

data.

7.2.1 Epitaxial growth

Interaction between the ZnO and the crystal substrate can lead to preferred nu-
cleation. It has been demonstrated that ZnO films can be grown epitaxially in
different orientations depending on the substrate; e.g., ZnO thin films grown on c-
oriented sapphire [56] or AIN substrates [57] tend to have (002) orientation whereas
(1120) oriented ZnO can be produced by epitaxial growth on R-oriented sapphire.
In our fabrication, the ZnO thin film is grown on top of a Au electrode layer.
According to Wager et al.[58], a good crystalline Au(111) substrate layer can im-
prove the quality of ZnO(002) deposited using sputtering. However, as we have
demonstrated in section 5.3.3 that there exists an initial dead (disordered) ZnO
layer near the Au-ZnO interface, epitaxial growth does not seem to be the driving

force for c-axis texture in our samples.
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7.2.2 Symmetry breaking under the action of the wall po-

tential

It was proposed that [43] the electric field in the plasma sheath can potentially be
significant in the structural formation of ZnO films. As discussed in chapter 5, since
the mobility of the electrons is high compared to the ions, an electrically isolated
substrate charges to a potential that is negative with respect to the plasma. This
leads to the formation of a plasma sheath and an associated electric field that
is perpendicular to the substrate surface. It follows that the interaction of the
electric field with the polar ZnO structure acts as a symmetry breaker for (0001)
and (0001) planes, and hence contributes to a global asymmetry which promotes

a net polarization.

However, it was evident from our Langmuir probe results that the electric field at
lower substrate-to-target distance is higher; the fact that even better transducers
(more c-axis oriented) can be grown at higher substrate target distance seems to

suggest that the electric field does not contribute much to the texture formation.

7.2.3 Minimization of surface energy

Fujimura et al. [59] has calculated the surface energy of various planes in ZnO
thin films. His calculation is based on counting the number of bonds that the
surface lacks, and then multiplying this number by the Zn-O bond energy. Since
the (0001)/(0001) planes are the most densely packed plane (i.e., highest reticular
density), the number of bonds in the direction perpendicular to the plane must
be smallest. Thus, he deduced that the (0001)/(0001) planes have the lowest
surface energy. However, crystallite surfaces could have different structure to that
of the bulk; moreover, this model predicts no surface energy difference between

the (0001) and (0001) surface.
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Using more sophisticated models that incorporate surface reconstruction, recent
papers [60-62] have predicted the opposite result, i.e., the (0001)/(0001) planes
are the highest surface energy planes and the a-axis planes (1010) and (1120) have
lower surface energies. In addition, the calculation shows the (0001) surface to have
a lower surface energy than the (0001) surface. The difference in surface energy
between the (0001) and (0001) surfaces is evident in Hickernel’s experimental
work [63]. In this paper, it has been demonstrated that the etch rate of the (0001)
plane is about 10 times slower than that of the (0001) plane. He has also reported
in another paper [64] that the etch rate for a-axis oriented films is 40-50 times
higher than that of the (0001) plane. These results support the finding in the

fore-mentioned calculations.

If we now assume the a-axis planes are indeed the lowest energy planes, then
minimization of surface energy should give rise to a-axis orientation. The fact
that this is not observed in our samples, and that no initial preferred nucleation
is found suggests that the mechanism of minimization of surface energy is not

relevant.

7.2.4 Survival of the fastest

As discussed in section 7.1, under the condition that surface mobility is low but
nonetheless high enough that the adatoms will diffuse within the grain, the planes
that have higher surface energy would have a faster vertical growth rate and thus

they grow at the expense of the planes that have lower surface energy.

Since we expect the (0001) planes to have the highest surface energy, this is the
plane that would dominate according to the ‘survival of the fastest mechanism’.
This model predicts an initially randomised oriented layer as all possible planes are
allowed to grow at the beginning of growth; this seems to agree with our finding

about the dead layer at the Au/ZnO interface.
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Hence, all the evidences seem to suggest that the ‘survival of the fastest’ is the
growth mechanism which accounts for the formation of c-axis orientations in our

fabricated films.

7.3 Why are some films better or worse than the

others?

We have discussed in the previous section that surface diffusion plays an important
role in determining whether the film grains prefer to orient with the highest energy
plane perpendicular to the film normal due to ‘survival of the fastest’ or with the
lower energy planes due to the minimization of surface energy mechanism. In this
section, we will assess the effect of ion-bombardment-induced cluster dissociation
and surface diffusion enhancement on the structural properties of the ZnO films

and how this could militate against (0001) plane formation.

During film growth in an Ar/O, sputtering environment, there are two types of

ions that bombard the substrate.

The first type is the negative O~. Typically, even for gas mixtures with a high Ar
to O ratio (1:1), only a tiny fraction - of the order of 1% of the ions are of this type
(Ref. [65]). Any O~ ions that comes close to the target surface is strongly repelled
and some of these eventually hit the substrate with very high kinetic energy (=
200eV). Tons of such high energy can cause severe damage to the film by excessive
implantation and sputtering; and films grown under such ion irradiation tend to
have large surface roughness which gives them a cloudy or milky like appearance.
We cannot extract energy and flux information specific to these negative O~ ions
from the Langmuir probe measurements, but judging from the fact that all our
films look clear and reflective, the flux of negative O~ ions is likely to be quite

small.
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Figure 7.3: An illustration on cluster dissociation and enhancement of adatom

mobility caused by low energy ion bombardement.
The other type is the positive ions. These ions diffuse thermally, and some fall
by chance into the plasma sheath near the substrate surface and subsequently
accelerate towards it under the potential difference Vi pc — Vi pe (of order 10eV).
The ion flux J and the energy V; pc — V pc are well characterised in the Langmuir
probe measurements of chapter 5. Ions of this energy scale can typically induce
surface effects such as dissociation of small clusters (see figure 7.3) and also the
enhancement of surface adatom mobility depending on the total amount of ion
energy transferred to the surface in the time required to condense one layer of

atoms. This can be effectively represented by the parameter = such that

Vipc =V,
J . D¢ __IDC (7.1)
Deposition rate

(1]

In Figure 7.4, we have compared the strength of the c-axis peak with respect
to the parameter = under various sputtering conditions. A clear trend can be
seen as the c-axis diffraction peak drops as = increases. This can be explained
by the fact that the increase in cluster dissociation and surface mobility between
grains suppresses the (0001) formation by ‘survival of the fastest’ and at the same
time increases the likelihood of renucleation of planes with lower surface energies.
Frequent occurrences of renucleation cause the structure to become more randomly
oriented (like those near the Au/ZnO interface) and thus contribute less to the
X-ray diffraction signals. When = = 2.5 - 10 Vmm—3s7!, the formation of (0001)
planes becomes strongly suppressed, and the structure is essentially randomly
orientated. However, as shown by the red data point in the graph, we found that

the c-axis diffraction peak becomes pronounced again at even higher =. We suspect
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Figure 7.4: The measured c-axis peak versus the parameter = = Doposition rate

for ZnO films that were grown under various sputtering conditions but with the

same thickness.
that beyond certain threshold level of =, the suppression of (0001) formation is so
high that the ZnO crystallites can save energy by preferentially orienting with the
next highest energy plane, (i.e. the (0001) planes). This finding seems to agree
with the study by Ikoma et al. [66] which suggests that this unusual orientation
can be encouraged by strong ion bombardment conditions. The same argument
can be used to predict the formation of a-axis orientations at even stronger ion

bombardment conditions, and this has been observed in Refs. [44, 67].

There is also bombardment from particles other than positive and negative ions,
such as the secondary electrons. However, these electrons typically have smaller
kinetic energies (around 1-3 eV from Langmuir probe measurements). These ener-
gies are of the order (or less than) of the binding energy of the atoms in the cluster,
and so they are less likely to cause cluster dissociation and hence suppress the fast
vertically-growing species. Instead, they serve to facilitate surface mobility within

the grain and thus promote better (0001) oriented crystalline quality.
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7.4 Optimum growth condition

In conclusion, we have found that the optimum sputtering conditions correspond
to minimizing the parameter Z. This suggests that good c-axis oriented ZnO films
can be produced by decreasing the ion flux or the ion energy directed towards the
substrate but without decreasing the deposition rate of the ZnO species. Ulti-
mately, we want to translate this finding into a practical recipe for the growth of
good transducers. For any arbitrary magnetron, it is difficult to locate the local
minimum of = in terms of engineering parameters (one has to rely on the use of the
Langmuir probe measurements); e.g., increasing the pressure would increase J and
sputtering rate but lower the energy (e(Vy — Vy)) and the mean free path. Hence,
the key lies in the design of the ZnO magnetron - one can design a magnetron such

that = is intrinsically low and can be minimized at a known sputtering condition.

We have discussed in section 4.2.3 that an unbalanced ZnO magnetron was used
in our ZnO deposition. An unbalanced magnetron promotes ion bombardment
of the substrate, so in hindsight, our choice of the unbalanced design was not
conducive to growing c-axis oriented ZnO films. On the positive side, the unbal-
anced design was what allowed us to see the effects of ion bombardment and to
unlock the growth mechanisms of the c-axis texture formation. In the author’s
opinion, the best growth conditions for c-axis oriented ZnO films could be more
easily achieved by using a balanced magnetron in a sputtering condition with high
substrate target distance, high power and low pressure. A balanced magnetron
with strong magnetic field confinement prevents charge species from escaping the
the target region so that a nearby substrate can simultaneously enjoy the benefit
of high growth rate and low bombardment that are the key to making high quality

c-axis oriented piezoelectric films.
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Chapter 8

Background theory of acoustic

excitation of magnetostatic
spin-waves (MSW) in YIG thin
films

Following the successful development of efficient acoustic ZnO transducers, we are
in a position to investigate experimentally the viability of the spinmechatronics
device proposed in chapter 1 — one that excites laterally propagating spin-waves
in a YIG thin film structure by directly injecting a confined longitudinal elastic
wave. Before we dive into the experimental details and results, we first develop
the necessary theoretical concepts and formulations for understanding each of the

key physical processes involved.

We will begin by deriving the equations governing magnetostatic spin-wave (MSW)
modes in source-free insulating mediums. These theories will then be applied to
predict the behaviour of the uniform precession and propagating MSW modes in

a thin film geometry. We will proceed to study the magnetoelastic coupling effects
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in YIG, and discuss how an effective oscillating magnetic field can be generated by
a longitudinal acoustic wave. Finally, we will discuss how a standing elastic wave
can form when a longitudinal acoustic wave is injected perpendicular to the waveg-
uide and how its corresponding effective magnetic field (caused by magnetoelastic

coupling) can couple to the laterally propagating MSWs in YIG thin films.

