ZnO thin-film optimization
towards the fabrication of

high-frequency ultrasound transducers

by

Thab Sinno

A thesis
submitted to the Victoria University of Wellington
in fulfilment of the requirements for the degree of

Doctor of Philosophy

Victoria University of Wellington

2017



Abstract

Zinc oxide is a popular wide bandgap semiconductor material with versatile
electrical and optical properties. In its wurtzite crystal form, this semiconductor is
piezoelectric, and has material properties that make it an attractive candidate for
fabricating high frequency wultrasound transducers. This thesis describes the
development of an RF sputtering process for creating zinc oxide films with
thicknesses ranging from 3um to 10um, aiming for transducer frequencies of
300MHz to 1 GHz. Sputtering parameters are optimized to meet the dual
requirements of a c-axis film orientation while maintaining a high deposition rate.
These constraints and the dimensional characteristics of the utilized sputtering
system, such as the short substrate-to-target distance, introduce high levels of strain
in the deposited zinc oxide films. Various anneal procedures are developed to reduce
film strain and optimize the resulting microstructure. It is found that annealing
temperatures > 600°C eliminate the inherent film strain, but simultaneously result in
the dewetting of the bottom metal contact, making this thermal treatment unsuitable
for device processing. As an alternative to traditional metal contacts used in
ultrasound transducers, the use of highly doped zinc oxide contacts is then
investigated. It is shown that aluminium doped zinc oxide contacts provide an
improved seed layer for device growth while eliminating the dewetting problems
associated with metal contacts at high anneal temperatures. In addition, the use of
such transparent conductive oxide contacts can lead to novel ultrasound
applications, which benefit from the integration of optical and acoustic imaging in a

single lens. A proof of concept all-zinc oxide single element ultrasound transducer



structure is finally fabricated, to highlight the potential of an integrated optical-

acoustic lens design.
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CHAPTER 1

Introduction

1.1 Ultrasonics

Sound waves are pressure oscillations that propagate through compressible
media due to a sound source. The human ear can generally distinguish loud
sounds in a medium, if their frequencies fall between 20Hz and 20kHz. Once
the waves oscillate at higher frequencies, they will be in the superaudible or

ultrasonic region and go undetected by the normal ear structure.

Ultrasonic processes involve considerations of phenomena related to the
ultrasound wave propagation, and the subsequent interactions of such waves
with the matter being irradiated by them [1]. The energy of ultrasound waves
can affect chemical reactions, be transferred into other forms of energy, or be
used in non-destructive testing. This gives rise to a broad range of ultrasonic
applications in various areas of science, medicine, and industry, with the global

ultrasonic technology market currently valued at 31.6 billion USD with a



forecasted compound annual growth rate (CAGR) of 11.5% until 2021 [2]. The
main current ultrasound applications across the frequency spectrum are shown
in figure 1.1. When combined with signal processing techniques, high-
frequency (>1MHz) ultrasound transducers can be used for non-destructive
testing and acoustic imaging [3, 4, 5]. Acoustic imaging usually refers to the
processes that allow the creation of images of objects by means of measuring
their mechanical (elastic) properties on a given spatially-correlated scale.
Acoustic imaging is considered non-invasive, and provides the ability to image
a sample’s surface and subsurface through a live-feed [6, 7]; hence it is a

popular characterization technique for industrial and biological samples.

Wave diffraction dictates that the smallest resolvable feature in a far-field
imaging technique is dependent on the applied wavelength [8]; hence, to
achieve higher spatial resolution in ultrasound imaging, an increase in the
ultrasound frequency is required. A shortcoming of this frequency increase is a
decrease in the waves’ penetration depth into the examined material, due to

frequency-dependent attenuation.
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Figure 1.1: The ultrasound application spectrum, based on [9].
The targeted frequency range of operation of our thin-film

structures is highlighted.



In this project, we aim to fabricate thin-film structures, which could be used as
ultrasound transducers that operate within the 300MHz-1GHz frequency range.
These frequencies fall in the medium frequency range of acoustic microscopy
[9], where a vast variety of acoustic sensors and non-destructive evaluation
(NDE) techniques are carried out for both industrial and biological applications.
Recent applications of acoustic microscopy include imaging blood vessel walls
and the anterior segments of the eye and the skin, the characterization of
neoplastic and inflammatory lesions of lymph nodes [10], and the non-invasive

investigation of the mechanical properties of living cells [11].

1.2 Ultrasound Transducers and Acoustic Microscopy
Considerations

High-frequency ultrasound waves are usually generated using the inverse
piezoelectric effect, where mechanical vibrations emanate from piezoelectric
materials due to an applied electric potential. The simplest piezoelectric
transducer comprises a piezoelectric crystal sheet, sandwiched between two
conductive contacts, as seen in figure 1.2. This structure was first proposed and
fabricated by the French Professor Paul Langevin during the First World War
[12]. Resonance will occur in such a simple structure once the phase of the
reflected longitudinal wave matches that of the incident longitudinal wave, to
allow the waves to reinforce. Thus, for a piezoelectric element operating in the

thickness mode and having a thickness D, the resonance condition is given by:

nxvy

f

2XD =nxA =

Equation 1.1



where n is a positive integer, 1 is the resonance wavelength, v, is the

propagation velocity of the longitudinal compressional wave through the

piezoelectric material, and f is the resonant wave frequency.

Therefore, the smallest thickness D,,;, that satisfies resonance at the

fundamental frequency f, is given by substitutingn =1 in the previous

equation:

D

Figure 1.2: A schematic representation of a simple piezoelectric
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Equation 1.2

High-frequency ultrasound transducers used for acoustic microscopy typically

resonate at frequencies higher than 50MHz [11, 13, 14], which means that the

resonant structure will only be several tens of micrometres long, depending on

the piezoelectric material of choice (table 1.1).



Table 1.1: Acoustic impedance (Z,) and longitudinal wave velocity (v,) values for some popular
piezoelectric materials. The required transducer thickness is calculated for each material based on

equation 1.2 for three frequencies, 15MHz, 300MHz, and 1GHz. Data is taken from [9, 15, 16, 17]

Material Zy (MRayl) v, (102m/s) Disyp, (um)  D3gompy, (Mm)  Digy, (Um)
Quartz (X-cut) 15.21 5.74 191.3 9.56 2.87
Rochelle salt 5.48 3.1 103.3 5.16 1.55

ADP 5.85 3.25 108.3 5.41 1.62
LiNbOs (36° Y-cut)  34.15 7.36 245.1 12.26 3.68

AIN 32.68 10.12 337.3 16.86 5.06

PVDF 4.12 2.3 76.7 3.83 1.15

ZnO 35.95 6.33 211 10.55 3.16

PZT (5H) 35.65 4.6 15.3 7.66 2.3

The first scanning acoustic microscope (SAM) was developed by Lemons and
Quate in 1973 [18]. This microscope was driven by 35° Y-cut LiNbOs
transducers that operated in their fifth harmonic at a frequency of 160MHz [18],
and was essentially a broadband scanned ultrasonic imaging system that used a
spherical lens of high F-number to image shallow details in opaque samples,

with a diffraction limited lens resolution of 10um [9].

In a Lemons-Quate type SAM, electrical pulses of a single radio
frequency (RF) are applied to the piezoelectric transducer on top of the acoustic
lens, as shown in figure 1.3. The transducer would then convert the electrical RF
pulse into an ultrasonic wave having the same frequency, which is coupled to
the lens structure. These acoustic waves are focused by means of a polished
spherical cavity at the opposite face of the lens. Thereafter, a liquid, usually

water, is used to acoustically couple the lens cavity to the sample surface. Based



on the acoustic properties of the sample, a portion of the acoustic signal is

reflected through the same path.

Once at the ultrasound transducer, the inverse piezoelectric effect
converts the reflected ultrasound wave into an electrical pulse, which is
electronically processed and fed into a computer imaging system. To form an
image, the lens is mechanically moved from one point to another in a raster
fashion, with the measurement and acquisition processes being repeated for

each point.
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Figure 1.3: A simplified two-beam model showing the structure
and the longitudinal wave-propagation in a scanning acoustic
microscope. C represents the central beam that is reflected onto

the same path, whereas R represents the outside cone of rays.



As acoustic microscopy is usually performed at a single frequency and on a
fixed axis, most of the usual aberrations that complicate the design of optical
microscopes are absent. Spherical aberrations are minimized by making sure
that the wave propagation velocity through the couplant liquid is slower than
the acoustic velocity of the lens, where velocity is proportional to the
wavelength for a given frequency. Due to such inherent advantages, SAM
devices often offer imaging at spatial resolution values close to that of the ideal

theoretical limit.

When the ultrasound wavelength is decreased, the spatial resolution is
increased; however, acoustic losses due to scattering and mismatches are
increased even faster [9]. Thus, a main design consideration of acoustic

microscopes is the reduction of system losses.

Transducers suited to acoustic microscopy are required to generate a
high mechanical power density, provide a sensitive detection for the reflected
signal, and operate within the targeted frequency range [9]. Current SAM
systems rely on utilizing the higher frequency harmonics for ultrasound
generation and detection, which imposes severe limitations to the contrast and
signal level [18]. This deficiency is directly related to the status quo of
transducers fundamentally operating at these frequencies, with very few
options being commercially available when the operation frequency exceeds
200MHz, as the fabrication of even simple single-element transducers poses a
lot of difficulties and challenges to overcome [11]. Moreover, the integration of
such transducers in final device structures places stern design and processing
considerations to achieve the required specifications. Hence, there still is a
considerable room for improvement in terms of high-frequency piezoelectric

transducer fabrication and device integration [19, 20], while there is no reason



to believe that such transducers will not be commercially available in the near

future [11].

The fabrication of piezoelectric ultrasound transducers usually relies on
tools cutting down, milling, lapping, and bonding a thick bulk of a piezoelectric
crystal, until the desired shape and dimensions are achieved; i.e., top-down
microfabrication. The dimensional constraint of high-frequency ultrasonic
transducers, as shown in table 1.1, implies that a piezoelectric element has to be
delicately thin, which places stringent limits that exceed the tolerances of most

top-down fabrication techniques [21, 22].

On the other hand, bottom-up microfabrication, with its high level of
dimensional control, provides an array of promising techniques and tools to
facilitate the making of high-frequency ultrasound transducers in the GHz
range. However, achieving a good level of control over bottom-up processes is
difficult when the area and thickness of the fabricated films increase, since film
uniformity, stress and cracking, as well as crystal defects become problematic
[23, 24]. For example, this limit is around one micrometer for simple structured

lead-zirconate-titanate (PZT) piezoelectric films [25, 23, 26].

As shown in table 1.1, our targeted transducers frequency range of
300MHz-1GHz requires an active film thickness of around 1-10pum for most
conventional thin-film piezoelectric materials, such as aluminium nitride (AIN),
PZT, and zinc oxide (ZnO). Thus, neither top-down nor bottom-up
microfabrication techniques are well-suited for the creation of such piezoelectric
devices, where very limited and expensive commercial options exist [27, 28, 29].
The supply scarcity of such high-frequency ultrasound transducers is not solely
attributed to the limited number of experienced and well equipped producers
of high-frequency ultrasound transducers, but also due to the challenging and

complex considerations faced when trying to integrate the constituting films
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into final device structures [30]. Ultimately, the availability of such transducers
facilitates the development of novel ultrasound applications, particularly in the

sensing and acoustic microscopy fields.

1.3 Scope of this Work

The work of this thesis aims to develop a process to produce ZnO films with a
thickness ranging from 3 — 10um, which lies in the aforementioned thickness
range that is problematic to produce by either bottom-up or top-down
approaches. If such films are used as piezoelectric transducers, they are
expected to produce a fundamental frequency ranging from 300MHz to 1GHz,

an ideal range for acoustic microscopy.

Zinc oxide was selected as the material of choice for this work due to its
simple crystal structure, good piezoelectric response, high electrical resistivity,
and vast amounts of processing related literature [31, 32]. In addition, it does
not contain toxic or harmful elements, which makes it an appealing alternative

to popular PZT based piezoelectric materials.

However, if ZnO films are to be used as piezoelectric transducers, their
structural, electrical, and chemical properties should be optimized for
maximizing their active response. This requires having high degrees of
uniformity and homogeneity for the films while minimizing their inherent
stresses, and ensuring a good physical coupling to the contacts. Most
importantly, the ZnO films should be deposited with their crystallographic c-
axis perpendicular to the substrate, and possess a large electrical resistance, to
ensure proper piezoelectric activity. In practice, it is essential that our zinc oxide

films are reproducibly created at a high deposition-rate, to enable device



fabrication within a reasonable time-scale, and to keep the process relatively

inexpensive.

Processing variables are largely determined by the selected deposition
process, which also dictates the general properties of the resultant films.
Sputtering is a well-established technique for depositing both conductive and
dielectric layers. In this study the use of radio frequency (RF) magnetron
sputtering was employed for depositing the ZnO films. This choice was largely
motivated by the fact that a new RF sputtering system was acquired by our
group approximately one year before the start of this work. An initial master’s
project was conducted by Kivell [22] to evaluate the deposition of thin ZnO
films on soda lime glass substrates using this deposition system. This work
showed promising results for establishing a basic ZnO deposition process.
However, it also indicated many processing problems, particularly with regards
to high levels of inherent film stress, which lead to catastrophic delamination in

films thicker than ~1.5um.