8.1 (Governing equations for magnetostatic modes

8.1.1 The Landau Lifshitz equation

Analogous to a spin-top that precesses due to the gravitational force, the dynamics
of an individual magnetic moment g under the influence of an effective H field

Hcg is governed by the torque equation:

dJ

= 5, — Hea 1
o = kX Her (8.1)

T

where T is the torque and J is the angular momentum of the magnetic moment.

The magnetic moment is related to its angular momentum by:

p=—J (8.2)

where ~ is the gyromagnetic ratio. Using equations (8.1) and (8.2) and the fact
that the magnetization M is proportional to p, we can rewrite the torque equation
as:

dM
= (M x Hen). (8.3)

This is known as the Landau Lifshitz equation [68].

The effective local field Heg that is experienced by the magnetic moments can

be expressed as the derivative of the total magnetic free energy density F' with
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respect to its magnetization M:
Heg = ——— (8.4)

and this allows us to find Heg for a given F'. The total magnetic free energy density
F' comprises many contributions. These include those arising from: the external
field (F..¢), exchange interaction (F,,), demagnetization energy (Fj), anisotropy

energy (F,,), magnetoelastic interaction (F),.), so that

F=F_ +F ,+F;+F,,+F,.+... (8.5)

The spin precession inevitably decays in time because of various relaxation pro-
cesses, and this effect can be taken into account by introducing a term (the Gilbert
term) that pulls the spin-top inwards so that the angle of precession decreases.

Equation (8.3) can be modified accordingly to give:

dM dM
== —7<M * Heg — M x W)’ (8.6)

which is known as the Landau Lifshitz Gilbert equation [69] with 7 being the

phenomenological damping coefficient.

8.1.2 Polder susceptibility

Now, we will analyse the dynamical interaction between the magnetization and
the magnetic field for a magnetic material using the Landau Lifshitz equation.
Consider the situation when the magnetic medium is magnetized to saturation in

the z direction.



Chapter 8. Governing equations for magnetostatic modes 131

We begin by decomposing Heg and M into static and dynamical parts, i.e.,

Heq = Hi, + h(t) (8.7)

M = M; + m(t). (8.8)
where Hj, is the static internal field of the magnetic material and Mg is the
saturated magnetisation.

By substituting equation (8.8) into the Landau Lifshitz equation (8.3), one obtains:

dM
W:—fy[Mstin—kmxHin—i—Ms><h+m><h]. (8.9)

H;,, and My point in the same direction, the z direction, otherwise the spin would
experience a non-zero static torque (we assume no magnetocrystalline anisotropy);
thus their vector product becomes zero. We further approximate by considering

only the linearised terms, so higher order terms such as m(t) x h(t) are ignored.

The linearised Landau Lifshitz equation becomes:

dM
E:—f)/[mme—l—Ms Xh] (810)

If we assume the solution to this equation is oscillatory, i.e., m, h oc €*! where w

is the angular frequency of the oscillation, then
iwm = —y(m x H;, + Mg x h). (8.11)

Solving this equation, we find that m(t) and h(t) are related by a tensor x such
that

m = {h, (8.12)
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x —tk 0
X=\|ik x 0f, (8.13)
0 0 1
(8.14)
wWHWM WWpnr
— =" 8.15
X w? — w?’ " w¥ — w? (8.15)

Here wy = vH;y,, wy = vM, and x is also known as the Polder susceptibility

tensor [70].

8.1.3 Maxwell’s equations

In additional to satisfying the Landau Lifshitz equation, the ‘real’ magnetic field
H = H., + Hg also has to obey Maxwell’s equations. Here, Heyxt and Hy denote
the external applied magnetic field and the demagnetising field of the magnetic

sample, respectively. Maxwell’s equations are:

V-D=p,. (8.16)
V- B=0 (8.17)
0B
E=—— 1
V x T (8.18)
oD
H=J + 2 1
V X Je+ 5 (8.19)

where E | D = €E, ¢, J¢, p., M are respectively the electric field, electric dis-
placement, permittivity, charge density, current density, and magnetization for a

linear medium. For a source-free, insulating medium like YIG, J. and p. are zero.
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Maxwell’s equations now become:

V.-D=0 (8.20)

V-B=0 (8.21)
0B

VxE=-> (8.22)
oD

According to Refs. [71-73], there exists a branch of solutions to Maxwell’s equa-
tions for which the speed of the excitation is much slower than that of light, and
the wavevector of these waves k is much larger than the wavevector kg = w,/jig€
of plane electromagnetic waves of similar frequency. It has also been shown that
the electric field component of these excitations is very small, so the excitation
is predominantly magnetic. Under these conditions, the magnetostatic approxi-
mation can be made, i.e., V x H=0. The dynamics of the magnetic excitations

(spin-waves) can therefore be described by:

V x H =0, (8.24)

instead of equation (8.23).

8.1.4 Walker’s equation

In the case when the effective internal field Hy, is equal to the ‘real’ magnetic field
H, then by combining Maxwell’s equations and the Polder susceptibility relation
(derived from the Landau Lifshitz equation), we can derive the governing equation
for magnetostatic modes. Again, we are assuming that both the magnetization

and the internal static field lies along the z direction.
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By defining the magnetostatic scalar potential 1 such that:
h=Vy (8.25)
and substituting this into equations (8.22) and (8.12), one obtains:
V. [(1 + x)vw] —0. (8.26)

Expanding in terms of cartesian coordinates (canonical to a planar geometry), we

find Walker’s equation [74]:

Py Py O
(1 +X)(a;§ + ayf) + a;f — 0. (8.27)

8.2 Uniform precession modes in magnetic thin

films

In this section, we examine the uniform precession mode — the ferromagnetic
resonance mode FMR (V - m=0) — in a thin film geometry. The properties of
the FMR mode for an arbitrary geometry will first be derived. We will then apply
this to the special case of a thin film which is subjected to an oblique magnetic

field at an angle 6.,; to the normal of the film plane.

In the absence of magnetocrystalline anisotropy, the internal static field of a mag-
netic material is given by:

Hi, = Hexe + Hy (8.28)
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where Heyy is the external field applied, and Hq is the demagnetizing field. The

demagnetizing field can be expressed as:

Hq = —NM, (8.29)
where
Nxx ny N:):z
N=|N, N, N, (8.30)
Nza: Nzy sz

is the demagnetization tensor.

Assuming that the internal field H;, = H;,2 and the magnetisation M = M2 of
the magnetic medium are in the z direction; then the linearised Landau Lifshitz

equation (equation (8.11)) becomes:
iwm = —v [Nm X Mg +m X (Hext — NMS) : (8.31)
Breaking down this equation into components yields[72]:

2w + ’}/NzyMs ’Y(Hezt,z - szMs + NyyMS) My 0

_’Y(Hezt,z - szMs + Nxa:Ms) iw + ’VNacyMs my,
(8.32)

A solution exists when the determinant of the 2x2 matrix becomes zero, and this
allows us to calculate the FMR frequency wpyg in the Kittel MacDonald form
(75, 76):

wrMr = | (Wi + YNge M) (wi + YNy M) — 'yZNinSZ : (8.33)

where wy = V(Heat» — Noo M) = vHy,.

Now we apply the above equations to the case of a thin film geometry with a

magnetic field Hey applied obliquely to the film at an angle 6.,; to the normal of
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GGG

YIG

Figure 8.1: An illustration of the relationship between the applied field Hext
and the internal field Hjy, in a film geometry.
the film plane. In this case, the internal field H;, is oriented at an angle 6 from
the substrate normal as shown in figure 8.1. Again for consistency, we define the z
direction to be the direction of the internal field H;, and magnetisation M; the x
direction is directed along the substrate plane and the y direction is perpendicular

to x and z.

To find N for a given 6, we proceed as follows. When the magnetisation is nor-
mal to the film, the demagnetising field is -M; whereas if the magnetisation is
tangential to the film, no demagnetising field is present. It follows that N can be

simplified to form:

0 0 0
N=|o N,, N,. (8.34)
0 Nzy sz

When the angle 6 of the internal field with respect to the normal is 0° or 90°, N

is diagonalised and has values:

000 000
Nooe=|0 0 0] :Nooe=1]01 0]- (8.35)

0 01 0 00
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In the case of an oblique magnetic field, the demagnetisation matrix transforms

as Ny = RNg.R”, with the transformation operator being the rotation matrix:

0 0 0
R=10 cosf sind |- (8.36)

0 —sinf cos@

Hence, calculation of Ny yields:

0 0 0
No=10 sin®6 sin(20)/2 |- (8.37)
0 sin(20)/2  cos?6

Substituting the corresponding values of N;; into equation (8.33), one obtains the

FMR frequency for the thin film:

wenir = \Jwn (@i + M, sin? ) (8.38)

where

wyg =vH;, =~ [Hm c08(Oeyy — 0) — cos(20) M (8.39)

An extra equation relating H..;, My, 0, 6.,; can be obtained using the boundary
conditions that B, and H| have to be continuous across the film surface, and this
yields:
. M .
Heppsin(0 — 0oyy) = > sin(26) (8.40)

Using equation (8.38), (8.39) and (8.40), wpmr, 0, Hin can be found for a given
Hexta ee:vt and Ms-

The relationships between 6 and 6..;, 0., and H,.,; as well as H;, and 6 for a

YIG thin film that has a FMR frequency of 3 GHz are numerically soluble (using
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Figure 8.2: The dependence of the internal field angle # on the angle of the
externally applied field angle 6.,; (FMR at 3 GHz).

H,, required to drive FMR at 3 GHz for various @,

3000 -

@ 2500

G
T

2000+ -

1500 -

External field HexI

1000 + =

500 1 -

Figure 8.3: The B-field required to drive FMR at 3 GHz as a function of
external field angle 0.,;.

4r M= 1780 G) and are illustrated in figures 8.2, 8.3, 8.4.
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Figure 8.4: The internal field H;;, required to drive FMR at 3 GHz as a function
of internal field angle 6

Thickness = L

SW propagation

direction
Figure 8.5: Schematics showing the geometry considered when solving for the
magnetostatic spin-wave modes. Here 6., is the angle between the externally
applied field and the film normal, and @ is the angle between the internal field
and the normal. The magnetic field is applied in the 1/-2’ plane.
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1. GGG H,,

z'=-L/2
3. Air

Figure 8.6: Superposition of plane waves in a bounded YIG waveguide.
8.3 Laterally propagating magnetostatic modes

in magnetic thin films

The previous section discussed the specific case for which V - m=0. Generally,
simultaneous solutions of Maxwell’s equations in the magnetostatic limit (equa-
tions (8.22), (8.24)) and the Landau Lifshitz equation (equation (8.3)) exist for
V -m # 0. This means that the spatial profile of the magnetisation m also con-
tributes to the magnetic field h, and this gives rise to propagating modes with
non-zero k. The dispersion relations of these propagating modes can be derived

by solving Walker’s equations with appropriate boundary conditions.

We look again at the case when the applied magnetic field is long the 3/-2z" plane.
Here, 2’ is pointing perpendicular to the plane of the thin film and ¢’ is the direction
of the wave propagation. The magnetisation is assumed to point along the z axis
and the wave propagates along the vy’ axis. Consider the geometry where the YIG
thin film (region 2) is bounded on one side by the GGG (region 1) and on the

other side by the air or vacuum (region 3) as shown in figure 8.6.

Let’s take the simple case when 6.,;, = 0 = 0°, i.e. when the applied magnetic
field is perpendicular to the film. In this configuration, the y axis and the z axis

are aligned with the ¢ and 2’ direction respectively. The solution of Walker’s
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equation can be found by first putting in a trial solution and then forcing it to
fulfill the boundary conditions. The trial solution can be guessed in an intuitive
way as follows: suppose a plane wave is launched with wavevector k = k¢ + k.2,
where k¢ = k.2 + k, 7, this wave would bounce off the interfaces either side of the
YIG film, and so the steady state solution is a superposition of two waves with
opposite z velocities. Hence, a possible (symmetric) form for the magnetostatic
potential in region 2 is:

eikzz + e—ikzz

wg(r) = Aeikt.r 5

= Ae™* T cos(k.2). (8.41)

Substituting equation (8.41) into Walker’s equation (8.27), we obtain:

R oL (8.42)

—(1+x)

SE

x=0 for the GGG and the vacuum (see section 8.1.2), and therefore k; 4 = +ik, 4
(d denoting dielectric) according to Walker’s equation (8.27). If we choose the
potential to be zero at +c0, we get exponentially decaying solutions for ¢y and 3
such that:

Yy (r) = Belkearhaaz, (8.43)
Y3(r) = Cetkearthsaz (8.44)

We now impose the boundary conditions, i.e., b, continuous (¢ continuous) and A,
continuous (-V,1 continuous) ! at the YIG/GGG and YIG/air boundaries. Since

1) is continuous, we have:

—ky k.L

Be % = A cos( 5 ) (8.45)
—ky k.L

Ce %" = Acos( 5 ), (8.46)

'The continuity of b, and h) arise from V- B =0 and V x H = 0 respectively.
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so B = C'. Since -V, is continuous,

—ky k.L
k,Be % = Ak, sin( 5 ) (8.47)

—ky k.L
—kCe + = — Ak, sin( 5 ). (8.48)

Hence, combining equations (8.46), (8.48) and (8.42), one gets the dispersion re-

lation:

tan (I%TL\/ —(1 -+ X)) = \/ﬁ (849)

This equation has multiple solutions for a given w and they correspond to the even
modes since the modes we chose to examine are symmetric. If an asymmetric trial

solution is tried instead of the symmetric choice made in equation (8.41), i.e.,

1y = De™ T gin(k,2), we obtain:

— cot <%\/ —(1 + X)) = \/%, (850)

and the solutions to this equation correspond to the odd modes. The detailed

calculations can be found in Stancil’s book [71].

This configuration - when the magnetic field is perpendicular to the surface of
the sample, is referred to as the forward volume magnetostatic spin-wave
FVMSW. Here, the term ‘forward” means that the group velocity is positive, i.e.,
it is in the same direction as that of the phase velocity; the term ‘volume wave’
corresponds to the fact that the wave-mode is active (non-decaying) throughout

the whole ferrite region.

A second simple case is when 0.,; = 6 = 90°. A similar analysis to the one

discussed above gives the result:

k.L

tan <m> =+ —(1+x) (8.51)
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for even modes, and

—m@—@;ﬂ:JITE (8.52)

—(1+x)

for odd modes. These configurations are referred to as the backward volume
magnetostatic spin-wave BVIMSW modes and they are characterized by the

peculiar property that the group velocity is always opposite to the phase velocity.

Now when the magnetic field is pointing at an arbitrary angle 6.,; to the normal of

the plane, both FVMSW and BVMSW types are allowed simultaneously provided

that ~YH; <w < 'y\/ Hin(H;, + My). Using similar methods to those described
above, and with adequate frame transformations, the dispersion relation can be
solved analytically as shown by Bajpai [77, 78]. In this case, the dispersion relation

can be simplified to a form described in Slavin’s paper [79]:

| sin? @ + cos? 6 | 9

kL =
NG
™m it . 2
[2 + tan (2\/__usgn(usm ¢ + cos 9)] (8.53)

where n=1, 2, 3.....is the mode number and

MsHin

Y e

(8.54)

We calculate these dispersion relations numerically for different external field
angles 0., with frur being fixed at 3.0 GHz, v=2.8 x 10°s7!, 47 M,=1780G,
L=7.8 ym, n=1. To do this, we first find the corresponding internal field angle
0 and H;, using equation (8.38), (8.39) and (8.40). We then feed these values
into equation (8.54) to find the allowable k value for a given frequency f. Figure
8.7 shows the calculated dispersion relations for various 6.,;. Notice that, except
for the special case when 6.,; =0° or 90° where there is a one-to-one correspon-

dence between f and k, there are always two f’s available for each k value, one
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Dispersion relation at various external field angle 6,
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Figure 8.7: The dispersion relations of an obliquely magnetised YIG thin film
at various 0z (n=1 mode).

representing the BVMSW and the other representing the FVMSW.

The group velocities of these magnetostatic modes can be found by simplify dif-
ferentiating the dispersion relation, i.e., v, = 27?%. Using the dispersion relation
calculated, we find the group velocities of BVMSW and FVMSW which are shown
in figure 8.8. As expected intuitively, the speed of the FVMSW decreases as 6
increases while the speed of the BVMSW declines with smaller #. When 60.,; is
45°(8 ~ 15°), the speeds of both BVMSW and FVMSW are the same and their

dispersion curves are symmetric (blue curve in figure 8.7).

8.4 Magnetoelastic coupling of YIG

8.4.1 Crystal structure of YIG

Yttrium Iron Garnet (YIG), chemical formulae of Y3Fey®™ (Fe?T0427)3 is a room

temperature ferrimagnetic insulator with very low spin-wave damping [23] and a
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Figure 8.8: Group velocities vy of FVMSW and BVMSW with frvr=3 GHz

as a function of internal field angle # (n=1 mode).
narrow ferromagnetic resonance linewidth [80]. The Fe?" ions in YIG are the mag-
netic species. The electronic configuration of each Fe?" ion is 3d° with quantum
numbers S=5/2, L=0 and J = L + S=5/2, so the d-orbital shell is half filled and
the magnetic moment is 5 up per ion, where pp is the Bohr magneton. Since the
orbital angular momentum of the Fe3* ions is zero, they are S-state ions which
are characterised by symmetrical orbital charge distributions. As explained later,
this has profound significance for the magnetoelastic coupling in YIG. The crys-
tal structure of YIG can be described using a conventional cubic unit cell (space
group Op,) with lattice constant ao=12.376A that consists of four formulae units
- a total of 80 atoms. The 20 Fe3* ions in the unit cell are located in two in-
equivalent positions - 8 of the ions are on the a-sites, and the other 12 ions are on
the d-sites, where the a and d sites are surrounded by the octahedral and tetra-
hedral O?~ anion environments respectively (see figure 8.9). These 20 Fe** ions
are all antiferromagnetically coupled to each other by superexchange interaction
with J,q=-40K, J4g=-134K and J,,=-3.8 K (where the exchange interaction is

measured in Kelvin) [81]. For practical purpose, the ferrimagnetic nature of YIG
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Figure 8.9: The figure shows the YIG crystal structure. The magnetic Fe?+
ions located at the center of the octahedral a site and the tetrahedral d site
surrounded by O?~ anion. Graphics adopted from Ref. [83]

allows it to be thought of as a ferromagnet with a saturated magnetization of

A M= 1780 G and a Curie temperature of 7, =559 K [82].

8.4.2 Micromechanisms of magnetoelastic coupling

Spin-waves are weakly coupled to the elastic waves in YIG. The following sections
discuss the possible mechanisms and the quantitative description of magnetoelastic

coupling in YIG.

8.4.2.1 Dipole-dipole interaction

Magnetoelastic coupling caused by dipole-dipole interaction can be understood in
terms of a linear chain of dipoles that are connected together by springs [84]. An
elastic strain modulates the spin separation and hence the dipole-dipole interaction
energy, thereby giving rise to magnetoelastic interaction. However, it has been
shown by Kittel [85] that classically, this effect averages to zero in a perfect cubic
lattice. Nevertheless, because of the lowering of symmetry in the presence of

strain, the variation of dipolar energy due to elastic distortions could lead to a
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magnetoelastic effect that is of the right order of magnitude to explain what is

empirically measured [86] 2.

8.4.2.2 Crystal field strain anisotropy

When the crystal is strained, the crystal field changes causing the crystalline

anisotropy energy to be strain dependent [85].

The physical origin of crystal field strain anisotropy can be understood as follows
[87]. Suppose we put a non S-state ion (not the case in YIG) in a crystal field:
the degenerate m; states are split and their wavefunctions are mixed in order to
minimize the electrostatic repulsion from the surrounding anions. Hence, if the
crystal is strained, the crystal field is perturbed and so is the orbital wavefunction.
As a result, by virtue of spin orbit interaction, the magnetization is affected.
In the case of strong crystal fields and strong spin-orbit interaction, this effect
makes a dominant contribution to the magnetoelastic energy of non S-state ions.
The mechanism of magnetoelastic coupling for S-state ions is similar, but the
effect is much smaller. The difference is that the S-state ion (L=0 state) is non-
degenerate and has a symmetric orbital charge distribution, so it cannot mix
and form a wavefunction that is compatible with the crystal field. The mixing
therefore relies on the excitation of higher 3d configuration states (in the upper
half shell) for which the probability of occurrence is quite small. Consequently,
the magnetoelastic coupling due to crystal field strain anisotropy is expected to be
minimal for S-state ions and this is one of the reasons why the spin-wave damping
in YIG is very low. Experimentally the magnetoelasticity of YIG is found to be of
the same order of magnitude as is predicted by numerical simulation of this effect

3.