The current project extended the initial work by focusing on the
deposition of ZnO films on borosilicate glass and sapphire substrates, both
potential substrate candidates for ultrasound device fabrication. It aimed to
optimize the deposition parameters to facilitate the creation of films with
suitable structural and electrical characteristics for device fabrication. In
addition, the project evaluated various anneal procedures for relieving the
inherent film strain to enable the production of ~10um thick ZnO films. These
anneal procedures led to a study of the degradation of conventional metal
contacts during high temperature treatment. As a result, the potential of an all-

ZnO transducer structure was proposed.
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14 Specific Contributions of this Work

The following points are specific contributions to the general field of ZnO thin-
film deposition and in particular to the application of ZnO as a high frequency

ultrasound transducer material for acoustic microscopy applications:

- A set of parameters for creating ZnO films at high deposition rates in a
small RF magnetron sputtering system was developed. It is concluded
that these deposition conditions are particularly challenging, given the
lack of the substrate holder rotation and the short target-to-substrate
distance, which lead to high fluxes of energetic ions within the plasma
and high levels of inherent film stress. Post-deposition anneal procedures

were developed to minimize the strain in these films.

- The identification and examination of metal contact degradation during
high temperature annealing steps, which eventually led to the complete
dewetting of the metal contacts. This catastrophic failure shows that
conventional metallic ohmic contacts for ZnO based devices are not

suitable if high temperature anneal steps are required.

- In order to solve the latter metal contact dewetting problem, an all-ZnO
transducer structure was proposed and shown to be feasible. In this
structure, the traditional metal contacts used in ultrasound transducers
are replaced with highly doped ZnO thin-films. Such a structure
provided improved properties of the active ZnO layer, as well as a
solution to the metallic contact dewetting problem. Most importantly,
this structure holds the potential for developing a novel imaging device,
which enables simultaneous ultrasonic and optical imaging of a given

specimen. The dual functionality [33, 34, 35] of such a device is highly
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useful for sample characterization, as many NDE and medical related
characterization techniques already rely on the combination of both

imaging modalities, using separate acoustic and optical microscopes [10].

1.5 Thesis Outline

1.5.1 Chapter two

An introduction to the history of piezoelectricity is provided, and the relations
between piezoelectricity, pyroelectricity, and thermal expansion are supplied.
In addition, the piezoelectric material parameters that are relevant to
electromechanical transduction applications are presented. A brief historical
overview of piezoelectric materials and applications is then provided, followed
by a discussion that highlights the main piezoelectric material candidates suited
for thin-film applications. We state the advantages and disadvantages of each
candidate material, and present an argument to justify our material selection.
Finally, the status quo of high-frequency ultrasound transducers is described;
thereby reflecting the lack of any commercial transducers capable of operating
at our targeted frequency range. This justifies the project motives, and clarifies

our contribution to the field of ultrasonics.

1.5.2 Chapter three

The materials and tools used to fabricate our thin-film transducer structures are
described in this chapter. This includes introductions to physical vapour
deposition, thermal evaporation, sputtering, and thermal annealing. Thin-film
growth modes and the relevant morphological structure zone models are also

introduced.
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1.5.3 Chapter four

The tools and methods used to characterize and inspect the produced samples
are listed and described in this chapter. This includes an introduction to x-ray
diffraction, atomic force microscopy, electron microscopy, electrical impedance

measurement, ultraviolet-visible spectroscopy, and other used equipment.

1.5.4 Chapter five

This chapter highlights the microfabrication steps involved in creating our
targeted transducer structures. It also provides an insight to the previous
relevant work done at VUW. Finally, the chapter presents the results of several
studies aimed at optimizing the different processing parameters for zinc oxide
deposition. These parameters included the structure of the bottom contact, the
purity of the sputtering target, the substrate-target placement, the substrate
temperature during sputtering, and the composition of the sputtering gas

mixture.

1.5.5 Chapter six

In this chapter, the results concerning the effects of thermal annealing on the
deposited ZnO film'’s structure are presented. Both in situ and post-growth
external annealing steps were examined for samples having sapphire and
borosilicate glass substrates. During in situ annealing, both argon and oxygen
gases were used, with a varying composition of the gas mixture, while a fixed

argon to oxygen ratio was used during external annealing.
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1.5.6 Chapter seven

This chapter investigates the limitations due to having metallic contacts for our
proposed transducer structure. Thus, the effects of thermal annealing on the
bottom contact layer are examined. In addition, the study compares the thermal

evolution of bare metal films to metal films capped with a ZnO layer.

1.5.7 Chapter eight

In this chapter, several processing studies that aim to create transparent and
conductive device contacts are presented. The candidate materials of choice to
create those contacts were gallium and aluminium doped zinc oxide. X-ray
diffraction, optical spectroscopy, and resistivity measurements are used to
judge the quality of the films, and their suitability for our fully transparent

transducer structure.

1.5.8 Chapter nine

This chapter provides an account for the different attempts we carried out to
create device thickness structures; i.e., device structures with 3-10um thick ZnO
films. An additional study aiming to create (002) oriented thick ZnO films is

also presented.

1.5.9 Chapter ten

This concluding chapter provides a summary of the different obtained results,
and highlights the importance of integrated optical-acoustic imaging. In

addition, various alternatives for possible future work are also proposed.
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CHAPTER 2

/N0 as the Piezoelectric Material

2.1 Piezoelectric Theory

In 1880, Pierre and Jacque Curie found that by varying the pressure along the
hemihedral axes of certain crystals such as zinc blende, tourmaline, Rochelle
salt, and quartz, electric polarization was produced, where measureable electric
charges accumulated on certain portions of the crystals’ surfaces [36]. The
polarization was found proportional to the applied strain, and changed sign
with it. Great interest was immediately aroused in the scientific community,
and Hankel proposed piezoelectricity as a name for the effect; the name was
promptly accepted by the Curie brothers [37]. This phenomenon became known
as the direct piezoelectric effect. Conversely, in 1881 Lippmann predicted the
inverse piezoelectric effect [37], which occurs when an electric charge is applied

to a piezoelectric crystal, yielding a mechanical response. This was verified later
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that year by the Curie brothers, who showed that the piezoelectric coefficient

had the same value for both the direct and inverse (indirect) effects.

Applied Stress

Top Surface

Unstrained Molecule Polarized Molecule

Figure 2.1: A simplified schematic showing piezoelectric action
in a crystal. By applying stress in a given direction to a neutral
non-centrosymmetric crystal, the crystal deforms, and the
centres of the cations and anions separate. This generates
electric dipole moments, and a non-zero net electric

polarization results.

The piezoelectric formulation was developed rigorously by Woldemar Voigt in
1894, where he combined the elements of symmetry of elastic tensors and of
electric vectors with the geometrical symmetry elements of crystals [37]. He also
showed which of the 32 crystal classes were piezoelectric, and for each class

determined the non-zero piezoelectric coefficients [38].

Using x-rays, Bragg and Gibbs arrived at a qualitative explanation of the
piezoelectric polarization in a quartz crystal in 1925 [39]; hence x-ray analysis

was proven to be an essential tool for developing an atomic theory of

18



piezoelectricity. In the 1940s [40], it was found that the piezoelectric effect could
exist in polycrystalline ferroelectric ceramics, through the poling process.
During poling, the ceramic is heated just above the Curie temperature, and then
allowed to cool down slowly in the presence of a strong electric field (poling
field), applied in a direction in which the piezoelectric field is required. As a
result of such process, an initially macroscopically centrosymmetric ceramic

loses the inversion centre and becomes piezoelectric.

It should be noted that for single crystals, the crystallographic axes x, y,
and z are sometimes represented by the numbers 1-3 respectively. A crystal
plate cut with its surface perpendicular to the x-axis of the crystal lattice is
called x-cut, and so forth. In the case of a piezoelectric ceramic, the z-axis is

defined as the direction in which the ceramic is polarized [41].

Langevin’s piezoelectric transducers relied on the indirect effect to
produce powerful ultrasonic waves for sonar systems development [12]. While
this effect remains to be the most dominant phenomena used for ultrasound
generation, other mechanisms are also used to produce acoustic waves in
materials, notably the magnetostrictive effect in ferroelectric materials, which
was identified by James Joule in 1842 [42]. However, magnetostrictive and
electromagnetic acoustic transducers generally suffer from high insertion losses
when compared with piezoelectric transducers [28]. This limits their usage to
applications that require couplant-free operation such as high-temperature
ultrasonics, or the ability to generate elastic modes that are otherwise difficult
[28]. Moreover, the practical upper frequency limit for electromagnetic acoustic
transducers is in the region of 5 to 20 MHz [28], which limits their usage to

medium and low frequency ultrasonics.
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Currently, piezoelectricity is mainly applied in ultrasonics applications
[43, 44, 45, 46, 3], as well as piezoelectric sensors [47] and energy harvesting
devices [48, 49].

2.2 Piezoelectric Relations

To have a better understanding of the piezoelectric effect in a given structure, it
is essential to consider the interactions of this effect with other natural
phenomena; namely the pyroelectric and the thermal expansion effects. The
simplified relationships between these three effects are illustrated in figure 2.2,

and are given by [37]:

- An electric field E will cause piezoelectric stress g. This stress is given by

o = —eE, where e is the appropriate piezoelectric stress tensor.

- A strain € in a given direction will cause a non-zero net electric
polarization density P to exist, given by P =eg, where e is the

appropriate piezoelectric polarization coefficient.

- A stress o will cause a variation in the volume of a structure, which will
affect its thermal properties (variation in the quantity of heat Q for a
constant steady-state temperature). This thermoelastic effect is described
by 6Q = bo, where §Q is the heat quantity variation, and b is the

appropriate thermoelastic coefficient.

- A variation in the temperature 6T will cause thermal expansion or
contraction to take place, thereby yielding a net strain €. This is given by

€ = adT, where a is the coefficient of thermal expansion.
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The pyroelectric constant p relates the change in temperature 6T with the

net polarization P, where P = pdT.

When an electric field E is applied to a structure, a change in the total
heat §Q is observed due to the electrocaloric effect. This is given by 6Q =
pE, where p is the appropriate electrocaloric coefficient. It should be
noted that this phenomenon is usually described through a relation

between the change of the temperature T and E.

Stress d Electric Field

— - - E
Piezoelectric ¢

Polarization

[
Strain

6Q

Heat

Figure 2.2: A diagram illustrating the relations between the
elastic, dielectric, and thermal phenomena, adopted from

Heckmann [50].

When a stress ¢ is applied, a resulting strain ¢ is observed. This is related

through the appropriate elastic compliance coefficient S, where € = So.
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- Similarly, when a strain € exists within a structure, a stress o results. This
is described by Hooke’s law o = Ce, where C is the appropriate elastic

stiffness coefficient.

- The dielectric susceptibility constant n relates an applied electric field E
with the resulting polarization P. Similarly, the specific heat coefficient ¢
relates the variation in the heat stored within a structure §Q, to the

resulting temperature change 4T.

The effects described above are all considered to be primary effects. In every
case however, there exists at least one alternative path through which the
process can take place; those roundabout effects are called secondary effects.
For a more thorough discussion of the relations governing these effects, please

refer to Cady’s book [37].

For a more thorough and realistic modelling, the primary effects of

piezoelectricity should consider three different types of quantities:

- Electric field and polarization vectors, which are first order tensors.
- The second order tensors of the elastic stress and strain.

- The corresponding piezoelectric coefficients, which are third order

tensors.

Hence, the generalized Hooke’s law is given by:

0ij = Cijri€n

Equation 2.1
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where C;jy; is a fourth rank tensor containing the elastic stiffness coefficients, g;;
is the matrix describing the stress, and &, is the matrix describing the
corresponding strain. The inverse relation is written in terms of the elastic

compliance coefficients S, as:

&kl = Sijk10ij

Equation 2.2

For a piezoelectric crystal, the resulting electrical polarization P; due to an

applied stress gj;, or strain gj; i.e., the direct piezoelectric effect is given by:

P; = eijigjx = diji0ijk

Equation 2.3

where e;j; is the tensor describing the piezoelectric strain coefficients, and d;
is the tensor describing the electromechanical constants.
Conversely, it is possible to produce a strain ¢ when the crystal is
subjected to an electric field Ej; i.e., the inverse piezoelectric effect:
&k = dijiE;

Equation 2.4

By using Einstein’s summation rule, d;;; can be reduced to dy,,, where the first
subscript indicates the direction of the field, and the second subscript indicates
the direction of stress. For instance, the piezoelectric strain constant ds; relates

the strain produced along the z-direction to an electric field applied along the
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same z-direction, whereas d3; relates the strain produced in the x-direction to

an electric field applied in the z-direction, and so forth.

2.3 Important Piezoelectric Parameters

The advantages of using the piezoelectric effect for electromechanical
transducer applications are better understood if the piezoelectric material

characteristics that are most critical for performance optimization are defined.

2.3.1 Electromechanical coupling

The coupling constant of a piezoelectric material equals the square root of the
fraction of energy converted from the electrical domain to the mechanical

domain, or vice versa, in a single transduction cycle.

It is important to note that an electromechanical coupling factor will vary
with the boundary conditions of a given transducer; hence, it is dependent on
the vibrational modes considered, as well as the shape and dimensions of the
transducer. For a bulky transducer resonating in the thickness mode, the

thickness coupling constant is given by the general notation:

Input Electrical Energy

_ |Output Mechanical Energy  |Output Electrical Energy
£ Input Mechanical Energy

Equation 2.5

Coupling is a critical parameter since it limits the maximum gain and

bandwidth of operation in a transducer [28].
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2.3.2 Acoustic impedance

Acoustic impedance (Z,.) can be defined as the ratio of the acoustic pressure pg

to the corresponding particle velocity (phase velocity) v, in a given medium:

_ Pac

2%

Zac

Equation 2.6

When considering the case of longitudinal vibrational waves, the acoustic

impedance of a medium is given by [51]:

Zo = pavy
Equation 2.7

where Z, is the characteristic acoustic impedance, p, is the medium’s density,
and v, is the longitudinal velocity. Acoustic impedance has a unit of kg.m2s! or
Rayl. The reflection of the acoustic energy that is incident normal to an interface
is solely determined by the ratio of the specific acoustic impedances of the
materials on each side; the better the match, the larger the vibrational energy
transmission. For a pressure wave propagating through medium-1 towards a
loading medium-2, at a direction normal to the interface, the transmission

coefficient T, is given by [11, 51]:

Z, =244

Toe =1—Ry=1-—
ac ac Z2+Z1

Equation 2.8
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where R,. is the reflection coefficient which represents the fraction of the
reflected wave energy to the incident wave energy; Z; and Z, are the

characteristic acoustic impedances of medium-1 and medium-2, respectively.

Maximum transmission (T, = 1) only occurs when both media have the
same acoustic impedance value; i.e., matched impedance. For our ultrasound
transducer application, the piezoelectric element vibrates symmetrically off the
top and bottom contact surfaces. Thus, a matching layer is to be later added to
the transducer’s structure to improve acoustic transmission towards the load
medium, while the substrate will provide support to the piezoelectric element

and dampen the acoustic reverberations.

2.3.3 Electrical permittivity

The relative electrical permittivity (&,) of a piezoelectric material determines its
clamped capacitance, given its structure and dimensions. When an electric field
(E;) is present, the bound charges within the material separate, inducing local
electric dipoles. The effect of these charges is accounted for using the electric

displacement field (D;), which is given by:
Di = SOEi + PL' = EOEL' + TlEi = 80(1 +X)EL = SOSTEi
Equation 2.9

where g, is the vacuum permittivity and y is the electric susceptibility of the
material. Just like the acoustic impedance case, matching the transducer’s
electrical impedance to that of the connected transmitters and receivers is

essential to maximize the operational efficiency and bandwidth.
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In addition, for a given lossy piezoelectric material, electrical permittivity
and conductivity provide a measure of the energy dissipation-rate during
oscillation [52]. Thus, it is important to select a material that minimizes such

losses.

24 Piezoelectric Materials History

Quartz and tourmaline crystals were the main piezoelectric materials of choice
before World War II; however, mining naturally existing crystals was costly and
location dependent. Rochelle salt was an early synthetic and cheap alternative
that exhibited good piezoelectric properties [53], but its deliquescent properties
meant that any transducers based on this material progressively deteriorated if

exposed to damp conditions.

With the soaring demand to fabricate ultrasound transducers during
World War I, intensive research was carried out to synthesize new piezoelectric
materials, as high-quality quartz was hard to find or fabricate. This led to the
development of new materials, notably ammonium and potassium dihydrogen
phosphate (ADP and KDP), ethylene diamine tartrate (EDT), and dipotassium
tartrate (DKT) [54, 55]. ADP in particular, soon replaced quartz and Rochelle

salt, and became widely used in sonar systems.

This ADP popularity did not last long, as polarization effects were noted
in ferroelectric ceramic materials by 1945 [55, 56]. Independent investigations by
Von Hippel and associates at MIT [40], and by Vul and Goldman of the USSR
[57] on barium titanate (BaTiOs) confirmed that processed titania ceramics
formed a new class of piezoelectric materials. These polycrystalline materials do

not normally display a macroscopic piezoelectric effect as the crystallites” axes
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are randomly distributed and macroscopically averaged. However, dielectric
constant measurements by the MIT group showed that the application of a high
electric field across the ceramic (poling) will permanently polarize some of the
randomly oriented ferroelectric domains, effectively turning the ceramic into a

single ferroelectric crystal.

Then, if an alternating electric field was applied along the direction of
polarization, dimensional expansion in the same direction and radial
contraction in the transverse direction were observed, confirming the
acquisition of piezoelectric properties. The piezoelectric response of titania

based ceramics was by far superior to that of any previous piezoelectric crystal.

Titanates were relatively inexpensive, rugged, and had high piezoelectric
performance. This made such ceramics very popular, where lead zirconate
titanate (PZT) remains a favoured piezoelectric transducer material [25]. Later
on, and for applications demanding superior piezoelectric transduction, more
expensive and very high-performance novel crystals such as lithium niobate

became popular [58].

A third wave of material development occurred due to the demand on
piezoelectric films that can operate at higher frequencies. Zinc oxide (ZnO) and
aluminium nitride (AIN) to some extent became the standard piezoelectric films
for such high-frequency applications. Both materials are complementary metal
oxide semiconductor process compatible and possess low dielectric constants
and low material losses, but have inferior piezoelectric properties than

ferroelectric ceramics [59].

Polyvinylidine (PVDF) and other copolymers were later introduced,
where such materials offered flexibility, wide bandwidth, and acoustic

impedance that is highly matched to water. This made them highly favourable
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for medical ultrasonics. However, one shortcoming of PVDF was the high
attenuation, which makes it unsuitable for SAW or high-frequency applications

such as acoustic microscopy.

Recent improvements of piezoelectric materials are mainly due to the
synergy provided by new microfabrication and material characterization
techniques, and improved electronics. For example, the original PZT family has
undergone numerous developments, where many application-specific PZT-

variants are currently provided by suppliers [9].

2.5 Piezoelectric Materials for Thin-films

In this project, the piezoelectric films must possess the following properties:

- Being able to be reliably processed to films having a thickness within the
range of 3-10um, and with little thickness variation and high

homogeneity, to allow operation at the targeted frequency range.
- Have a high electromechanical coupling k.

- Have a high ds3 piezoelectric coefficient across the film thickness, to
provide a strong acoustic signal in a direction perpendicular to that of
the substrate surface, i.e. c-axis oriented growth in hexagonal wurtzite

crystal structures (columnar) is an absolute necessity.

- Have high electrical impedance across the film contacts, to minimize the

electrical current and maximize the mechanical energy path.

- Have a sufficient dielectric break-down strength to handle the maximum

projected operating electric field.
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- Be strong and stable enough to withstand the processing steps such as
annealing, contact deposition, plasma bombardment, etc., without

flaking or peeling.

- Have a smooth and uniform surface morphology, and allow easy
patterning to accommodate for the creation of relatively complex

transducers in the future; i.e., annular arrays, segmented arrays, etc.

- Able to operate as a robust active layer while being driven for a large
number of duty cycles before deterioration or failure; i.e., long fatigue

life and a high fatigue limit.

- Allow practical device fabrication using the available equipment and
resources at Victoria University of Wellington, within reasonable time

and cost constraints.

In order to evaluate and compare the suitability of the main piezoelectric
material candidates for our high frequency transducer application, table 2.1

provides a summary of their relevant bulk electromechanical properties.

Table 2.1: The relevant electromechanical properties

of candidate piezoelectric materials [30, 9, 3, 60, 61].

Piezoelectric Material ds3 (pC/N) k.’
Quartz (X-cut) 2.3 (dq11) 0.0087
LiNbO3 (36° Y-cut) 19-27 0.24
AIN 4.5 0.065
ZnO (wurtzite) 12 0.09
PZT (5H) 117 0.25

30



It should be noted that the crystalline properties of thin-films vary from that of
bulk material, due to the boundary conditions experienced by surface atoms.
The surface energy of a solid shape is related to how well-bound the surface
atoms are to the bulk atoms; typically, surface layers are less stiff and melt at

lower temperatures than the solid bulk [24, 23].

Based on their electromechanical, acoustic, and electrical properties, as
well as the popularity and simplicity of fabrication in thin-film form, three
candidate materials were considered for this project: PZT, AIN, and ZnO.
Ultimately, our piezoelectric material of choice was zinc oxide, where the

following subsections provide the argument details that justify this selection.

2.5.1 PZT

PZT was discovered by Jaffe et al. in 1954 [62], and is a solid solution perovskite
ceramic that has the chemical formula Pb(Zr,Ti;_,)03. PZT is a pyroelectric,
ferroelectric, and piezoelectric material. It is typically produced in
polycrystalline powder form, which then is press-formed into ingot shapes,

sintered, poled, and finally processed into final component shapes [63].

The significance of PZT in piezoelectricity is better understood through
examining its phase diagram, which is characterized by the morphotropic phase
boundary (MPB) between the tetragonal and the rhombohedral phases, at a
zirconate to titanate content ratio of 52% to 48%. At that region, a poling field
may draw upon 14 orientation states over a large temperature range, leading to
exceptional ceramic polability [64]. Consequently, PZT's dielectric and
piezoelectric properties show anomalous behaviours near the MPB, where the
relative permittivity and the electromechanical coupling coefficients have

maximal values [65].
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Despite having high piezoelectric coefficients and dielectric strength, the
commercialization and high-volume production of PZT thin-films have been
delayed due to difficulties in meeting the performance and reliability
requirements at an acceptable cost. However, few specialized applications such
as position heads for magnetic recording, toner sensors for laser printers, fuel-
injection systems, and scanning tunnelling microscopes provide the main

market for PZT thin-films, as the relatively high-costs can be justified [66].

Both wet and dry processes can be reliably employed to produce PZT
thin-films (table 2.2), with each process having its own advantages and

disadvantages [25, 4, 67].

Physical vapour deposition techniques offer vacuum cleanliness where
high purity single crystal/epitaxial growth is possible. However, PVD suffers
from slow deposition rates and difficult stoichiometry control. In contrast,
chemical vapour deposition provides a high deposition rate alternative, with a
well-controlled stoichiometry, but the high cost and toxicity of the involved

precursors pose a real draw back for such techniques.

Table 2.2: Ferroelectric thin-film deposition techniques [25].

Dry Process Wet Process

Physical vapour deposition (PVD) Chemical solvent deposition
Sputtering Sol-gel

Evaporation (e-beam, resistive, MBE) Metallo-organic decomposition (MOD)
Chemical vapour deposition (CVD) Chemical melt deposition
Metallo-organic CVD (MOCVD) Liquid phase epitaxy (LPE)

Plasma-enhanced CVD (PECVD)
Low-pressure CVD (LPCVD)
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Wet chemical processes such as sol-gel and metallo-organic decomposition
provide an excellent control over the ceramic composition at a low-cost, and are
considered to be the most promising techniques for producing ferroelectric
thin-films; however, film cracking is problematic during the drying process,
and high temperature thermal treatment is normally required to obtain a good

crystal structure.

These wet and dry deposition techniques are usually suited for forming
PZT films thinner than 5um, as the preparation of thicker films poses various

material processing challenges [25].

Producing thick PZT films by lapping and thinning techniques is not a
viable option for thicknesses under 50um, due to the ceramic’s brittleness with
respect to the forces applied during processing. Moreover, the dimensional
restrictions; i.e., the targeted film thickness, exceed the tolerance limits involved
in top down fabrication techniques (thinning, tape-casting, screen printing, etc.)

[25, 22].

To summarize, PVD and CVD techniques for PZT thick film fabrication
have slow deposition rates, low control over the stoichiometry, require high
temperature annealing, and are regarded to be too expensive [25]. In
comparison, wet processes offer a lower production cost, yet the typical
thickness per coating is only about 100-250nm, where high temperature
treatment is required after each coating is applied to remove any organic
residuals. Additional annealing/sintering steps are wusually required to
minimize cracking and to obtain the perovskite structure once the final film
thickens [68, 69, 70, 71, 5]. For instance, the production of a PLZT film having a

sintered thickness of 8um requires the deposition of as many as 150 layers [72].
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Novel techniques involving computer-controlled steps and automated
processes have allowed the fabrication of thicker, crack-free films up to several
microns thick [25]; however, the task is highly demanding and time-consuming,
and microstructure instabilities associated with grain growth and morphology
evolution in thick and dense polycrystalline films are at a higher risk [73, 74].
Aerosol deposition of PZT seems to be a promising technique to quickly create
crack-free films with thickness in the range of 2-100pum, nevertheless, the best
obtained piezoelectric results are comparable to that of ZnO, and further

process optimization is required [75].

Thus, there is a lack of viable PZT thick film fabrication processes to
provide our required transducer properties. Another reason for excluding PZT
and its derivatives from consideration is the lead content, where international
regulations consistently push towards the elimination of lead and other

toxicants from products [76, 77].

2.5.2 AIN

Aluminium nitride is a high bandgap (6.2eV) semiconducting material [78] with
a high-thermal conductivity, as high as 320W/mK for single crystals at 300K
[79]. It has a hexagonal wurtzite crystal structure, where atoms are tetrahedrally
coordinated and arranged in puckered hexagonal rings. Those rings lie on the

basal planes perpendicular to the crystallographic c-axis.

When stresses parallel to the c-axis are applied onto an AIN crystal, the
tetrahedra deform mainly by changing the N-AIl-N bond angle, rather than
adjusting the AI-N bond length. This deformation causes charge separation
within the crystal, which is the origin of the piezoelectric d3; response in an

AIN crystal [80]. The direction of the piezoelectric response in an AIN film
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mainly depends on the crystallite orientation, where any polarization
reorientation requires breaking the primary Al-N chemical bonds; thus,

aluminium nitride is not ferroelectric.

Consequently, the piezoelectric coefficients of AIN are stable and
insensitive to variations in temperature, frequency, or amplitude of the driving

electric field [80].

With regards to processing, wurtzite AIN is one of the rare materials that
can be better synthesized in thin-film form rather than a bulk single crystal or a
thick film form [81]. High quality piezoelectric AIN can be deposited by DC and
RF sputtering [82] at very moderate temperatures, below 300°C [83], which is
compatible for integration with most complementary metal oxide

semiconductor fabrication processes [84].

These attributes make AIN an ideal material to develop thin-film
piezoelectric transducers and MEMS, such as bulk and surface acoustic wave

resonators [84, 80, 30].