2The phenomenological magnetoelastic constants of YIG, B; and By are measured to be
3.48x10% ergcm ™3 and 6.96x 10° erg cm ™3 respectively [72]. The formulation of these constants
will be discussed later in section 8.4.3.
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8.4.2.3 Strain dependence of exchange interaction

A strain will cause the atomic positions to shift and cause modulation of the
wavefunction overlap between neighbouring magnetic ions. The modulation of the

exchange energy can be expressed as [89]:

Huoa = Y _[J(Ri — Ry + uw — u5) — J(R; — Ry)]S; - S (8.55)
1,J
where ¢, j is the summation over all the magnetic ions and J is the exchange

constant which is a function of R; — R; (the distance between the ions in position

i and 7) and u; (the displacement vectors of R;).

8.4.3 Phenomenological description of magnetoelastic cou-

pling

Regardless of the micromechanism for the magnetoelastic coupling, we can describe
its effect quantitatively using a phenomenological approach. The magnetoelastic
coupling Hamiltonian can be thought of as a perturbation to the total energy of the
magnetic system, and so it can be approximated using the Taylor expansion [85].
Since magnetization is odd under time reversal symmetry, while the energy term is
even, one looks for terms that are quadratic in magnetization. The magnetoelastic

coupling Hamiltonian H,,. including the second order terms can be written as:

Biin Apgrs OM, OM,
H,. = =Y M; M, M P__de, 8.56
ijzkl MSQ Jekl—i_p;s M82 Oz, dx, ‘ ( )

where B;ji; and A5 are the magnetoelastic coefficients that are entries of the

fourth rank tensors B and A respectively, M, is the saturation magnetization of
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the material, M; and € ® are the components of the magnetization and strain in

a chosen reference frame.

It should be noted that H,,. must be invariant under all the crystal’s symmetry
operations. In the case of YIG, these symmetry operations are included in the
cubic space group Oj,. Because of this symmetry restriction, one can reduce the
number of possible magnetoelastic coefficients (most of the terms are zero due to

symmetry, see Ref. [90] for detailed derivation). Equation (8.56) can simplified to

the form [72]:
Bl 72 et B2 "
N
i jFi
aM// aM// aM// (8'57)
p
ZZZ 8:)3” aZE 22(81;”)
q T#q

with only 4 independent magnetoelastic coefficients By, B, A; and A;. The
double prime denotes that the coordinate system is defined with respect to the

crystallographic axes.

At large k, the terms described by A; and A, dominate the magnetoelastic energy

as OM,/0x, is large; while at small k, these terms are negligible.

Nevertheless, for YIG, in experiments running in the GHz regime, the k involved
is low enough that the the terms described by A; and A are not important and

can be neglected. The magnetoelastic Hamiltonian can be further simplified as

[91]:
H,poyvic = B E ( M2 4 B E E M M€ (8.58)
me, Mg i i il n[g 7 g T :

i g
This simplification has been justified by numerous experiments. Using a magne-
toelastic Hamiltonian of the form described by equation (8.58), magnetoelastic

effects in YIG such as the elastic wave Faraday rotation [92], and the change in

3In earlier chapters, we have defined the strain tensor as S. Here we redefine the strain as €
to make it consistent with most literature.
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acoustic velocities with magnetic field [93, 94] can be understood. In the rest of

this report, this simplified magnetoelastic Hamiltonian will be employed.

8.5 Excitation and detection of lateral magneto-

static spin-waves at various oblique magnetic

field angles in YIG thin films

In our proposed experiment (as discussed in section 1.2), a ZnO transducer is used
to send a longitudinal acoustic wave perpendicularly into the YIG thin film. Due to
magnetoelastic coupling, we would expect the incoming acoustic wave to generate
an effective magnetic field hy,e in the YIG. The form of hy,e at various applied
magnetic field angles 6.,; is studied in section 8.5.1. In section 8.5.2, we will then
discuss how the reflection of the elastic wave across the YIG/air boundary could
lead to standing elastic wave across the YIG thin film waveguide. The formation
of the standing waves modifies the field profile heg(r) across the waveguide. The
coupling of heg(r) to the laterally propagating MSWs will then be investigated
in section 8.5.3. Finally, we will present a qualitative description of the detection
efficiencies expected in section 8.5.4. The overall concept of the various excitation

and detection processes is summarized in figure 8.10.

8.5.1 Calculation of the effective field generated by the

injected phonons

It is well known (Melkov’s book, page 320 [72]) that the magnetoelastic coupling
vanishes if the longitudinal elastic wave propagates in the same direction of applied
field; however, it has been shown [87] that if the field is applied at an angle to

the propagation direction, magnetoelastic coupling is non-zero. Hence, we will
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Figure 8.10: (a) A schematic diagram illustrating the configuration and ge-
ometry proposed for the excitation of laterally propagating MSW (red line) by
injecting a longitudinal acoustic wave (blue line) perpendicular to the YIG thin

film.

(b) The elastic standing wave formed creates an effective field heg(r)

across the YIG thin film, (¢) MSW modes for the unpinned case, (d) The mode
coupling of the MSW to the effective field heg(r). (e) Expecting the MSW ex-
citation efficiency to vary depending on the wavelengths of elastic waves fitted

inside the YIG film.
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Figure 8.11: The reference axis considered for magnetoelastic coupling calcu-
lation
investigate how huye can be computed for a (111) YIG thin film when a magnetic
field is applied to the film at an angle 6.,; to the film normal. We will assume
that the internal static field makes an angle 6 in accordance with equations (8.38),

(8.39) and (8.40).

From equation (8.4), the effective magnetic field should be of form [17]:

1 dFpe
hype = — 8.59
me M, da’ (8:59)
where v = % is the reduced magnetization vector. We have discussed in section

8.4.3 that the form of the Fj,. for a cubic crystal can be expressed as:

Fre =B Y+ B Y Y el (8.60)
i i i

where s and ¢;;s denote the components of the reduced magnetization vector
and the strain tensor in a coordinate system chosen with respect to the cubic crys-
tallographic axis. In order to calculate oj's and €s for a given magnetization and
applied strain (in the 2’ direction), we need to apply some appropriate rotational

transformations.
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Following the approach in M. Lewis’ paper [21], consider a change in reference
frame as shown in figure 8.11. First, a transformation S takes the crystal axis
frame (2", y”, 2”) into a frame that aligns with the symmetry axes of the film (2,
y', 2'). Since we know that the orientation of the film is (111) perpendicular to
the surface and (110) on the long axis of the strip-like waveguide, we can find the

third axis by simply taking the cross product of the two and we thereby deduce S

to be:
11 =2
N RV
= 1 _ 1
S 5 —5 0 (8.61)
41 1
V3 V3 V3

Another transform R rotates the 2’ axis so that it aligns with the internal mag-
netisation M (and the internal field) and we define the coordinates of this frame
to be (x, y, z) where the z axis points along M. R can be represented by a matrix
that describes a rotation by an angle 6 (the internal field angle with respect to the

film normal) about the z’ axis, i.e.

1 0 0
R=1]10 cosf sind |- (8.62)

0 —sinf cosf

It follows that o’ be written in terms of o such that @« = RSa”, or o’ = STRT a,

ie.,

\/ié \%cos@—i—\%sin@ —\%sinG—i—\/igcosG
o = \/ig —\% cos 0 + \/ig sin % sin 6 4+ \/ig cosf | o. (8.63)
_\/lé \/igsine \/Lgcos@

We now investigate how the strain tensor €” transforms. In the experiment, a
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longitudinal acoustic wave is applied along the (111) direction, and so straightfor-

wardly we have:

00 O
=100 0]. (8.64)
0 0 €54

Using standard matrices transformation rules, we have:

1 11
1
€ =8TeS = gegg 11 1]- (8.65)
1 11

We are now in a position to calculate the magnetoelastic energy in terms of a; and
€45. We do so by expanding F),. (described in equation (8.60)) using equations

(8.63), (8.65), and this leads to:
1
Fre = 5633[431 + (=2a] + a3 + a3) By — 3(a3 — a3) By cos 20 + 6agas By sin 26)].
(8.66)

By differentiating F,,. with respect to «; and then approximating a; = ap =0 and

az=1, we find the effective field

1 .
hpe = —6—M€§3Bg(1 + 3cos(20))z — o0l

By sin(20)y. (8.67)

As the oscillating effective magnetic field that is parallel to the internal field (in
the z direction) does not contribute in the spin-wave dynamics, the effective field

is therefore given by:

hine, 1 = — 577 Ba sin(26)ey. (8.68)

This agrees with the result reported in Refs. [91, 95].



Chapter 8. FEzxcitation and detection of MSWs 155

8.5.2 Formation of a standing wave across the waveguide

In the previous section, we have investigated how an effective magnetic field hye, |
is produced by the presence of a longitudinal elastic wave. We will now investi-
gate how reflection from the GGG/YIG and YIG/air interfaces could modify the

effective internal field profile across the YIG film.

The elastic wave is projected by the acoustic transducer across the GGG sub-
strate and impinges on the YIG thin film. The first interface that the elas-
tic wave encounters is the YIG/GGG interface. It is known that the acoustic
impedance of the YIG (3.74x10°gs™'em™2 [95, 96]) is very similar to that of
GGG (4.58x10°gs™'em™2[97]), so only a very small fraction (around 1%) is re-
flected. Reflection at the GGG/YIG interface can thus be neglected. The elastic
wave then propagates into the YIG and then encounters the second interface; the
YIG/air interface. Since the impedance of air is very low, we can effectively treat
the YIG/air plane as a stress free surface. Hence, all the acoustic wave will be
reflected and the acoustic amplitude is maximized at the interface. The incoming
and reflected wave therefore interfere with each other, so a standing wave is formed

(see figure 8.10c).

The field heg in the waveguide is then be modified, so that its spatial profile in

the 2’ direction takes the form cos(kz’ + wt) 4 cos(kz’ — wt) = 2 cos(kz') cos(wt).

Now, the elastic wave is also confined within the electrode diameter ¢4, of the

transducer, so the effective field can be written as:

/ /

|
Bt (1) = =< Bz sin(20)cls Cos(kzz/z')H< q;z t)n( qi t)g (8.69)

where €55  is the amplitude of €33 and II denotes the rectangular function.
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This analysis is still valid if the applied elastic wave is pulsed so long as the
pulse length is long enough. For example, in the actual experiment (presented in
chapter 9), the pulse length of the 3GHz elastic wave applied is 15ns. Given a
longitudinal acoustic velocity of about 7.2x10° cms™1[95], the 15 ns pulse contains
about 45 cycles of oscillations. Each cycle of oscillation occupies roughly 2.3 um
in space at 3 GHz. Comparing this with the thickness of the waveguide (7.8 um),

we conclude that we are in the regime where the above analysis is valid.