Despite these advantages, the electromechanical coupling (k;) and the
piezoelectric (d33) coefficients of AIN are mediocre. In addition, literature
suggests that the fabrication of thick piezoelectric AIN films is problematic [81,
30]. Therefore, aluminium nitride was not found to be the optimal choice for

our high-frequency ultrasound transducer application.

2.5.3 ZnO

The earliest production of zinc oxide (ZnO) dates back to the Eneolithic age
(5000B.C.), were it was a by-product material of copper smelting [85]. During

that process the zinc proportion of a copper ore was reduced to zinc vapour,
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which then oxidized to form a non-pure form of zinc oxide. Zinc oxide became
popular in the Roman Empire, as it was reduced with copper to produce brass
[86, 22]. Later on, zinc oxide powder was purified, where it was produced in
wool-like form “philosopher’s wool”. This pure form was mainly used in
ointments for medical and cosmetic purposes, as early as the first century AD
[87]. By the 1800s, zinc oxide was used in paints due to its permanent
whiteness, even when exposed to sun-light (Chinese white [88]), as well as

providing an economical nontoxic lead alternative [86].

Interestingly, zinc was not identified until 1774 because, unlike tin and
copper oxides, zinc oxide was difficult to reduce. Nowadays, zinc oxide is
heated with powdered coke at 1400°C to produce zinc vapour, which then

condenses to yield solid zinc [88, 86].

Soon after the first radio stations started broadcasting, ZnO came into
popular demand due to its semiconducting properties in crystal form. Thus, by
the 1920s, it was used along with an antenna and a fine copper whisker (cat’s
whisker) to rectify the radio’s frequency signal [89]. In 1935, C.W. Bunn
identified the crystal lattice parameters of ZnO [90], and later on, Wagner,
Schottky, and co-workers in Germany proposed that the semiconducting
properties of ZnO depended on its crystal imperfections [86]. The optical
properties of ZnO were studied in 1954 [91], and by 1960 Hustson measured
and quantified its piezoelectric properties [92]. The vibrational properties of

zinc oxide were studied using Raman scattering in 1966 [93].

Despite these versatile properties, the second largest application of ZnO
in the 1970s was photocopying, where it was added as a filler to whiten

photocopying paper [94].
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By the early 1990s, a renewed interest in ZnO was fuelled by the
availability of high-quality substrates, and the many breakthroughs in the
microfabrication and characterization techniques, such as atomic force
microscopy and epitaxial growth [23, 24]. Later, further interest was generated
due to reports of ferromagnetic behaviour and p-type conduction when doped

with transition metals [95, 96, 32], both of which remain controversial [97].

Concerning its properties, zinc oxide is a group II-VI piezoelectric wide
bandgap semiconductor, with an energy gap E, = 3.4eV [31]. It is relatively
cheap, transparent, and has a high exciton binding energy E,, = 60meV [98,
97], a property that can pave the way for efficient room-temperature exciton-
based lasers with low threshold currents [97]. Zinc oxide is also a polar
piezoelectric material that is compatible with CMOS processes, and possesses a
low dielectric constant and material losses; therefore, it allows a large
bandwidth and a relatively high quality factor when used as a resonator
material [59, 84]. Moreover, several studies confirmed that ZnO is resistant to
high-energy radiation damage [99, 100], and possesses an electrical resistivity p
as high as 10'2Qm [101]. Furthermore, high quality ZnO crystals can be grown
using simple and inexpensive techniques [31], while acids and alkalis can easily

etch it [102].

This unique and favourable array of properties of zinc oxide made it a
very popular material in recent device applications, particularly in
optoelectronics, sensors, energy harvesting devices, piezoelectric transducers
and MEMs [31, 103, 104, 105, 106]. In addition, the simple crystal structure and
the stable stoichiometry of zinc oxide imply that the fabrication process of
piezoelectric films is much easier when compared to more responsive

piezoelectric materials such as PZT. Chemical vapour deposition, sol-gel,
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sputtering, and pulsed laser deposition can all be used to create high-quality

piezoelectric ZnO films at reasonably low costs [107, 108, 109, 110].

Due to such versatile and suitable properties that match our application
requirements, zinc oxide was selected to develop the active layer of our high-

frequency transducer structures.

For further in-depth information on ZnQO, the readers are directed to the

extensive books published by Morkog [97] and Jagadish [89].

2.5.3.1 Crystal Structure

Under ambient conditions, zinc oxide usually crystalizes in a hexagonal
wurtzite structure, as seen in figure 2.3 [111, 97]; however, zinc oxide forms a
cubic zinc blende crystal when deposited onto a cubic substrate [97]. A cubic
rocksalt structure of zinc oxide can result if the crystal was formed under

pressures exceeding 9GPa [31].

In this project, we are only interested in the hexagonal wurtzite structure
of ZnO, since it has a superior piezoelectric response, and is thermodynamically
stable [111, 112]. Wurtzite belongs to the space group P6smc in the Hermann-

Mauguin notation, and has a hexagonal unit cell with two lattice parameters a

and ¢, with the ratio c/a = /8/3, given an ideal crystal structure.
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Figure 2.3: The wurtzite structure of ZnO, with a magnified
schematic at the top right section. Yellow and silver spheres
represent Zn and O atoms respectively, while a and c are the

lattice constants.

In this structure, each anion has an sp3 covalent bond with four cations at the
corners of a tetrahedron, and vice versa. However, the iconicity of zinc oxide
resides at the borderline between a covalent and an ionic semiconductor [97].
Literature provides a range of values for each lattice parameter, with 3.24754 <

a < 3.28604 and 5.2042A < ¢ < 5.2410A [31].

Miller-Bravais indices (hkil) can be used to simplify the description of
the planes in a hexagonal crystal structure; this index system can be reduced to

the conventional (hkl) system using the symmetry h + k = —i [22].

In the zinc oxide wurtzite structure, seen in figure 2.3 and figure 2.4, two
interpenetrating hexagonal close-packed sublattices exist, where each lattice is

composed of one element, either Zn or O.
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Figure 2.4: Main low indexed crystal planes in a hexagonal

structure

Ideally, those lattices are displaced along the threefold c-axis by an amount b =
(3¢/8) [97]. This structure enables polar symmetry to exist along the hexagonal
c-axis, which is responsible for the piezoelectric property and the spontaneous

polarization of wurtzite ZnO [86].

The most common surface terminations of this structure are shown in
Figure 2.4. They are the Zn-polar face (0001), the O-polar face (0001), as well as
the non-polar a-plane (1120) and m-plane (1010), which contain an equal
number of zinc and oxygen atoms. These polar faces have different chemical
and physical properties, as well as slight differences in the electronic structure

[113, 31].
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2.5.3.2 Mechanical and piezoelectric properties of ZnO

As stress is a symmetric second rank tensor, and due to its crystal symmetry,
the hexagonal wurtzite phase of zinc oxide has only three independent
components in its piezoelectric strain coefficients matrix; i.e., e3;, €33, and e;s.

Thus, equation 2.3 is given by [97]:

011
0 0 0 0 djs 0\[7%22)
=<o 0 0 dis O 0>|“33|

dei dei dea 0 0 0/
31 Q31 Q33 \023/
031

Hence, the induced electric polarization along the c-axis at a zero electric field,

due to a uniform strain along the c-axis (¢,) and/or the basal plane (¢, ) is given

by:
P, = e33¢, + 316, = d330, +d3,0;
Equation 2.10

The third component of the piezoelectric tensor, e;s describes the electric
polarization induced by shear strain. Similarly, due to its crystal symmetry,
there are only five independent stiffness constants for wurtzite zinc oxide. The

stress vector presented in equation 2.1 is thus given by [97]:
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S oo oo

0 (Cll - C12)/2

Equation 2.11

Figure 2.5 shows a simplified illustration of the desired structure for our zinc
oxide piezoelectric transducer, along with the expected electromechanical
response (d33) along the c-axis due to stress along the same direction. This ZnO
structure alignment maximizes the piezoelectric response along the c-axis
direction; i.e., thickness mode, where this response would vary according to the

applied stress.

Figure 2.5: A schematic showing the desired c-axis oriented

ZnO crystal between the top and bottom contacts of our device

structure.
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2.6 Status Quo of High-Frequency Ultrasound
Transducers

High-frequency single element piezoelectric transducers with frequencies
exceeding 50MHz have been developed and used in ultrasound imaging
systems since the early 1970s [9, 28, 114]; however, they can only focus an
ultrasound beam at a fixed focal distance, and require mechanical beam
steering. This means that the frequency dependent axial and lateral resolutions
are only attainable within the transducer’s focal depth range [11], whereas the
frame rate is limited by the mechanical motion of the transducer. These
problems can be avoided when transducer arrays are used, since arraying
allows the electronic control of the focal depth and beam position, which

enables imaging at higher resolutions and frame rates [11].

However, due to the delicate dimensional constraints and material
properties of high-frequency piezoelectric transducers, there is still a lack of
commercially available simple single-element transducers that can operate at
frequencies higher than 200MHz, as the involved fabrication and integration
processes are complicated and costly, requiring skilled and well-equipped

process engineers [11, 28, 27, 29].

In comparison, the fabrication of high-frequency transducing arrays
presents further challenges, with array elements requiring a high-level of
reproducibility in terms of electromechanical properties and structure, while
ensuring minimal element-cross-talk levels. This requires the realization of very
small kerfs, and places stringent demands on the electrical and acoustic
matching [11]. The toll of such challenges is reflected by the lack of
commercially available piezoelectric transducer arrays capable of operation

beyond 100MHz [11, 28].
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However, with the continuous advancement of MEMs microfabrication
techniques, continuous efforts have been carried out to modify and tweak the
conventional processing methods of piezoelectric materials, to push the
frequency limit of the fabricated high-frequency transducer elements and arrays

[11].

PVDF offers many advantages such as flexibility, low density, and low
acoustic impedance (4MRayls) to facilitate matching to biological samples
(acoustic impedance = 1.5MRayls), but it suffers from low capacitance [115] and
low electromechanical coupling coefficient [11], which deem it of little use to
ultrasound imaging applications. Nonetheless, PVDF is still relevant to other
high-frequency ultrasound applications, with PVDF hydrophones operating at

frequencies up to 100MHz being commercially available [116].

Conventional piezoelectric ceramics such as PZT offer a wide range of
optimal electrical and electromechanical properties for high-frequency
transduction applications, but suffer from having large grain sizes in the 5-
10pum range. Thus, to prevent any unwanted lateral resonance, the relevant
fabrication technique should be modified to ensure producing films with small
and uniform grains [11]. The creation of high-frequency piezoelectric PZT films
is also hindered by the inherent film cracking and the presence of voids within
the ceramic’s perovskite structure [117]. Therefore, film densification is required
to allow the creation of functional high-frequency ultrasound transducers [11].
Numerous efforts were done to reduce the grain size in PZT sol-gel techniques,
and ceramics having particle sizes in the 100-300nm range became available
using composite sol-gel preparation methods [118, 119]. Accordingly, using sol-
gel infiltration and pyrolysis, Dorey et al. [120] demonstrated the ability to
densify PZT films through repetitive fabrication steps, to achieve crack-free

films with a final thickness up to 10um. Such advancements were later put into
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use, along with the establishment of the aerosol [121] and hydrothermal [122]
deposition techniques, allowing the reproducible creation of single PZT
transducer elements capable of operation beyond 100MHz [123] and up to
200MHz [124, 125].

Linear transducer arrays still rely on mechanical dicing to create kerfs to
separate the array elements, where dicing was proven to be a viable process
during the development of piezoceramics arrays operating at frequencies up to
35MHz [115, 126]. However, as the frequency of operation increases, the
required kerfs become too small, and novel alternatives are sought. Recently,
the realization of kerfless PZT linear arrays capable of operation up to 100MHz
using composite sol-gel machining processes have been reported by several
groups [127, 128]. However, despite the material suitability and the relative
implementation success of high-frequency PZT transducers, the toxicity of lead
poses a major threat to the environment, and governmental regulations
continue to push towards the decrease and substitution of lead in applications
[11]. Lead-free piezoelectric ceramic alternatives such as bismuth sodium
titanate and (KNN)-based materials continue to be developed; however, they

still suffer from poor electrical properties for practical device applications [11].

Concerning high-frequency ZnO transducers, MEMs fabrication
techniques have recently shown great promise with regards to sophisticated
device realization. MEMs fabrication technology relies on photolithography,
etching, as well as ZnO deposition, with sputtering being the most common
piezoelectric film deposition process, since it allows growing crystal oriented

ZnO films with uniform thickness on a wide variety of substrates [11, 129].

Sputtered ZnO was used as early as 1995 to develop linear transducer
arrays capable of operation at frequencies up to 100MHz; however, such arrays

suffered from having a large element pitch which made them of little use to

45



medical imaging applications [45, 130]. Recent reports have emerged
documenting the reliable production of simple and self-focused single
piezoelectric ZnO elements capable of operation at frequencies exceeding
200MHz [27, 3, 11, 131]. ZnO based single element transducers capable of
operation at 1GHz have also been reported; however, the output signal
amplitude and performance of such transducers were found too low and
impractical for acoustic microscopy purposes [5]. A summary of the recent
work done on high-frequency ZnO piezoelectric transducers is provided in

table 2.3.

Hence, given the simple structure and versatile properties of ZnO as well
as the availability of various deposition and patterning techniques, and with
further optimization, this material is a promising candidate to develop high-
frequency ultrasound transducer elements and arrays capable of operation
beyond 300MHz. At such high frequencies, acoustic attenuation levels become
very significant [5], forcing the focal point of a transducer to be located as close
as possible to the transducer’s surface, and making self-focused transducers the

preferred structure of choice [11].

With the development of novel lenses and the optimization of thick
piezoelectric film fabrication processes, it is expected that commercial
transducer arrays capable of operation beyond 200MHz will be available in the
near future [11]. Such commercial availability would allow the applications of
high-frequency ultrasound transducers to expand towards the fields of cellular

bioengineering and lab-on-chip devices [11].
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Table 2.3: Summary of the recent results on high-frequency ZnO transducers

Reference  Frequency Sputtering method  Structure ZnO Thickness  Substrate Contact
Ref. [30] 100MHz RF magnetron 32-Element linear array 10pum (0001) Sapphire Cr/ Au/Cr
Ref. [104] 100MHz RF Single element 18um Curved Al rod Al rod
Ref. [125] 215MHz RF magnetron Self-focused single element ~ 13pum (100) Si Al

Ref. [80] 50-130MHz RF magnetron Single 25um Sapphire, fused silica ~ Ni

Ref. [126] RF magnetron Linear array 8um Si Ti/Pt

Ref. [127] 204MHz RF magnetron Single element 14.5pm Curved Al rod Al rod
Ref. [128] 112.5-186.5MHz  RF magnetron Single element 15-26pm Si; Si0O2/Si Al Ti/Pt
Ref. [12] 1GHz Reactive Single element 1.4pm (100) Si Au
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CHAPTER 3

Fabrication

The realization of our high frequency zinc oxide transducer structure described
in the previous chapters and shown in figure 3.1 relies on depositing the

different constituent films on top of a substrate of choice.

Top Contact

ZnQ

Bottom Contact

Substrate

Figure 3.1: Schematic showing our simplified transducer

structure.
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The chosen substrates were transparent, to facilitate our secondary objective for
creating fully transparent transducers, as described in the first chapter. The
constituting contact and active layers were deposited using physical vapour
deposition techniques, namely by thermal evaporation and radio frequency
magnetron sputtering. Thermal annealing inside and outside the sputtering

chamber was applied to examine its effect on the fabricated material properties.

In the following parts of this chapter, the tools and materials used to

create our transducer structures and samples are described.

3.1 Substrate

3.1.1 Substrate materials

In order to evaluate and compare the substrate effects on the grown zinc oxide
film properties, three different transparent substrate materials were used

throughout this work:

- Soda-lime glass, which is a cheap and relatively low-quality amorphous
substrate material. At the first stages of this project, this substrate served
as an economic alternative for evaluating and optimizing the ZnO

deposition parameters.

- Borosilicate glass (borofloat 33), which offers a polished higher-quality
amorphous wafer surface, with thermal shock resistance due to having a
coefficient of linear thermal expansion as low as a = 3.25x107°K™.
Wafers from University Wafers® having a 2-inch diameter, a 0.5mm

thickness, and a root mean squared roughness < 1.3nm were used.
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- C-plane oriented crystalline sapphire wafers, with a double-side polished
finish. Wafers from University Wafers® having a 2-inch diameter, a
0.43mm thickness, and a root mean squared roughness < 0.55nm were

used.

When considering crystalline substrates, lattice mismatches between the
deposited films and the substrate play a major role in defining the films’
residual stress levels and dislocation density [31, 97]. Our choice for using c-
plane sapphire wafers was due to its popular use as a substrate material for
ZnO heteroepitaxial growth on the basal plane (c-plane) orientation (0001) and
on the a-plane orientation (1120) [31, 132]; a popularity that can be attributed to
the sapphire’s relative low cost, wide energy bandgap, and availability in large-

area wafer form [31].

Fons et al. [133], and Chen et al. [134] reported an epitaxial relation
between the c-plane normals of grown ZnO films and sapphire wafers, as well
as between the m-plane normal of a ZnO film and the a-plane normal of a
sapphire wafer; such epitaxial alignment can be helpful for achieving a better
selectivity for ZnO film growth along the c-axis orientation. Moreover, it was
reported that a high degree of surface flatness was achieved for single-crystal
ZnO films grown on top of sapphire wafers, which is an important property for

our device structure fabrication.

3.1.2 Substrate preparation

In order to achieve the desired wafer shapes, a diamond tip scriber was used to
cleave the crystalline sapphire wafers, whereas a dicing saw with a rotating
diamond saw blade was used to cut the amorphous substrates. Solvent cleaning

and ultrasonic baths were used to clean the wafers after dicing or scribing, to
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prevent contamination and improve the adhesion and uniformity of the
deposited films. Lint-free wipes drenched in drum quality acetone were used to
wipe the wafers surfaces; then, the wafers were dipped in an acetone bath.
Subsequently, a nitrogen gas spray gun was used to dry the wafers, which were
then sonicated at room temperature for several minutes in instrument grade
isopropanol. Finally, the wafers were dried using the nitrogen gas spray gun,

then placed on the sample holder relevant to the next processing step.

3.2 Thin-film Fabrication

Thin-films are primarily formed using wet processes like plating, chemical
solvent deposition and chemical melt deposition, or dry processes such as

physical vapour deposition and chemical vapour deposition.

Several techniques have been reported to produce high quality single
crystal ZnO films, such as RF magnetron sputtering [135], molecular beam
epitaxy [134, 133], pulsed laser deposition [136], hydride or halide vapour phase
epitaxy [137, 138], and metal-organic chemical vapour deposition [139]. A
comprehensive comparison of such techniques is found in reviews by Ozgiir

and Triboulet [31, 108].

Since early investigations, sputtering techniques have been widely used
to produce ZnO films, due to relative processing simplicity, low processing
temperatures, low cost, good thickness uniformity, and relatively high
deposition rates [31, 140, 141, 142]; therefore, RF magnetron sputtering was the
chosen technique to create the high-quality piezoelectric ZnO films in this
study. Different patterning alternatives were investigated to create the suitable

masks for each deposited layer. This included masking by various kapton tapes,
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masking by laser-cut stainless steel sheets, and photolithography (more details

in chapter 5).

3.2.1 Physical vapour deposition

Physical vapour deposition (PVD) techniques were used to create the metal
contact thin-films (thermal evaporation) and the doped and undoped zinc oxide
layers (RF magnetron sputtering). During such processes, source atoms are
given enough energy to be transferred controllably from a purified source to a
substrate, where film formation and growth proceed atomistically. Typically,
this happens in a reduced pressure chamber, where the source atoms are
brought into the gaseous vapour phase through physical mechanisms; mainly

evaporation or collisional impact [24].

Soon after the relatively colder substrate is exposed to the incident
vapour, a sufficient number of vapour atoms or molecules condense onto the
substrate’s surface. With a continuous supply of impinging atoms, the
condensing atoms turn into a uniform distribution of small but highly mobile
nucleation islands, which grow in size until island-merging (coalescence)

occurs.

Crystallographic facets and orientations are usually preserved within an
island (crystallite) and at interfaces between the coalesced particles. Coalescence
continues until the islands are connected and the voids between them are filled,
at that stage the film is said to be continuous; this typically happens when films

are thicker than 5-10nm [24].

3.2.1.1 Thin-film growth modes

Three basic modes for film growth were identified by observation [24]:
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- When the deposited atoms or molecules are more strongly bound to each
other than to the substrate, island (Volmer-Weber) based growth occurs,
where the condensed cluster at each nucleation site grows in three

dimensions, until a continuous film is achieved.

- Layer based growth (Frank-van der Merwe) dominate when the force
binding the condensed atoms or molecules to the substrate is stronger
than the force binding the atoms/molecules together. This growth mode
is two dimensional, since planar sheets are consecutively grown on top

of each other.

- An intermediate growth mode (Stranski-Krastanov) is a combination
between the layer and island growth modes. This mode is essentially an
unsustained layer growth mode, where the transition from sheet growth
to three-dimensional growth 1is attributed to certain energy
demanding/related factors, such as lattice mismatch, substrate

temperature, and deposit atoms’ energy.

3.2.1.2 Structure zone model

Irrespective of a deposited film’s nucleation properties and growth mode, it was
found that a film’s surface and cross-sectional morphology will possess certain
predictable features as growth continues beyond a certain film thickness

(around 100nm [143]).

The earliest documentation of such a morphological model (structure
zone model) was for evaporated metal and oxide films by Movchan and
Demchishin in 1969 [144], where deposition parameters were reduced to as few

as possible while illustrating their effects on the films” structure. In that case, it
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was found that the homologous temperature T, was the main parameter

affecting the resulting film morphology.

The homologous temperature T, is defined as the normalized film
growth temperature; i.e., substrate temperature, with respect to the deposited

material’s melting temperature T,,:

Equation 3.1

Ty, is a dimensionless variable, whereas T, and T; are both expressed in Kelvin.

Movchan’s and Demchishin’s structure zone model (SZM) comprised
three different morphological zones over the range of Tj. As sputtering became
a popular film deposition technique, the structure zone model needed to
accommodate a new parameter, the sputtering pressure of the inert gas,
typically argon. This extended three-dimensional model is shown in figure 3.2,
and was developed by J.A. Thornton in 1974, specifically for sputtered metal
films [145].

According to this structure zone model theory, four basic phenomena are
identified as responsible for determining a deposited film’s morphology:
shadowing, surface diffusion, bulk diffusion and desorption. Shadowing is
attributed to the line of flight impingement of arriving atoms onto the rough
surface of the deposited film, whereas diffusion and desorption rates directly

scale with the melting temperature of the condensate [24].

The individual effects of shadowing, and bulk and surface diffusion are
illustrated in figure 3.2, where the dominance of one or more of these processes

is manifested by different structural morphologies.
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Figure 3.2: A schematic drawing showing the superposition of
the physical processes, which contribute to a film’s structural

zones [24].

In addition to zones 1, 2, and 3, Thornton’s extended model had an additional
transition zone (T), between the first and second zone. The main observations

regarding the morphology of films grown in each zone are [24, 146]:

- Due to low substrate temperatures, films grown in zone 1 have low
adatom mobility and are highly affected by shadowing; thus, they tend

to have tapered and fibrous columns with dome shaped tops, voided
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grain boundaries, and high dislocation density. Such films are relatively
harder if the condensate was a metal, while they tend to be relatively

softer in the case of a ceramic.

Films deposited in the transition regime have fibrous grains and dense
grain boundaries, which translates to a smoother surface. The dislocation
density is still high in this zone, and the resulting films have high

strength and low ductility.

In zone 2, surface diffusion is a dominant process during film growth;
therefore, the grains are columnar and dense (granular epitaxy). Simply
put, the condensate atoms in zone 2 have enough energy to allow surface
diffusion within a given grain, but not enough energy to allow grain
recrystallization; i.e., the available thermal energy is less than the grain

surface energy.

Zone 3 is characterized by lattice diffusion and low dislocation density,
owing to the ample amounts of available energy. The grains tend to be
large and non-columnar due to recrystallization. Contrary to zone 1,
metal films grown in zone 3 are relatively soft, whereas ceramics are

relatively harder when grown in this regime.

3.2.1.3 Residual stress in films

Deposited films are usually stressed even without the application of external
loading [146], and are said to possess internal or residual stresses; such stresses
can be classified as intrinsic or extrinsic. Extrinsic stresses are attributed to the
boundary conditions of a deposited film, such as lattice mismatches with the
neighbouring layers or substrate, or differences in thermal expansion properties

as the condensate and the substrate cool down [146]. Intrinsic stresses on the
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other hand arise due to the internal structure of a deposited film, with main
affecting factors including grain shape and size distribution, and void density.
This implies that intrinsic stress is usually induced during film deposition,
whereas extrinsic stresses can build up during deposition, as well as post

deposition due to thermal effects.

The geometric effect of internal stresses during film deposition is
illustrated in figure 3.3. Mechanical equilibrium dictates that the net force and
bending moment vanish at the condensate-substrate cross-section, and
compatibility requires that the covered substrate area equals that of the top of

the deposited layer [24].

In the case when a film contains internal tensile stresses, the substrate
experiences balancing compressive forces; this combination is not in mechanical
equilibrium due to the uncompensated bending moment at the deposition edge.
Thus, if the film-substrate pair movement was unrestricted, it will bend down;
i.e., the substrate bends concavely upward, to counteract such bending moment.
Similarly, a film possessing residual compressive stresses will cause the

substrate to bend convexly outward [24].

Deposited Film . .
\ Deposited Film

f

Compressive Stress Tensile Stress

Figure 3.3: Deposited films can possess tensile or compressive
residual stresses. For clarification, this schematic highly
exaggerates the stress related effects on the shape of the film-

substrate pair.
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Residual stresses affect the structural, mechanical, and electronic properties of a
condensate, mostly in a negative and undesirable fashion, with large stresses
typically resulting in film cracking and peeling off the substrate [147].
Depending on their material properties, stressed films will sometimes relax
over time, which imply that the films’ characteristics will keep changing until
stresses become stable [148]. In some cases, however, it is favourable for a film
to possess internal stresses, to counteract any predicted harmful forces during

operation [24].

3.2.2 Metal contact deposition

Given its popularity [127, 31], gold was examined as a top and bottom metal
contact material, where thin layers of chromium were used to improve adhesion
between the bottom gold layer and the substrate, as well as between the gold
layers and the zinc oxide film. Both metals were deposited using an Angstrom

Engineering thermal evaporation system.

3.2.2.1 Thermal evaporation

During thermal evaporation, the source materials are placed on evaporation
boats or are readily-plated on tungsten wires. The wafers are placed on a

sample holder, and kept in place using kapton tape or metal holders.