8.5.3 Mode coupling to laterally propagating MSW exci-

tation

Given an external driving field heg(r’), the energy F, coupled to a particular

excited spin-wave mode my(r’) is:
B, = / hee (r') - ma (') dV = / hee(r') - mg(r)de'dy'dz (8.70)

In order to find the dot product in the above equation, we need to know the mode
shape. According to Kalinikov [98], a good approximation for the mode shape

my,(r') is given by:

my(y', 2) = M[®%(2)2 + 4 (2)gle™ V', (8.71)
where
L db L
PP (2 x [COS k(2 + 5)} + —2 sin [/{ﬁ(z' + 5)], (8.72)
Rn

and p=x or y, d}, d; are the pinning parameter at the GGG/YIG and YIG/air
interface respectively, and x? is the spin wave mode wavenumber which can be

determined by:
[(k8)? — didb] tan (kL) = k2 (df + db). (8.73)



Chapter 8. FEzxcitation and detection of MSWs 157

To visualise the modes more intuitively, consider the case when the pinning param-
eters dj = db = 0 are zero, i.e., the spins are totally unpinned. In this condition,

tan(kf L) = 0— k=", n=0,1,2, etc.; so my(2') becomes:

L L
m,(z") oc M, | cos n%(z' + E)i + cos nL—W(z' + E)Q] : (8.74)

The first three modes for the totally unpinned case are shown in figure 8.10c.

For a general pinning condition, the energy associated with mode n is given by:

P

% . / / / L d2 : / L /
E, By sin(20)es, , cos(k,z ){ [cos k(2 + 5)} + — sin [mﬁ(z + E)} }dz
_ ’ Rn

Nl

/

o0 x/ [e o] y . ,
x H( )d;z:’ ></ H(—) ik gy
/oo ¢d0t —00 qbdot Y

(8.75)

The integral in 2’ is essentially the Fourier decomposition of the effective field
heg (1) into the corresponding spin-wave modes (see figure 8.10d). In the 2’ direc-
tion, the dimension of the top dot is small compared to the width of the waveg-
uide, so the amplitude variation of the lateral spin-wave mode is considered to
be constant regardless of the pinning condition. In the 3’ direction, we expect an
oscillatory mode (ox e““y/y/) as the lateral spin-wave propagates in this direction.

Therefore, the integral in the 2’ direction is a constant and the integral in the 3/

direction is:

/ ’ Y dy’ oc sine(ky Gaor) (8.76)

We see that the excitation efficiency decreases as ¢4, increases because of the
spatial decoherence in the y’ direction due to destructive interference. Hence, the
acoustic transducer is only capable of exciting MSW that have wavelengths larger

than ¢go;.
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8.5.4 Detection of the generated MSW

In the same way that the wavelength excited is limited by the size of the electrode
diameter, the receiving antenna can only receive MSW that have wavelengths that

are larger than its own width.

Moreover, since the wavelength of the electromagnetic wave is large, the antenna

4. Hence,

detects most efficiently for the n=0 mode (for totally unpinned case)
as seen in figure 8.10e, acoustic modes for which the thickness L of the YIG
film is an even number of quarter wavelengths do not couple to magnons as the
above integral sums to zero. The excitation efficiency therefore oscillates if the

wavelength of the acoustic wave changes which can be achieved by modifying the

carrier frequency.

From the crude calculations described in the previous section, regardless of which
mode is being excited, we predict that the excitation efficiency of the spin-wave
is roughly proportional to sin(260) and so we expect the strength of the spin-wave

excited to be the strongest when the internal field angle #=45° or 6.,, ~ 15°.

40r n=1 mode when the spins are totally pinned - corresponding to the situation described in
section 8.3. In such case the excitation efficiency still oscillates as the wavelength of the acoustic
wave changes similar to that in the unpinned case; however, the peaks and troughs would appear
at slightly different wavelengths.



Chapter 9

Experiments on acoustic
excitation of lateral

magnetostatic spin-waves (MSW)

in YIG thin films

In this chapter. we will demonstrate experimentally the viability of exciting lateral
magnetostatic spin-waves (MSW) in a YIG thin film structure by direct injection
of longitudinal acoustic waves. An experiment is designed to fire pulses of acoustic
energy at the YIG film and the magnon signals thereby excited are measured in
a time-resolved manner using an antenna a distance along the waveguide. The
timing information of the measured signal allows us to distinguish signals between

electromagnetically generated or acoustically generated magnon signals.

This chapter is organised as follows. We start by describing the procedures in-
volved in sample preparation of the YIG film, then the experimental set-up and the
apparatus required for time-resolved spectroscopic measurement are outlined. We

then consolidate our understanding of the MSW propagation by studying magnons

159
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that are excited and detected using conventional electromagnetic antennae. In par-
ticular, the MSW velocities at various applied magnetic field angles are calibrated.
Finally, we report the experimental observation of acoustically excited magnons.
The dependence of the magnon signals on power, frequency and magnetic field

angle is investigated.

9.1 Sample preparation

9.1.1 The YIG waveguide

A high quality monocrystalline YIG thin film sample that was grown by liquid
phase epitaxy is used in our experiments. A strip waveguide of dimensions 18 mm
long and 2mm wide was cut carefully from the wafer and 45° cuts were made at
the two ends of the waveguide. The cuts are made to avoid reflection of spin-waves
from the end boundaries that might interfere with the desired spin-wave signal. A
common YIG thin film waveguide usually has YIG deposited on both sides of the
GGG substrate, but the YIG waveguide we used only have YIG deposited on one
side. This fact is verified by checking that satisfactory magnon transmission was
only obtained when the transmit and receive antenna are placed on one side of
the YIG/GGG system; placing them on the other face gave a large insertion loss.
The thickness of the sample used is 0.45 mm and the YIG film has a thickness of

7.8 um. The geometry of the YIG waveguide is shown in figure 9.2c.

9.1.2 Deposition of ZnO transducer

The ZnO transducer was grown on the back side of the GGG substrate, i.e., the
side opposite to that bearing the YIG thin film (see figure 9.2c). We followed the

recipe that has been developed in section 4.2.5, and the 520 nm thick ZnO thin film
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At 5
1. \ / .
mask 1 GGG GGG I

—
YIG film YIG film
mmmmm— mask 2
lon cleaning of GGG surface Evaporation of ground plane
— Zn0O CriAu
—— YIG film
-------
I
Cr+Au GGG GGG
YIG film YIG film

Depositon of 520nm ZnO Evaporation of top dots
Cr+Au

Figure 9.1: Depositon of a ZnO transducer on the back side of the YIG
waveguide
was grown at at a power of 100 W and a pressure of 4ubar of 1:1 Ar/O, sputter
gas mixture for 52minutes. A mask for top dot was designed specifically so that
the capacitive ground electrode and an array of top dots with lateral separation

0.5mm could be deposited onto the ZnO layer (see figure 9.2a).

9.1.3 Sample mount

As shown in figure 9.2d, the YIG waveguide (with the transducer deposited) was
mounted using GE varnish onto a 0.5 mm thick duroid chip with the YIG side
down. The 50 pm wide antennae which are separated 10.7 mm apart, were printed
on the duroid chip and were soldered to the SMA connectors of the sample holder.
Notice the shape of the ground side of the antennae. The large rectangular pad
acts as a capacitive coupling to the ground plane on the back side of the duroid

chip. The grounding of the chip is arranged by silver gluing it to the sample holder.
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(a) (b)

D s B N B
T

(c) (d)
transducer
GGG 0.45 mm
8 um
YIG film

Figure 9.2: (a) Figure showing the deposition of a ZnO transducer onto the
reverse side of a YIG waveguide, (b) Figure showing the electrical connections
to the transducer and to the antennae underneath the YIG waveguide, (c¢) Ge-
ometry of the YIG waveguide, (d) This picture shows YIG waveguide plus ZnO
transducer mounted on a sample holder.

9.2 Time-resolved spectroscopy for MSW detec-

tion

9.2.1 The experimental setup

In this section, we describe the experimental setup for measuring the temporal
characteristics of the excited and detected spin-wave pulses. The schematic dia-

gram of the set-up is shown in figure 9.3.
Two spin-wave excitation methods are used and compared.

The first method is to drive a current pulse through a conventional antenna which
generates a local magnetic field for exciting propagating spin-waves (configuration
1). This is a well known technique for exciting and detecting spin-waves; and the
point of this exercise is to calibrate the spin-wave velocity of our YIG sample at
various applied field angles.  The second method (configuration 2) is the one

that we are interested in: the excitation of lateral spin-wave via the injection of
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a pulsed longitudinal acoustic wave. The excited spin-wave packets then propa-
gate through the YIG waveguide and are subsequently detected using an antenna.
The signal from the antenna is amplified and rectified, and the signal acquired is
measured using a digital oscilloscope that is triggered by the pulse generator. In
configuration 2, the echoes of the acoustic wave are monitored at the same time as
that of the detected spin-wave, so the timing of both the acoustic and spin-wave

pulses can be directly compared.

The magnetic field of the sample is provided by a rotatable electromagnet whose
field can be controlled by a variable power supply. This allows the spin-wave

signals in both configurations to be monitored at various magnetic fields.

In order to facilitate data acquisition, Labview programs were built to control the
digital oscilloscope, the current power supply and the signal generator, so that

data can be taken and saved to a computer automatically.

The experimental set-ups are shown in figure 9.2.1.

9.2.2 Experimental apparatus

Most of the equipment including the digital oscilloscope, signal generator, single
pole double throw (SPDT) switch units, amplifier and diode used in the time
resolved spectroscopy experiments are identical to those used in the pulse echo
measurements as described in section 4.4.2, but some additions and changes in

procedure are needed as described below.

9.2.2.1 Digital oscilloscope

The waveform acquired is averaged over 5 captures. In experiments involving

magnetic field sweep, the protocol is as follows: Increase current by 0.001 A, then
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Figure 9.4: A diagram showing the horseshoe electromagnet used in the ex-
periment, and the FEMM simulation of B-field distribution at 5 A.
wait for 200ms, make 10 measurements on the waveform, then take data. It
is worth noting that any microwave devices such as mobile phones or computer
WiFi should be removed from the vicinity, as the GHz pickup from these devices

seriously contaminates the signal measured.

9.2.2.2 The amplifiers and the diodes

The amplifiers were chosen to perform well at 3 GHz, which is the frequency at
which the experiments were performed. The acoustic echo signals are amplified
by the Mini-circuits ZVA-213-S+ amplifier as before; the output from the magnon
detection antenna requires two cascaded amplifiers. A Mini-circuits ZX60-163+
(20 dB low noise amplification from 0.05 to 6 GHz) followed by a power amplifier
(provides a 40dB gain from 2 to 8 GHz).

9.2.2.3 The electromagnet and the current power supply

A small horseshoe electromagnet as shown in figure 9.4 is used in the experiment.
The magnet consists of two coils, each of which surrounds the soft iron core.
The poleface separation is adjustable with a maximum value of 60 mm and in
our experiment, it was varied from 40 up to 50 mm. In this regime, we find from

actual measurement and simulation that the homogeneity of the magnet is roughly
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1mT per 10mm at the centre between the pole faces at 5A (5A is the current
flowing in one of the coils, the actual current supply is 10 A). It was also found that
under these conditions, the angular distribution of the field is minimal and can be
neglected, i.e. the field is effectively perpendicular to the pole). The electromagnet
is not water cooled, so it is workable continuously from 0-8 A and temporarily from
8-11 A for several minutes. The current is supplied using an ISO-TECH IPS 80-
27 which is capable of supplying current up to 20 A at 60V with a resolution
of 0.001 A. Even though the magnet is heating up when current is applied, the
voltage is automatically adjusted so that the current supplied is remarkably stable.
Computer control of the power supply via GPIB is also possible. The magnetic field
produced as a function of current at different poleface separation was calibrated
using a Hall probe (the probe was placed at the center of the poleface gap where
the YIG waveguide is positioned). A rotatable stand was constructed and mounted

onto the electromagnet such that it can rotate without interfering with the sample.

9.3 Calibration of the MSW velocities at various

applied magnetic fields angles

We use the experimental set up (configuration 1) as described in section 9.2.1 to
measure the transit time of spin-waves between two parallel antennae separated
by a distance of 10.7mm. In the experiment, a 15ns pulse with a 3 GHz carrier is
sent into P1, and the transmitted spin-wave signal is detected in P2 which is then
amplified, rectified and recorded by the oscilloscope. This process is repeated as
the bias field is swept in the region of interest. A 3D graph is thus obtained: the
magnitude of the signals detected is displayed as a variation in colour while the x

and y axes show magnetic field (mT) and time (ns) respectively. This experiment
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is repeated for various #.,; and the transit time 7 is then compared with the

theories as discussed in section 8.3.

Figures 9.5 and 9.6 show the results obtained. The initial vertical line indicates
the direct electromagnetic pick-up between the input and output antenna, so this
line marks the instant at which the pulse is excited. Some time later, we see a
big signal that is strongly dependent on the magnetic field. This signal arises
from the transmitted spin-wave that was originally excited by the input antenna.

One would expect this signal to be the strongest when the applied field is close

tow = fy\/ Hin(Hyp + M sin? ). The transit time of the spin-wave at a particular
magnetic field can be measured by finding the time after excitation at which the

received magnon signal reaches maximum.

The experimental values for the magnon transit times (at the magnetic field for
which the signal is maximized) are found to agree well theoretical values as shown
in figure 9.7, with the exception of a slight overestimate at small 6.,;. The the-
oretical curve in the figure is calculated as k—0 for the n=1 mode assuming the
thickness of the YIG film is 7.8 um. The main source of error comes from the
physical alignment of the sample with respect to the calibrated marker in the ro-
tating stage. It should also be noted that the theoretical curve is not 100% correct
because there is an uncertainty in the saturated magnetization used and the ideal
boundary condition is not met in real situation (e.g., there exists a grounding layer

near to the YIG, which might perturb the dispersion relation).

The efficiency of excitation depends strongly on how well the Oersted field of the
antenna couples to the spin-wave mode, so we expect the detected signal to be
strongly dependent on the angle of the applied field. Although we can measure
the amplitude of these magnon signals, it is hard to calibrate their excitation
efficiencies since the spin-wave attenuation across the sample also varies with the

field angle.
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Figure 9.7: The theoretical calculated transit time versus experimental value
(L=7.8 ym).

There are also some peculiar features in the results obtained.

1. Although the excitation of both FVMSW and BVMSW are allowed in our
experimental setup at all 6.,; except for 6., = 0° or 90°; we were only able
to detect both of these spin-waves at 6,.,; = 10°—12.5°. The main reason for
this is that when the internal angle 6 is not close to 45°, the speed of magnons
for the non-dominant type is very slow, meaning that its attenuation is large

compared to that of the dominant type.

2. Some signal is detected quite a long time before the main peak arrives.
This effect is particularly strong when 6.,,=90° and gradually reduces as
0.+ decreases. A possible reason for this is that the antenna radiates over
a substantial distance so that the resulting spin-wave excitation is not very

localised.
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3. For 0.,,=5°, and 0.,,=10°, two signal peaks are observed. From the transit
time of the second peak, it is likely that it is the BVMSW pulse that is being

simultaneously excited with the first arriving FVMSW pulse.

4. There are also two signal peaks at 0.,,=0°. It is clear that the first peak
corresponds to the first order n=1 FVMSW mode. However, the second
peak is unexpected as a BVMSW is unable to excite in this configuration.
This peak does not arise from the excitation of higher modes either, as these
modes have a much slower velocity. It is possible that it is excited by the
side bands of the applied pulse signal. Since the Fourier transform of a
square pulse is a sinc function, a square pulse has side bands either side of
the carrier frequency. The upper side band could excite spin-waves at higher
k and these waves would have a slightly slower velocity than the one that
is excited by the main band; whereas the lower band could not excite any

spin-wave as it lies out of the dispersion relation.

9.4 Time resolved measurement of the acous-
tic excitation of lateral magnetostatic spin-

waves

This section presents the data obtained from measuring the output signal of the
receive antenna when a longitudinal acoustic wave is launched into the YIG waveg-
uide. This signal is extensively investigated as a function of transducer to antenna
distance, power, applied field angle and frequency. Our results - taking account
of the timing information - suggest that lateral propagating spin-waves can be

excited as the acoustic wave impinges on the YIG waveguide due to magnon-
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Figure 9.8: The figure shows the sequence of events that occur after the
acoustic wave is launched. The notation used here is: T= Acoustic round trip
time, T,,= Magnon transit time. At t=0, the acoustic wave is launched, and
so at t:%, the acoustic wave impinges onto the YIG thin film. This generates
a laterally propagating spin-wave that takes a time 7}, to travel to the output
antenna. The signal is therefore measured at t:% + T

phonon interaction. The spin-waves excited are found to be linear with power and

the excitation efficiency is close to what has been predicted in section 8.5.

Using configuration 2 as described in section 9.2.1, we measure the output antenna
signal as the magnetic field is swept. 3.0 GHz signals are used in these experiments.
Figure 9.8 illustrates the sequence of events that happens as the transducer is
activated. First, at t=0, the pulse of 3 GHz carrier arrives at the transducer. This
in turn produces a longitudinal acoustic wave which travels perpendicular to the
waveguide. After time %, where T is the round trip time of the acoustic wave,
the acoustic pulse hits the YIG surface and thereby creates a lateral propagating
spin-wave. This wave propagates along the waveguide, and after a time T}, the
wave was picked up by the antenna and is converted into an electromagnetic signal
which is subsequently measured. As the acoustic wave returns into the transducer
at t =T, an acoustic echo signal is detected. This cycle repeats until the acoustic

wave fade out due to round-trip attenuation.

9.4.1 Timing information of the signal measured

We first positioned the picoprobe to give a transducer-antenna distance of 0.86 mm

(by choosing to contact the transducer that is closest to the antenna) and the
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magnetic field was tuned such that a 3 GHz magnon signal can transmit through
the YIG waveguide. As we determined from the previous measurement in section
9.3, the velocity of the magnons at 30° is 2.88x10° cms™!; the transit time of the
magnon signal for a 0.86 mm path is therefore expected to be 29.8ns. Figure 9.9
shows the 2D plot of the output antenna data at B=90mT and 6.,,=30° at the
antenna-transducer distance of 0.86 mm; the echo signals of the phonons are also
plotted in the same graph for comparison. It can be clearly seen that for every
acoustic echo, there is a corresponding magnon signal. The acoustic wave decays
exponentially as expected due to attenuation and the generated magnons also
decays proportionally; the power dependence of the magnon signal with respect to
the phonon power is discussed in section 9.4.2. Now we experimentally measure
the magnon transit time by finding the difference in time between the middle point
of two consecutive acoustic echoes (in the time at which the phonons hit the YIG)
and the time of arrival of the magnon signal. We find that this measurement gives

27.8ns which agrees with the predicted result.

To confirm that what we observe is unambiguously the magnon signal is generated
by the phonons, we repeat the experiment at various transducer-antenna distances
while keeping 6.,; fixed at 30°. We have grown the transducers such that the top
dots are 0.5 mm apart so that the magnons are excited from fixed and known
transducer-antenna distances (0.86 mm+ (n-1)x0.5mm) where n=1,2... is the
number of dots counted from the antenna. The picoprobe is maneuvered to contact
to the dot required. As we excite the magnons further and further away from the
receive output antenna, we can see that the corresponding magnon peak moves to
later time, also shown in figures 9.9, 9.10, 9.11 and 9.12. Using a similar analysis
as before, we obtain the experimental result as presented in figure 9.13, which
shows the dependence of the magnon transit time with the transducer-antenna
distances. It is clear from the figure that the transit time scales linearly with the

distance the magnon travels, and the most important observation lies in the fact
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that the y-intercept of the plot is -2.5ns, which suggests that the magnons are

indeed generated as the phonons hit the YIG.