Then, the chamber is pumped down to vacuum (around 2x107° torr),
usually overnight in our system. Thereafter, the boat/wire is heated using joule
heating, which causes the source material to evaporate. Obviously, the heated
boats or wires must reach the temperature of the evaporant in question while
having a negligible vapour pressure to reduce contamination. The evaporated
atoms are deposited onto the exposed surfaces; hence, a shutter keeps them

away from the wafer until a certain chamber pressure and deposition rate are
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established. The deposition rate is typically monitored using a quartz crystal
microbalance [149], and adjusted by varying the current passing through the
evaporation source. As soon as the shutter is opened, the evaporating atoms
impinge onto the wafer’s surface, thereby creating a film as sketched in figure
3.4. Once the targeted film thickness is reached, the shutter is closed, then the
current is shut down to stop the deposition process. The chamber is then vented

back to atmospheric pressure using nitrogen gas.

A profilometer is then used to measure the deposited film thickness and
to verify the tooling factor for that given material; i.e., the ratio of the measured

deposited film thickness to the thickness monitor’s reading.

Substrate

/ Holder

Figure 3.4: The thermal evaporation system used, with a

simplified schematic of the evaporation chamber
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3.2.3 Zinc oxide thin-film deposition

3.2.3.1 Top-down

We have fabricated single-element PZT transducers at Callaghan Innovation in
Lower-Hutt, New Zealand, in order to evaluate the upper limits for the top-

down microfabrication techniques.

The polled PZT ceramic was purchased in a diced bulk rectangular form
(Ix1x0.1cm3), attached to a 6mm backing layer. First, the whole block was
plated with 20nm/200nm titanium/gold layers, to form the bottom electrical
contact. Then, aluminium oxide powder was used to lap-down and polish the
PZT block to the minimum possible thickness, which was defined as the
thickness at which the whole PZT layer was visibly removed at one of the edges
of the ceramic (due to the ceramic’s uneven surface). The following step was the
deposition of another titanium/gold contact to create the top contact, which was

patterned using the relevant masking and etching techniques.

The measured thickness of the resulting PZT transducers was in the 30-
60um range, which indicated poor thickness control and reproducibility for this

fabrication process.

3.2.3.2 Sputtering

Sputtering techniques have long been proven to produce high-quality, c-axis
oriented and piezoelectric ZnO crystal films [43, 46, 150]; hence, sputtering was
selected for depositing both the active zinc oxide films and the doped

conductive zinc oxide contacts in this work.

During sputtering, ions are accelerated towards a target, causing the

target atoms or molecules to be ejected by means of momentum transfer. The
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ejected atoms condense at the opposing surfaces, forming a film on a given

substrate. Therefore, sputtering is a physical vapour deposition technique.

The target is a plate of the material from which the sputtered film is to be

synthesized, and it is connected to the negative terminal (cathode) of a power
supply.

Facing the target is the substrate, which can be grounded, biased
positively or negatively, electrically floating, heated, cooled, rotated, or some

combinations of these.

During a sputtering process, the system is pumped down to vacuum,
typically around 1x107® mbar, then an inert gas (typically argon) or a mixture
of gases is introduced to the chamber, with partial pressures within the
1073 mbar to 10~% mbar range. The gas background serves as the medium

through which the glow discharge is initiated and sustained.

Positive ions in the plasma discharge are accelerated towards the
cathode, where they strike the target’s surface atoms, and transfer a part of their
energy/momentum throughout the process. When this energy/momentum
transfer is large enough, it is possible to eject neutral target atoms towards the
opposite chamber surfaces. A fraction of the ejected atoms eventually condenses

on the substrate’s surface, forming a deposited film.

The efficiency of a sputtering process is determined by measuring the
sputter yield, which is defined as the number of ejected atoms or molecules

from a target surface per incident ion.

For a composite-material target, different components usually have
different vapour pressures and sputter at different yields. Nevertheless, the
disparity in the sputter yield is usually smaller than that of the vapour pressure,

which means that sputtering offers a better stoichiometry control than regular
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evaporation techniques [24]. In addition, the kinetics of sputtered atoms is
different from evaporated atoms, as the average energy for sputtered atoms is
much higher. Thus, for a given material, the properties of the deposited films

will vary according to the deposition process [151].

Sputtering processes are broadly divided into four categories: DC, RF,
magnetron, and reactive, with differences arising in the sputtering system
complexity, sputtering rate, and possible target materials. Important variants
within each category and even hybrids between the categories do exist. For the
scope of this project, only DC, RF, and RF magnetron sputtering techniques are
described below. An in-depth analysis and description of sputtering processes

is provided in [23, 24, 152, 151].

3.2.3.2.1 DC sputtering

This simple sputtering technique relies on applying a static electric field
between the target and the substrate; i.e., the cathode and anode, respectively.
Free electrons inside the chamber will then be repelled by the target, and are
accelerated towards the anode. Electrons quickly attain high velocities due to
their low mass, causing them to collide with the surrounding neutral and
relatively heavy argon atoms. These collisions result in the excitation of argon
atoms, or even knocking-off extra electrons (ionization) to turn them into
positively charged ions (Ar*). The excitation-relaxation processes of argon
atoms are accompanied by photon emission events, which are responsible for
the characteristic discharge glow of plasma. The positively charged argon ions

are then accelerated towards the target, where they strike its surface.

Depending on an argon ion’s energy and angle of incidence, as well as
the binding energy and mass of the target atoms, one or more of the following

scenarios may occur after a collision event [24, 152, 151]:
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- The impinging argon ion is reflected back.

- The argon ion pushes the target atoms into new lattice positions; thereby

damaging the target surface.

- The argon ion loses enough kinetic energy to the target atoms, causing

them to be ejected from the surface; i.e., sputtering.
- Secondary electrons are knocked off the target atoms.

The emission of secondary electrons from the target, as described in the last
scenario, is essential to obtain a steady-state self-sustaining plasma for the

sputtering process to take place.

o Target Atom ® Neutral Argon Atom © Excited Argon Atom

Substrate
Holder

Sputtering

R Gasslnlet

To Vacuum
Pump

Figure 3.5: A simplified schematic of a DC sputtering system

Based on the arrangement shown in figure 3.5, it is evident that DC sputtering
is unable to deposit semiconducting or insulating materials, as the target is

required to be electrically conductive and to have a negative potential. Argon
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ions would simply positively-charge the surface of a non-conductive target,

ultimately extinguishing the plasma.

3.2.3.2.2 RF sputtering

In order to deposit insulating, semiconducting, or high resistance target
materials, radio frequency (RF) sputtering is used. At frequencies higher than
50kHz [24], electrons in the glow discharge region have enough energy to cause
ionizing collisions, reducing the need for secondary electron emission from
target atoms to sustain the plasma discharge. In addition, at high-frequencies,
an insulating target will conduct electricity in a capacitor-like fashion; thus, the
applied RF voltage is coupled irrespective of the target material’s impedance.
The federal communications commission (FCC) has reserved the 13.56MHz
frequency for RF plasma processing; hence, it is the most widely used

frequency in RF sputtering systems [24].

Replacing the DC source with an RF source changes the way different
plasma species react to the applied electric field, which explains why RF
sputtering works. Essentially, even though an RF electric field lacks polarity,
the target self-biases to a negative potential [24]. This is due to the fact that
electrons are much more mobile than ions at such frequencies, making the
discharge current-voltage characteristics similar to that of a leaky diode. Thus,
as the RF signal is applied to the neutral target, a large electron current is drawn
during the positive half-cycle, whereas a smaller amount of ions (Ar*) is drawn
during the negative half cycle; i.e., net charge accumulation during an RF cycle

is different from zero.

However, this mobility disparity applies at both contacts, which implies
that both contacts should sputter. To circumvent this problem, the target must
be an insulator that is capacitively coupled to the RF source. Then, the

equivalent impedance across the sputtering contacts would resemble two
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capacitors connected in series, one at the substrate, and the other at the target
sheath region. By having different areas for the sputter contacts, each of these
two capacitors will have a different capacitance; thereby, the ratio of the
voltage-drop through each capacitance will be far from unity. For a small
capacitively-coupled target contact and a larger directly-coupled substrate

contact, this voltage drop ratio is given by:

[‘d AC
Equati()ll 32

where V; is the voltage drop across the capacitance at the target contact, and V,
is the voltage drop through the capacitance at the substrate contact; A; and A,

are the respective contact areas.

In practice, the target has a small area in the order of several square
inches, whereas the substrate contact includes all the other surfaces in the
chamber (baseplates, chamber walls, etc.); this raises the target sheath potential
while minimizing sputtering of the grounded chamber fixtures. Consequently,
a steady state voltage distribution across the contacts will normally exist in an

RF sputtering system.

3.2.3.2.3 RF magnetron sputtering

By placing magnets in the vicinity of the target, free electrons and secondary
electrons emitted during sputtering will experience the well-known Lorentz
force in addition to the electric field force. Using such forces, and by adjusting
the magnetic field direction with respect to the electric field, it is possible to
prolong the electron residence time in the plasma, effectively creating an

electron trap around the target. This localized increase in the electron density
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improves the odds of ionizing argon atoms, which translates into enhanced
sputtering rates. In an RF magnetron sputtering system, the magnets are

typically placed underneath the target contact (figure 3.6).

o Target Atom © Neutral Argon Atom © Excited Argon Atom
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Figure 3.6: A simplified schematic of an RF magnetron

sputtering system

3.2.3.2.4 Sputtering set-up

In this project, an Auto500 RF magnetron sputtering system from HHV was used
to deposit both doped and undoped zinc oxide films (figure 3.7). The system is
equipped with three different target contacts, and has a single RF magnetron
source. In addition, the system allows substrate rotation and heating. Several

parameters could be adjusted to control the sputtering properties:

- RF power: a Dressler Cesar RF power supply was used to adjust the

sputtering power between 0 and 600Watts.

- Sputtering and reactive gas flow rates; i.e, argon and oxygen,

respectively.
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- Substrate temperature: a proportional integral derivative (PID) controller
and a quartz heating lamp allowed temperature to be raised up to 350°C,

while a thermocouple was used for temperature monitoring.
- Substrate rotation: this could be applied at a constant 35rpm
- Sputtering pressure: this was regulated using the high vacuum valve.
- Substrate-to-target distance.

- Substrate-holder position with respect to the target.
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Figure 3.7: The Auto500 sputter coater system from HHYV is able
to support three different targets, and is fitted with an RF
magnetron sputtering source. The main control panels are seen
in the photo. The vacuum block diagram of the system is shown

to the left.
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In addition, the system made it possible to deposit zinc oxide films using
reactive sputtering, where a chemical reaction between the target material (zinc
or zinc oxide) and a reactive gas (oxygen) could take place. Thus, film
composition and stoichiometry could be controlled by adjusting the gas ratio

(inert to reactive) while sputtering.

3.3 Thermal Annealing

Since RF magnetron sputtering is used to deposit our ZnO films, it is expected
that the resulting films would have inherent compressive stresses due to the
bombardment of energetic particles [11]. Therefore, annealing processes are
carried out in this work to relieve the residual stresses in the deposited films. In
addition, literature indicates that thermal annealing helps improve the electrical
properties of piezoelectric films by prompting grain growth and improving the

films’ crystallinity [153, 26, 154].

Our first annealing process is referred to as an in situ annealing step, and
it is carried out inside the sputter coater chamber during the sputtering session,
eliminating the need to break vacuum. A substrate quartz lamp heater is used
for that purpose, where the maximum allowed substrate temperature was
350°C to prevent any chamber damage. The background gas mixture could be
altered based on our needs, by controlling the argon and oxygen flow rates and
partial pressures. This annealing step was used to reduce the residual stress,
improve the crystal orientation, and increase the crystallites sizes of the zinc

oxide seed layer.

The other annealing process is referred to as an external or post-growth

annealing step, where the samples are placed in a quartz tube inside an
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insulated furnace, as shown in figure 3.8. The tube can be safely heated up to
1200°C for brief amounts of time; however a maximum annealing temperature
of 1000°C was used in this study. The gas background inside the quartz tube
could be altered during annealing, where a 95%:5% Ar:O: mixture was used in
our case. A PID controller is used to keep the furnace temperature close to the
selected set-point during the annealing process. The furnace controller allowed
us to set-up the annealing time and temperature, and the parameters of the
temperature ramping events. Once the annealing process was complete, the
furnace was allowed to slowly cool down to room temperature, as thermal
shock can lead to film cracking due to thermal expansion mismatches between

the wafer, the metal contact layers, and the zinc oxide film.

Insulated Furnace
Gas Outlet
Samples M
/ \ Gas Inlet
| b ' | —=ealg— =

1

Ceramic Boat

Figure 3.8: A schematic showing the external annealing setup

used in this project
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CHAPTER 4

Characterization Techniques

Several characterization methods were used to identify the structural,
electronic, and optical properties of the developed samples. Detailed and
precise characterization was key for providing feedback and proof during the
optimization of the relevant microfabrication processes. In this chapter, an
introduction to the main characterization techniques and equipment used for

this project is presented.

4.1 Surface Profiler

A Veeco Dektak 150 surface profiler [155] was used to measure the thickness of
our thin-films using contact stylus profilometry. In this technique (figure 4.1),
the substrate is placed on a flat sample stage that is equipped with suction
capability to keep the sample in place. A sharp diamond-tipped stylus is then

lowered onto the sample’s surface, until contact is achieved. The stylus is
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attached to a flexible cantilever that senses and regulates the pressure applied
by the tip onto the sample’s surface. By laterally moving the stylus with respect
to the stage, the cantilever keeps the tip in contact and detects any topographic

variations relative to the initial baseline.