Using a similar approach to that described in section 9.3, we obtain a 3D graph
with time (ns) along the x axis, applied B-field (mT) along the y axis and the
amplitude of the signal displayed as variation of colour. The raw data obtained for
0..+=30° at an antenna-transducer distance of 0.86 mm is shown in figure 9.14a.
Due to electromagnetic leakage (the most likely leakage source is from the SPDT
switch), we can see a constant voltage offset when the magnetic field matches that
of the FMR frequency of the YIG sample (the blue strip presents from around
83mT to 86mT). In order to see a cleaner signal, we remove this artifact by
changing the signal offset. Figure 9.14b shows the signal after the offset is removed.
Notice also that there is a very big spurious signal near t=0s, the point when the
electromagnetic signal is injected initially. This is caused by two effects. Firstly,
there is a direct electromagnetic coupling between the picoprobe and the antenna
and a signal is measured at almost exactly the instant at which the input acoustic
signal is launched. Secondly, the stray electromagnetic field of the probe extends
far away spatially, so spin-waves can be excited near the antenna; this accounts
for the spin-wave signals that are measured shortly after the activation of the
input signal. In order to measure more accurately the magnon signal generated
by the acoustic wave, we ignore the time period where those spurious signals
occur, i.e., we crop the data from t=1000ns to t=2000ns (figure 9.14c). The
original data is noisy due to background electromagnetic signals such as pickup
from mobile phones, WiFi or radio. In order to improve the signal-to-noise ratio,
a Gaussian low pass filter is applied to obtain a sharper image as shown in figure
9.14d. Features of the waveform that have higher Fourier frequencies can be seen
more distinctly when a high pass filter is applied (see figure 9.14d). The stray
electromagnetic field emerged from the picoprobe extends far away spatially and

generates spin-wave near the receiving antenna, which happens every time the
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Figure 9.9: The trace of the diode output at 0.,;=30° at antenna-to-transducer
distances= 0.86 mm. The black trace shows the magnon signal measured using
an antenna while the red trace shows the acoustic echoes.
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Figure 9.10: The trace of the diode output at 6.,;=30° at antenna-to-
transducer distances= 2.36 mm. The black trace shows the magnon signal mea-
sured using an antenna while the red trace shows the acoustic echoes.
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Figure 9.11: The trace of the diode output at 6.,;=30° at antenna-to-
transducer distances= 3.36 mm. The black trace shows the magnon signal mea-
sured using an antenna while the red trace shows the acoustic echoes.
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Figure 9.12: The trace of the diode output at 6.,;=30° at antenna-to-
transducer distances= 4.36 mm. The black trace shows the magnon signal mea-
sured using an antenna while the red trace shows the acoustic echoes.
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Figure 9.13: (a) The transit time of the magnons generated by the injected
phonons versus the distance of transducer from antenna. (b) A schematic fea-
turing the relative positions of the top dots and the output antenna.
acoustic wave returns to the transducer and generates a current. This causes the
strip pattern signal that can be seen clearly in figure 9.14e. In the case when the
receiving antenna is close to the transducer, the magnon signal generated by the
acoustic wave interferes strongly with the spin-wave generated by the stray field

and this give rise to a beating pattern.
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Figure 9.14: 3D data graph obtained when 6.,,=30° at an antenna-transducer
distance of 0.86 mm. (a) Raw data obtained. (b) Removing the generic offset
of the data. (c) Cropping the data from 1000 ns to 2000 ns, so that the initial
spurious signals are avoided. (d) Applying a low pass filter to the image to
improve the signal to noise ratio, a sharper image is obtained. (e) Applying
a high pass filter after the low pass filter, we can see clearly the interference
pattern of the spin-waves generated by the stray field of the picoprobe.
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9.4.2 Power dependence of the excited MSW signal

YIG thin films are renowned for exhibiting non-linear effects at low power levels;
this occurs when the precession angle of the spins is large and the linear relation-
ship between m and h is no longer valid. Under such circumstances, parametric
excitation of spin-waves are possible. Examples include perpendicular pumping -
where the uniform precession mode transfers its energy into the propagating modes
leading to the amplification of thermally generated travelling magnons: also par-
allel pumping - the direct generation of spin wave of frequency f by coupling to an
alternating magnetic field of frequency 2 f that is oriented along the magnetization
direction. These processes can be observed above a certain threshold power when
the excitation energy exceeds the attenuation of the waveguide and the power of

the spin-wave generated is a non-linear function of the input driving power.

In order to find out whether the excitation process of the acoustically generated
MSW is linear or non-linear, it is instructive to measure the amplitude of the
MSW signal as a function of the acoustic power injected. Figure 9.15 illustrates
the dependence of the excited MSW signal on acoustic power and it is clear that

the relationship is linear and no parametric process was observed.

9.4.3 Lateral MSW at various oblique magnetic field an-

gles

Having convinced ourselves that we can excite magnons by launching longitudi-
nal phonons, we proceed to investigate the characteristic of this magnon signal
at various applied magnetic field angles. We carry out this experiment at the
transducer-antenna distance of 2.36 mm and again in these experiments a 3 GHz

carrier is used. The results are shown in figure 9.16.



Chapter 9. Time resolved measurement of the acoustic excitation of MSWs 182

0.008 - . L
0.007
0.006 —
0.005

0.004

Magnon signal (mV)

L
0.0034 z 2=

0.002 T T T T T T T T T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
Phonon echo signal (mV)

Figure 9.15: The power of the magnon signal generated by the injected phonon

versus the injected phonon power
We can predict the type of MSWs (BVMSW or FVMSW) that can be excited at
different applied B-field. Consider the intersection of the dotted lie representing
the 3 GHz excitation with the dispersion curve of the MSWs (for a given B-field)
as illustrated in figure 9.17. At low B-field, the excitation intersects with the
FVMSW dispersion; whereas as the B-field moves the whole dispersion up, it
starts to intersect the BVMSW branch after going through the FMR point. As
we have pointed out in the previous section, the horizontal strip-like signal comes
from the excitation of the FMR mode due to leakage signal (figure 9.14a; this
gives us a reference as it locates the field where the carrier is FMR-resonant).
Using this observation, it is apparent that only BVMSW can be observed from
Oy = 15° — 90° and only FVMSW can be excited from 6.,; = 0° — 7.5° while
both BVMSW and FVMSW can be excited at 0.,; = 10°, which is similar to
what we have measured in the antenna-antenna configuration (configuration 1).
At 0., = 10°, the FVMSW and BVMSW have quite different speeds and appear

particularly nicely resolved in the data.

It was predicted in chapter 8 that the efficiency of acoustic excitation of magnons

is proportional to sin(26), and we shall now attempt to validate this by measuring
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Figure 9.16: Figure showing the spin-wave signal measured by the output
antenna for configuration 2 (fez: ranges from 0-90°) with antenna-to-transducer
distance of 2.36 mm.
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Figure 9.17: A schematic diagram showing the excitation of FVMSW (blue)
and BVMSW (red) at low and high B-field respectively at a fixed excitation

frequency.
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Figure 9.18: Figure showing the relative amplitude spin-wave signal mea-
sured by the output antenna for configuration 2 at various #.,; at antenna-to-
transducer distance of 2.86 mm
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the maximum acoustically generated MSW signal with respect to ...

Plotted in figure 9.18 are the measured and predicted signal amplitudes at various
O..;. Note that 8 > 6., due to demagnetising effects, this causes the signal
amplitudes versus #.,; curve to skew towards the left. A satisfactory match is
observed between the measured and predicted values; this confirms our hypothesis

of the underlying physical mechanism of phonon-magnon conversion.

There are two sources of experimental errors in this measurement. The main error
is caused by the interference of the spin-wave signal caused by the stray pickup
which masks the underlying acoustically generated MSW signal. This error is
not disastrous. Another error comes from the fact that the picoprobe contact is
extremely sensitive to external vibration, so the amplitude of the acoustic wave
applied and its attenuation is not entirely stable. We therefore normalise the signal
measured to the amplitude of the acoustic wave for the time at which the film gets

hit, using the pulse echo data measured.

9.4.4 Frequency dependence of the excited MSW signal

To further consolidate the evidence of the existence of a longitudinal standing
magnetoelastic wave, we investigate the acoustically generated magnon signal as
a function of frequency ranging from 2.25GHz to 3.75 GHz. By changing the
frequency of the excited signal, we can form standing waves that have different
wavelengths in accordance with the dispersion relation of the acoustic wave (A =
v/ f). Asdiscussed in chapter 8, the number of quarter wavelengths of the standing
wave A relative to the YIG film thickness L is essential for determining the coupling
strength, i.e., the coupling maximizes when q is an odd integer and minimizes when

q is an even integer where L = q%.
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Assuming the thickness of the YIG film is 7.8 ym as determined an earlier section
by best fit of the velocity data, we deduce that coupling maxima should occur
every 450 MHz. In the range of frequencies in which we can operate, we should
expect the 4 peaks to appear at 2.05, 2.5, 2.95 and 3.4 GHz corresponding to
L=2.25)\, L=2.75\, L=3.25)\ and L=3.75\, respectively.

Figure 9.20 shows the acquired normalised magnon signal versus frequency and
figure 9.19 illustrates the frequency dependence of the acoustic action of the broad-
band transducer. One can see immediately a cyclic trend of the signal with in-
creasing frequency, and 4 maxima are observed at 2.25 GHz, 2.78 GHz, 3.05 GHz
and 3.55 GHz: this agrees fairly well with theoretically predicted values. The
underestimate of the frequency at which the maxima occur might be caused by
overestimation of the YIG film thickness or to a change in surface conditions due

to magnetoelastic coupling and pinning of the surface spins.

These results suggest that lateral MSW mode coupling onto standing longitudi-
nal elastic waves is indeed the mechanism for acoustical MSW excitation in our

experiment.
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Figure 9.19: The efficiency of the acoustic transducer grown on the YIG
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Figure 9.20: Figure showing the relative amplitude of the normalised spin-
wave signal measured by the output antenna for configuration 2 at various
frequencies at antenna-to-transducer distance of 2.86 mm
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Conclusion and outlook

Over the course of the thesis, we have developed a good understanding of longi-
tudinal ZnO bulk acoustic wave (BAW) transducers. We have successfully grown
ZnO thin films that have electromechanical coupling constants up to 81% of the
bulk value - and for the first time (to the author’s knowledge) - observed a pulse
echo at ultra high frequencies near 10 GHz. By integrating this BAW technol-
ogy into YIG thin film magnonic systems, we have demonstrated experimentally
the viability of acoustic magnetostatic spin-wave excitation - an unprecedented
approach for magnon generation. In the following, we will summarize the main

results obtained and how they fit into the wider scientific context.

In chapter 3, we have used the Mason model to predict the conversion losses of
transducers with appropriate geometry, and the predictions were found to agree
very well with the experimental results presented in chapter 5. The ability to model
the transducer performance allows us to design the transducers appropriately for

specific applications.

In chapter 5, we found (by using X-ray and pulse echo characterisation discussed
in chapter 4) that both the piezoelectric activities and crystalline qualities of the

sputtered ZnO films are critically dependent on the sputtering conditions and

188
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the thicknesses of the ZnO thin films. A strong correlation was found between
the piezoelectric properties of the ZnO films and their crystalline quality. In
particular, we observed that ZnO films that possess good longitudinal piezoelectric
activities tends to be those that have the best c-axis orientation. Conversely, the
poor piezoelectric film activity is caused by poor crystalline quality and structural
disorder rather than polarization reversal. Moreover, ZnO films that are grown
on a gold substrate tend to develop a compressive stress and a layer of disordered

(piezoelectrically dead) structure is found adjacent to the gold/substrate interface.

A custom single Langmuir probe device was built (see chapter 6) to investigate
the plasma conditions during ZnO deposition. In particular, the energy e(V;pc —
Vipc) and flux J of the positive ions that bombard a flat electrically insulating
substrate were measured. Combining these results and with knowledge of the
deposition rates using the calibrated quartz monitor, we found that ZnO films
that are grown in sputtering conditions of high E:% tend to have
little c-axis orientation. The implication of this result is that one of the important
criteria for producing good c-axis oriented and polarized ZnO thin films is to
decrease the energy and flux of the ion bombardment but without decreasing the

deposition rate. This criterion can be more readily achieved by using a balanced

magnetron design.

So far, all of our fabricated BAW transducers produce longitudinal waves. How-
ever, as discussed in section 2.2.2.2; transducers can produce both longitudinal
and shear waves if the c-axes of the ZnO grains lie at an angle to the substrate
normal. These transducers are suitable for a wider range of applications and are
thus highly desirable. Although the fabrication of these transducers is beyond
the scope of the thesis, as suggested in our studies of the ZnO growth mecha-
nism in chapter 7, these transducers can potentially be fabricated under high ion

bombardment conditions. These condition could be met, for example by using
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a very unbalanced magnetron and short substrate-target distance or by directly

introducing a RF bias onto the substrate.

After having successfully developed longitudinal ZnO transducers that operate
efficiently in the GHz regime, we investigated both theoretically (Chapter 8) and
experimentally (Chapter 9) the concept of acoustic excitation of MSWs. This
was achieved by directly injecting longitudinal bulk acoustic waves perpendicular
to a YIG thin film waveguide. The acoustically generated MSWs were detected
using an antenna at a known distance away from the point where the MSWs were
excited. By using time-resolved measurements, we observed MSW pulses whose
timing corresponds exactly to that expected for acoustically excited MSW (the
velocity of the MSWs are known). This confirms our hypothesis that MSWs can

indeed be generated acoustically as proposed.

We further investigated the dependence of the excitation efficiency as a function
of applied magnetic field angle and carrier frequency. The experimental data ob-
tained from the frequency dependence of the generation efficiency consolidates our
belief that the MSWs are mode-coupled to an effective oscillating magnetic field
which is generated by the standing elastic wave across the YIG waveguide (via
magnetoelastic coupling). However, the results from the field angle dependence of
efficiency are a bit more obscure. It was found that the excitation efficiencies ap-
proach zero when the field was parallel and perpendicular to the YIG waveguide:
this agrees with the predicted angular dependence of the effective magnetoelas-
tic coupling constant (beg o sin(26)). However, unexpectedly, a dip of excitation
efficiency was also found near 6 ~ 45°. This effect could be explained if the longi-
tudinal elastic wave is hybridised with the spin waves travelling perpendicular to
the YIG waveguide to form a magnetoelastic wave. The impedance changes caused
by the significant velocity modulation of magnetoelastic waves near the FMR fre-
quencies prevent the incoming acoustic wave from entering the YIG waveguide

and thus less magnon signal is measured at angles with higher b.g.
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All in all, we have shown - as a proof of concept - that the BAW transducers
can effectively act as point magnon source in YIG thin film waveguides. An even
more versatile magnon source could potentially be made by implementing the fore-
mentioned transducers that can excite either longitudinal or shear waves. These
magnon point sources would be extremely useful in 2D wave computing in the

future which is an, as of yet, unseen tool in the magnonicians tool box.



Appendix A

Electric field and sheath thickness
estimation using the Child

Langmuir’s law

!Consider an infinite planar geometry as shown in figure A.1, and define the plasma
potential to be at zero potential. Define the floating substrate potential to be
¢ = —U (U is positive as a floating electrode is always negative to that of the
plasma). The potential distribution of the plasma is determined by the 1D Pois-
son’s equation:

d*¢

€0 = —en(x) (A.1)

where n(x) is the net ion density. There are two particle species in the plasma,
i.e., ions and electrons. We assume that the ions are cold and that they all have
effectively the same speed vy in the bulk plasma region. These ions gain energy as
they accelerate to the substrate under the action of the electric fields. Conservation

of energy means that:

mv; = Smy — q;d (A.2)

1See reference [99] for a more comprehensive analysis of plasma sheath
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Figure A.1: A schematic diagram showing the geometry of a planar sheath,
and the form of the potential and electric field if Child Langmuir’s law is as-

sumed.

where m;, ¢; are the mass and charge of the ion respectively, and v; is the speed of

the ion after it has been accelerated by the potential ¢.

Since the ion flux is constant, n;qv; is fixed with n;(0) = ng, so we have:

1
n, = nNo — -
1 _ 2Q1¢2
m;vg

(A.3)

The electrons are assumed to have a Maxwellian distribution of velocities corre-

sponding to a high temperature 7', so:

The net charge density is therefore:

n(x) =ng

e¢

Ne = Noe*s™ .

1— 2q;¢

mivg

e
— ngeksT
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Substituting equation (A.5) into Poisson equation (A.1l), and with the change of

variables:
R0
= — A.
m.
= — A.
u=v,] T (A7)
and
T
- 7 A8
£= 1, (A3)
we obtain:
1
n'=——e". (A.9)
1+ 17—2
0

Here the prime is the derivative with respect to £&. This equation encapsulates the
heart of the plasma sheath problem; unfortunately it cannot be solved analytically.
We now discuss the regime that allows us to derive Bohm’s criterion and to reduce
this equation to the Child’s Langmuir form. We make two basic assumptions, they

are:

1. The characteristic length of the system is much larger than the Debye length

Ap, or 77'(0) — 0 (thin sheath condition)

2. The potential U is large compared to kg7, i.e. k;—?f >>1

Multiply by 1’ on both sides of equation (A.9) and integrate from 0 to n to give:

A= (g lekor ao

From assumption 1, we neglect 1’(0) and since the left side of equation (A.10) is

positive, we obtain an inequality:

2u3< 1+——1) >1—e" (A.11)
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ug is typically of order 103ms™!, so 2 is small and the square root function in
equation (A.11) can be approximated using the Taylor expansion. Rearranging

equation A.11 yields the Bohm criterion, i.e.,

vy = 4/ kol _ Cs (A.12)
m;

where ¢, is the Bohm velocity.

The physical meaning of this equation is that the ions have to enter the sheath
with a minimum velocity of vy=, /]“YB;—T, so there must exist a region of presheath
which accelerates the ions to this speed. With the reduction of ion densities in the

presheath, it can be shown that the ion current density of the planar substrate is:
Ji = 0.6gin;cs, (A.13)

which is known as the Bohm ion current density [45, 100].

From assumption 2, % >> 1, the number of repelling species (i.e., the electrons)

2qi¢

is small so it can be neglected. Under this condition, ~£% is also much larger than
h

1, so the form of the ion density reduces to:

g [
ni =" -y (A.14)

We now substitute the change (A.14) back into Poisson’s equation:

d2¢ .My
60@ = —7 _2qi¢ (A15)

This equation can now be easily integrated analytically, and taking account of

the boundary condition that ¢(0) = 0, and ¢'(0) = 7'(0) = 0, the potential
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distribution ¢(x) is given by:

81m;j2\s 1
PRRNCLY o

The electric field E is found by differentiating the potential:

do 8m;j2 \3
E=_——1 — v Al

The maximum electric field at the substrate surface E; is:

E, = (8m"ji2U)‘l‘, (A.18)

2
qi€q

which is known as the Mackeown equation [101]. The sheath thickness d can be

expressed in terms of the potential U, i.e.

4 [2q U3
> = —egy | — A.19
9 m; Ji ( )

Substituting j; = 0.6¢;n;c, into equation (A.17) and (A.19), one can eliminate the

variable m; giving the final result:

2.88n2q;ksTU *
E(:p:d):( M ) (A.20)
€0
. qu %
d= 1.018(kBT> Ap (A.21)

where A\p = M%~
1



Appendix B

The orbital motion limited

(OML) theory

!Consider the orbital motion of an electron of mass m with an initial energy of eV
around a probe of potential V}, with radius r,. The impact parameter is defined as
h. If the speed of the electron is v, at the probe surface (OP=r, in the diagram),
the conservation of energy gives:

1
émvf, —eV, =¢el} (B.1)

and the conservation of momentum yields:
muh = mryv,. (B.2)
The effective radius for which the electron can be caught by the probe is given by

the impact parameter h, which can be rewritten as:

1/2
h = Tp(l + %)

Much of the derivation described here is based on Allen’s work [48].
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"4
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Figure B.1: A schematic diagram showing the orbital motion of an electron
with an initial energy eV around a probe of radius r, with an impact parameter

of h

The current due to electrons with a narrow velocity range is therefore:
dl =h-e-dd (B.4)
where d® is the flux of electrons crossing perpendicular to the plane, i.e.:
v
d® = —dn (B.5)
s

where dn represents the number of electrons that have velocities ranging from v to
v+dv. Assuming that the electrons follow a Maxwellian distribution, in cylindrical

geometry, dn is given by:

2

m )67%27{'1}6&}. (B.6)

27T]€BT

dn:n0<

Substituting equations (B.5) and (B.6) into equation (B.4) and letting

1 mu?
s €Vp
kT’

n=a (B.8)
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the total current can be expressed as the integral:
o 2kgT 1
I= / Angryle B ve (2 + a®) 2 d, (B.9)
0 m
This integral can be evaluated exactly:
kgTN\z (20
I= 27m07°ple<27rm> [7 + e"erfe(y/n) |, (B.10)
where the error function is defined as:
fe(x) 2 / ~dt (B.11)
erfe(r) = — e :
VT o
For n > 2, we can approximate:
2 2(1 +1)2
% + eerfe(y/n) ~ ( \}}77) (B.12)
and therefore we have:
ksT\3 2 eV \ 3
[=2 z( )-(1 p). B.13
T\ orm) T T (B-13)
So for high 7, I oc V,? such that:
2 reV,\ 3
I aeY? (S2)°. (B.14)

™ m
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