Lateral Scanning Direction

Thickness
Inm
Stylus Feedback ’_//

Lateral Position

ZnO Film Metal Contact

Substrate

Sample Stage

Figure 4.1: A schematic illustrating the operation of the Dektak
profiler. Thickness variations on a flat substrate are directly
measured by mapping the stylus’s vertical position versus its

lateral position with respect to the stage.

This technique provides a quick and reliable method for measuring a thin-film’s
relative thickness, surface roughness, and waviness. Furthermore, a crude
estimate of a film’s stress can be obtained by measuring the substrate’s

bow/curvature over large areas.

Although the system is capable of producing automated two-
dimensional profile plots, we only used it in the manual mode for thickness
measurements across arbitrary cross-sections of our films. In order to minimize
the surface damage due to tip contact, our stylus was equipped with a low-

inertia sensor that kept the applied contact force at a constant preselected level
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between Img and 15mg. Thickness variations up to 524um could be measured
with an acceptable vertical resolution [155]. The stylus’s lateral speed was
selected by specifying the scanning duration (between 3s and 218s). The
profilometer takes 300 data-points per second; hence, the lateral resolution was
specified by adjusting the scanning duration and range. The maximum number
of data points in a given scanning trace is 120,000. For our purposes, one
shortcoming of contact stylus profilometry is the need of a baseline/step to carry
out thickness measurements. This meant that reliable thickness measurements

could only be performed near the edges of a film.

42 XRD

4.2.1 Theory

An x-ray diffraction (XRD) system from the X'Pert Pro series by PANalytical was
used to characterize the crystal properties such as the available orientations,
crystallite domain sizes, and residual stresses of our thin-films. X-rays are
electromagnetic waves having a wavelength between 0.01A and 10nm (figure
4.2), thus occupying the region between gamma and ultraviolet rays in the

electromagnetic spectrum [156].

They were discovered in 1895 by the German Professor Wilhelm Conrad
Rontgen of the University of Wiirzburg [157], who realized that despite being
invisible, those rays travelled in straight lines and affected photographic paper
in a fashion similar to that of light. Rontgen could not understand the nature of
the radiation, hence naming it an X-radiation; however, he soon realized that it
can penetrate objects that are opaque to light, and made an “x-ray picture” of

his wife’s hand only two weeks after his discovery [158].
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Despite the lack of proper understanding, x-rays instantly became a
popular tool for physicians and engineers, who wanted to study the internal
structures of opaque objects, and Rontgen’s discovery landed him the first

Nobel Prize in physics in 1901 [156].
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Figure 4.2: The electromagnetic spectrum
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By 1912, the phenomenon of x-ray diffraction by crystals was discovered [159],
proving the wave nature of x-rays, and providing a method for investigating

the atomic structure of matter.

X-rays are produced when an electrically charged particle rapidly
decelerates, with the difference in the particle’s kinetic energy being enough to

yield an x-ray photon

c

1 2 2
qVZEm(vi —vf)th=h/1

Equation 4.1

where q is the particle’s charge, V is the voltage required to accelerate the
stationary particle to the initial speed v; , m is the particle’s mass, and vy is the
particle’s speed after deceleration, h is Planck’s constant, f is the emitted
photon’s frequency, c is the speed of light, and A is the emitted photon’s

wavelength.

Typically, x-rays are produced in an x-ray tube (figure 4.3), where a
current of electrons is accelerated between a cathode and a target anode,
allowing the electrons to strike the target at very high speeds. Most of the
absorbed kinetic energy is converted into heat, and less than 1% is transformed

into x-rays [156].

The emitted x-radiation is polychromatic, since it is composed of photons
having many different wavelengths, depending on the scattering events leading
to the x-ray emission. This polychromatic radiation is usually referred to as
white radiation, or Bremsstrahlung -German for breaking radiation, since it is

due to electrons’ deceleration.
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Figure 4.3: An X-ray tube schematic showing how electrons are
accelerated by a voltage V towards the target anode, where they

will scatter causing the generation of X-ray photons

If the energy of the accelerated electrons is higher than a certain threshold value
-which depends on the target’s material of choice- characteristic radiation is
emitted and is superimposed on top of the white radiation (figure 4.4).
Characteristic radiation occurs due to the ejection of electrons from the inner
shells of the target’s atoms, allowing the transition of higher energy-level
electrons to fill the vacancies and give photons in return. Thus, this radiation is
composed of discrete peaks that are positioned at the characteristic wavelengths
Achar corresponding to the energy gaps AE between the two orbitals where

transition occurs:

Achar =h—

Equation 4.2

When the two orbitals involved in the transition are adjacent in energy, the
characteristic line is classified as a. However, when the transition occurs over a

distance of two shells, the line is called B. The characteristic lines are
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categorized into several sets, referred to as K, L, M, etc., according to the photon
wavelength. This designation corresponds to the principal quantum number

n =1,2,3,etc.in an atom.
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Figure 4.4: Top schematic shows the most common electronic
transitions in an atom. The bottom diagram shows the typical
emitted x-ray spectrum from a copper target. Notice that the
characteristic radiation does not occur unless the accelerating
voltage was beyond a certain threshold. Typically, the Ka lines
are stronger than the Kf3 lines, as it is more probable for a

vacancy to be filled by an electron from an adjacent shell.
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For example, if an accelerated electron hits a target atom with sufficient kinetic
energy, it can knock an electron out of the atom’s K-shell, leaving the atom in a
high energy-state. Consequently, an electron from a higher shell immediately
falls into the K-vacancy, emitting a photon in the process; i.e., the characteristic
K radiation in this case, and allowing the atom to go back to its ground energy-

state.

For x-ray diffraction (XRD) purposes, hard x-rays with wavelengths in
the 0.5-2.5A range are used [156], which are comparable to atomic distances,
and where less-energetic photons are easily absorbed by a typical sample. In a
conventional diffraction work, only the three strongest K lines are observed, as
the Ka line intensity is approximately two orders of magnitudes larger than the
white radiation, and five times larger than the Kf line. For a copper target, the
three dominant characteristic lines approximately occur at the following

wavelengths [156]:

Ka; = 1.54056A
Ka, = 1.544394
KB = 1.39222A

Usually, an XRD system would be optimized around the Ka radiation, where
filters and high resolution monochromators can be used to further filter out the

Kp and Ka, spectral lines, if a Ka@; monochromatic x-ray source was required.

X-rays used in diffraction are particularly harmful to living tissue, as
they are easily absorbed by the exposed organs. However, since their
wavelengths are comparable to the interatomic distances in solids, it is possible

to qualitatively and quantitatively characterize a sample’s crystal structure and
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chemical composition using diffraction. For that purpose, XRD is considered to
be a non-destructive characterization technique for bulk, thin-film, and powder

samples.

In an XRD system, a highly collimated and coherent x-ray beam is
directed at an angle 8 onto the flat sample’s surface. Incident photons will be

scattered by the sample’s atoms, primarily through the atoms’ electrons.

When the energy of an incident photon E = hf is comparable to the rest
energy of the charged target particle E = mc?, Compton scattering is assumed
[160]. In such a quantum mechanical scattering, the incident photon loses some
of its energy causing the charged particle to recoil; hence the reflected photon

will have a longer wavelength due to the Compton shift.

However, if the incident photon is too cold; i.e., having a low frequency,
it will not be able to relativistically interact with the charged particle. Therefore,
a classical Thomson scattering takes place [161]. In this case, the charged
particle experiences a force due to the incident photon’s electromagnetic field,
mostly due to the applied electric field. As the particle accelerates, it emits a
photon of a similar frequency in return; hence, the x-ray wave is scattered

“elastically”.

Considering a monochromatic copper x-ray source for example, it will

emit Ka; photons with an energy Ey,:

B = hf = hC = 413566x10-5x —22X10% o rex10%ev
Kay =hf =ho =4 1.54056x10-10 _ ¢

An electron’s rest energy E., _ is given by:

=511x103eV

9.10938x10731x(2.99%x108)2
E, =m.,* = —
e 1.602x10-19
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As the x-ray photon energy is much smaller than that of an electron’s rest mass,
which is four orders of magnitude lower than a proton’s rest mass, x-ray

diffraction can be described through a Thomson scattering model.

When an x-ray beam impinges onto a crystal’s surface, two scattering

modes are distinguished:

1. If path difference due to the scattering events is a wavelength multiple,
the rays will be in phase and will reinforce one another. This constructive
interference results in a diffracted beam having the same incidence angle.

These diffracted beams are sometimes referred to as reflections.

2. If scattering occurs in any other direction, the scattered rays are out of

phase and destructive interference results.

The condition required for achieving constructive interference due to multiple
reflections from a crystal’s parallel lattice planes (figure 4.5) was formulated by

W. L. Bragg in 1913 [162]:

niA = Zdhleine

Equation 4.3

where n is an integer specifying the order of diffraction, 4 is the photon’s
wavelength, dyy,; is the lattice distance between the parallel diffracting crystal
planes having the lattice planes with the (hkl) Miller indices , and 6 is the angle
formed between the incident beam’s wave-vector and the diffracting lattice

planes.

Thus, for a given monochromatic x-ray source with a fixed 4, and by
varying the angle of incidence 6, it is possible to measure a crystal’s lattice

spacings dpy;, using an x-ray detector placed at an angle (m — 6) with respect to

80



the same crystal surface reference, since intense diffraction will only occur at

the specific angles satisfying Bragg’s law.

In particular, this technique is used to study the composition of both
crystalline and noncrystalline materials, and to evaluate the crystal properties of
a solid sample [163]; available orientations, crystallite domains sizes, stress,
texture, etc. An instrument which performs such characterization technique is

aptly named a diffractometer [164].

Source
1010919

Figure 4.5: X-rays scattering of a crystal structure, causing
bright diffraction spots (reflections) to be detected at the O

angles which satisfy Bragg’s law

Although the diffracted beam intensity is significantly reinforced by the
constructive interference due the crystal planes [156], it is extremely weak when
compared to the incident beam, since only a small fraction of the x-rays is

scattered by the sample’s atoms.

The intensity of a scattered x-ray beam (I5) by a single electron at a

distance r was found by Thomson [165] to be:
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I; {1+ (cos26)?
I = 7.94x10—30x—‘2<(—)>
T 2

Equation 4.4

where [; is the intensity of the incident x-ray beam. It should be noted that total
beam reflection can occur when small angles of incidence are considered, below
1° [156], where this x-ray reflectivity phenomenon does not follow the same
scattering model, and is useful for studying surfaces and shallow internal

interfaces in samples.

4.2.2 X-ray diffractometer system

The x-ray diffractometer system used in this study is an X'Pert Powder from the
X'Pert Pro series by PANalytical [166]. Since our samples consisted of thin-films
on top of flat substrates, we used the flat sample stage during our
measurements. The x-ray source had a copper anode, where the accelerating
voltage was set at 45kV with a constant current of 40mA. A 1° anti-scattering slit
was used for the incident beam, and a 10mm wide divergence slit was used to

restrict the width of the incident beam.

In a typical measurement, the sample is clamped to the flat and fixed
sample holder, and a (6 —26) scan is carried out to generate the x-ray
diffractogram (figure 4.6). In such a scan, both the x-ray source and detector
move while making an angle 6 with the sample’s surface; hence, their
movement is symmetric with respect to a plane normal to the sample’s surface,
along the diffractometer circle. Accordingly, the resulting curve shows the

diffracted beam intensity (arbitrary counts) versus 26 (deg).
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Due to non-idealities, peak broadening results, where a given diffraction
peak at an angle of 26 will be measured as a broad packet having a full-width at

half-maximum of B(deg).

Diffractometer Circle

| max

Source
1019312Q

Intensity

Diffraction Angle

Figure 4.6: Left- In a (0-20) diffractogram, the sample is kept
stationary, while the source and the detector are symmetrically
rotated along the diffractometer’s circular path. Right- For a
given crystal orientation, one peak will be detected at the

incident angle satisfying Bragg’s Law.

For the X'pert Powder system, the goniometer’s minimum step size is 0.001°, the
260 value can be varied between -40° and 220°, and the diffractometer’s circle has

a radius of 240mm [166].

4.2.3 Sources of errors

While characterizing a solid specimen, several sources of systematic errors

usually reduce the accuracy of diffractometers [167, 168]:
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Instrument misalignment, in particular, if the source, detector, and
sample are not on the focusing diffractometer circle. In addition, the
centre of the incident beam should hit the sample’s surface at a point

belonging to the diffractometer circle.

If the divergence slit used for the incident beam was not narrow enough,
a broad irradiation width will result on the studied sample. This means
that the sample’s surface should be curved along the focusing circle to

ensure accurate results.

Sample transparency error results because not all x-rays are scattering
from the same location, which causes peak position errors and peak
asymmetry, with broadening towards the low 26 angles. This error can
be reduced by making the low absorbing parts of a specimen as thin as

possible.

When the sample’s surface is off the focusing circle, the scattered beam
does not converge at the correct position for the detector to pick up, as

shown in figure 4.7.

Sample displacement error is usually the largest source of error in a

diffractogram, and will result in incorrect peak positions. The error Adyy, in the

measured d-spacings of such a sample is given by [167]:

Adhkl __ DX(COS 9)2
dhkl RXsin@

Equation 4.5

where D is the sample displacement parallel to the diffraction-plane normal,

and R is the radius of the diffractometer’s circle.
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Figure 4.7: Sample displacement error gives incorrect peak

positions in the resulting x-ray diffractogram.

A relevant example for this project is evaluation of the magnitude of this error

when measuring the d-spacing along the zinc oxide’s (002) crystal plane

orientation:

Adgy, ~ Dx(cos6)?

We measured dyy, = 2.6021917x1071%m, 6,0, = 34.43508°; while R has a value

of 0.24m:

Dx(0.824767)2

x2.602192x10-1° = —13, < 10-10
0.24%0.565472 0 13.04307x1071°xD

= Adooz = -
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Thus, if the ZnO sample was displaced by one tenth of a millimetre (100um),

the measured d-spacing along the (002) plane direction will be off by:

Adyg, = —1.304307x10734

4.2.4 Stress estimation

Lattice deformations like dislocations, grain-boundaries, and strains contribute
to stresses embedded in a crystalline specimen, and have important
consequences on diffraction measurements. Two types of stresses are identified
in a sample, microstresses varying from one crystal grain to another, and
macrostresses which extend uniformly over large distances [163]. Typical grains
are slightly and randomly disoriented or rotated with respect to an ideal crystal
lattice, which causes peak broadening since reflections will occur over a range
of angles for a given crystal orientation. Macrostrains on the other hand, will
cause variations in the lattice distances dpj; of a sample, which translates into
peak position shifts in the corresponding diffractograms, as shown in figure 4.8.
Non-uniform strains can cause a range of lattice distances to occur for a given
crystal orientation, resulting in a broader and possibly non-symmetrical peak to
be detected. The relation between the broadening (A26) and the strain non-

uniformity (Adpy;/dp;) is given by [163]:

Adhkl

A20 = =2 tan 0

dhkl

Equation 4.6

Thus, if extra broadening was observed -at a given diffractogram peak- above
and below the instrumental width of a line, it is possible to calculate tensile and

compressive strain variations along the corresponding crystallite domains.
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Figure 4.8: The effects of different strain types on diffraction

peak position and peak width

In this project, the piezoelectric material of choice is zinc oxide, and
diffractograms were used to evaluate the values of embedded stresses in the

deposited films at the different processing stages. The ZnO crystal has a
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hexagonal lattice geometry, where the interplanar distance dyy, is given by

[169]:

1 _4<hz+hk+k2)+l2

2 2 2
dig 3 a c

Equation 4.7

h, k, and [ are Miller’s indices; a and c are the lengths of the hexagonal cell
edges. Considering an unstressed ZnO powder sample, table 4.1 shows the
available crystal orientations, with their respective lattice distances and relative

peak intensities observed in a typical diffractogram [170].

Table 4.1: The different peaks expected in a standard stress-free
ZnO power sample. Here a = 3.24982A and ¢ = 5.206614; a

copper anode is assumed for the x-ray source

200 dyg(A) h k l Relative Intensity (%)
31.802 281160 1 0 0 55.6
34447 260150 0 0 2 411
36290 247350 1 0 1 100
47582 190950 1 0 2 214
56.661 1.62320 1 1 0 31.1
62913 147610 1 0 3 2738
66.452 140580 2 0 0 42
68.018 137720 1 1 2 27
69.167 135710 2 0 1 11.2
72623 130080 0 0 4 1.8
77.044 123680 2 0 2 35
81464 118050 1 0 4 1.8
89.714 1.09210 2 0 3 7.3
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Relative peak intensities are given as percentages with respect to the highest

detectable peak in a diffractogram.

The piezoelectric response in a zinc oxide crystal is aligned along the c-
axis, a direction which is normal to the {002} crystal plane family; hence, we aim
to produce ZnO films that show a high-quality dominant (002) peak in their
diffractograms, with a minimal availability of any competing crystal

orientations that would hinder the piezoelectric response.

Consequently, stresses in our ZnO films will be evaluated using the (002)
peak data measured in the diffractometer. Substituting h =k =0 and [ = 2 in

equation 4.7:

1 _4(O+O+0)+4 4
dSOZ 3

a2
c
© dgoz = 5

Then, by replacing dg,, in equation 4.3, and using the wavelength of the copper
anode’s characteristic line Ka,, while considering the first order reflection, the

relation between dg, and 8y, is given by:

154056X10_10 = 2Xd002>( sin 9002 = cX Sin 0002

Therefore, by measuring any deviations in the (002) peak position 8y9,, we can
directly calculate the associated variation in the lattice distance dyo,. The

corresponding macrostrain €, along the c-axis is given by:
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C_CO

Co
Equation 4.8

where ¢, is the unstrained unit cell distance, and c is the measured unit cell

length. The residual in-plane stress ¢ within a film can then be estimated by

using Hooke’s law:

Equation 4.9

The constant of proportionality S is the corresponding elastic compliance,
which equals the inverse of stiffness. The compliance value can be estimated
using the elastic constants of the material. For zinc oxide, the relevant elastic

constants values are given in table 4.2 below:

Table 4.2: Elastic constants values for

a ZnO crystal [154, 171]

Elastic Constant Value (GPa)

C11 208.8
C12 119.7
C13 104.2
C33 213.8

Considering zinc oxide’s hexagonal structure, the compliance’s relation to the

elastic constants is given by [154]:
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1 2c13% —c33(c1 + ¢
12 mealont@a) o5 615 6pa
S 2¢q3

Equation 4.10

By combining equation 4.8, equation 4.9, and equation 4.10, ZnO’s in-plane

residual stress (o) value is given by:

c—Coy

0 (GPa) = —232.812X —
0

Equation 4.11

4.2.5 Error correction

Careful visual inspection was carried out to ensure proper sample placement to
minimize the dominant sample-displacement error. An estimate of the
measured stress uncertainty due to the zinc oxide’s sample offset by a distance

of 100um is given by:

c—Cy

0 (GPa) = —232.812X —
0

_ Adyp
= o (GPa) = —232.812%

dOOZO

—1.304307x1073
2.6021917

= ¢ (GPa) = —232.812x%

= 0 = 0.1167 GPa

Considering both scenarios where the sample could be above or below the

diffractometer’s circle, this stress uncertainty is given by:
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= Ao = +0.1167 GPa

Thus, having even a tiny displacement error (100um) would significantly affect

the accuracy of our stress measurements, and further calibration was required.

Our solution was to make use of the sapphire substrate’s (006) peak
position as an anchor to a given diffractogram. Thus, a reference value for the
dominant sapphire peak was identified, and any deviations from that value
were assumed to be due to the wafer’s displacement error. In that case, the
whole diffractogram would be shifted to return the sapphire peak to its

reference 26 value.

The used sapphire substrates were cut and polished along the (006) plane
orientation and were assumed to be stress-free, as provided in the supplier’s

specifications.

However, we were not sure if the sapphire substrates would remain
stress-free after the various annealing steps, and it was important to carry out a
study to determine the effects of annealing at different temperatures on the

detected (006) peak position.

Several sapphire substrates were annealed at temperatures between
250°C and 1000 °C, and several diffractograms (7 to 17) where taken for the
samples at each annealing step. Then, the average and the standard-deviation

for the measured sapphire’s (006) peak positions were computed at each point.

The study showed that sapphire substrates remained stress-free as seen
in figure 4.9, regardless of the annealing steps and temperatures. The overall
average value for the measured sapphire peak position was taken as the

reference anchor value:
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260006 = 41.67666° + 0.02°

This 266 value is slightly different than the 41.683° reported in literature [172].
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Figure 4.9: Annealing the sapphire wafers at different
temperatures had no significant effect on the measured (006)
peak position. The standard deviation had an approximate

value of 0.02°

Obviously, this crucial calibration step was not applicable to samples using

amorphous substrates.

4.2.6 FWHM analysis

Having finite crystallite domain sizes causes XRD peak broadening, as complete
destructive interference will not result when Bragg’s Law is not satisfied. The
relation between peak broadening and the crystallite size is generally given by

Scherrer’s formula [173, 174, 175]:
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Equation 4.12

where t is the mean crystallite domain size (CDS), which is less than or equal to
the grain size, and is measured along a direction perpendicular to the Bragg
planes; K is a dimensionless shape factor with a typical value of 0.9, but can
vary from 0.62 to 2.08 [175]; 4 is the x-ray’s wavelength; 8 is the corresponding
Bragg angle; and B is the full-width at half-maximum of the peak, measured in

radians.

Sherrer’s formula generally applies to crystallite domains smaller than
100nm; thus, it is limited to nanoscaled crystal gain analysis [175]. During real
measurements, the x-ray beam is hardly monochromatic, and non-parallel
incident rays exist; these factors as well as any other imperfections will cause

broader peaks to be detected.

For our ZnO films, it is desirable to have large crystalline domains along
the c-axis, to yield a stronger and more coherent piezoelectric response across
the top and bottom contacts; hence, we want our measured (002) peaks to be as

narrow as possible.

4.3 Electrical Resistance Measurements

A two point electrical measurement was carried out to measure the DC
resistance values across our zinc oxide films, as depicted in figure 4.10. The
current /(A) was recorded while the voltage between the top and bottom

contacts was swept between -V and +V and then back to -V. The slope of the
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obtained plot equals the electrical conductance; hence, the resistance R between

the contacts was estimated using the slope’s inverse.

B
O «I’| Tcurrent (A)
| ”
Agilent /\I\
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Voltage (V)
Top Contact
ZnO Film
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Samﬁle Staﬁe

Figure 4.10: A schematic showing the setup used to measure the

electrical resistance of our ZnO thin-films

The system used in our measurement is an Agilent 04156C, a precision
semiconductor parameter analyser. It has a voltage measurement input

resistance larger than 10*°Q, and 10pA current resolution [176].

During measurements, the diode mode was selected. It was realized that
the measured current across our thin-films was unstable in the first few
seconds; therefore, at least one voltage sweeping cycle was elapsed before the
current values where recorded. Regarding our settings, a medium integration
time of 20ms was used, and the current compliance was set to the maximum

allowed value of 40mA. The voltage step size was set at 50mV.
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When measuring the impedance of our samples made by the early mask
designs, we had a problem due to having the top contacts on top of the ZnO
film; thus, by slightly varying the pressure of the sensing probes, the detected
current was varied by several orders of magnitude. Hence, it was very hard to
get any consistent resistance values for our films. This problem was eliminated
by changing the top contact structure design, which allowed probing directly

on top of the substrate.

In Addition, an Agilent 4294A precision impedance analyser (40Hz-
110MHz) was used to measure the AC impedance magnitude and phase, across

a given distance on a sample’s surface.

The total of the series contact resistances was estimated by varying the
distance between the probes to work out the resistivity dependency on this
separation distance. The measured impedance was fitted into an R || C model,

which reflected the ohmic and capacitive properties of the inspected sample.

The value of a film’s sheet resistance Rs(€2/sq) was obtained by solving
the van der Pauw equation at the special case when both orthogonal resistance

measurements are equal to R [177]:

_ TR
5T In2

Equation 4.13

Once the thickness t of the measured film is known, the resistivity p(2m) was

calculated from [178]:

p = Rsxt

Equation 4.14
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44 SEM

A FEI Nova NanoSEM 450 was used to obtain our high-resolution SEM images.
The Nova has both a secondary electron detector for topographical contrast
imaging, and a backscattered electron detector for compositional contrast
imaging. Beam deceleration is optional when imaging semi or non-conductive
samples. In addition, the system is equipped with an energy dispersive x-ray

spectrometer (EDS) for elemental analysis.

A scanning electron microscope produces images by scanning a stable,
well collimated, and focused electron beam along a sample’s surface. These
electrons interact with the sample’s atoms, and various detectors are used to
record the signals from these interactions [179]. Images are formed by mapping
the measured signals to the lateral beam position in a raster-like fashion.
Typically, the collected images contain information about a sample’s surface
topography and elemental composition. The three imaging modalities used in
this work rely on detecting a sample’s secondary electrons, backscattered

electrons, and emitted characteristic x-rays.

4.4.1 Imaging using the secondary electron detector

Collecting low-energy (<50eV) secondary electrons ejected by the inelastic
scattering events of the beam electrons results in images that are more sensitive
to a sample’s topography, as these secondary electrons originate within a few
nanometers from the surface [179]. Steeper topographical variations appear

brighter in this mode.
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4.4.2 Imaging using the backscattered electron detector

When the image is formed by detecting the highly energetic electrons that are
reflected back from the sample by elastic scattering of the incident beam,
compositional information regarding the sample are revealed, as the elastic
back-scattering intensity depends on the atomic size and electrical properties of
the interacting sample volume; heavier atoms appear brighter in this modality

[179].

4.4.3 Energy dispersive x-ray spectroscopy

Other than mapped images constructed by the detected electrons resulting from
the raster scanned electron beam, spectroscopic measurements can be
conducted using an SEM. Energy dispersive x-ray spectroscopy relies on
flooding the sample’s surface with energetic electrons, having an energy larger
than 12KeV in our study, and detecting the emitted characteristic x-rays from
the sample’s interaction volume. These x-rays can be used to relay information
regarding the elemental composition of the sample. Point, line, and frame

sampling was possible in our setup

45 AFM

A Nanosurf Naio AFM was used to provide atomic force microscopy scans at
different areas of our samples. Atomic force microscopy is a type of scanning
probe microscopy in which a tip is scanned along the surface of a sample while
trying to maintain a constant applied force set-point. This results in a three-
dimensional image containing information about the sample’s topography and

stiffness. A typical AFM can resolve feature as small as a nanometer depending
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on the setup’s isolation, insulation, and the tip’s radius of curvature. The
accuracy of AFM tip scanning relies on a combination of piezoelectric

controllers and laser beam alignment.

Two scanning modes were used for AFM imaging in this work. In the
contact mode, the tip is intended to maintain contact with the sample
throughout the whole image. Therefore, this technique is prone to drifting and
noise errors, where cantilevers with low stiffness are used to achieve large
deflection signals while keeping the force set-point minimal. On the other hand,
tapping mode was used to avoid the tip sticking to the liquid meniscus layer on
a sample’s surface at ambient conditions. In this mode, the cantilever is driven
to oscillate near its resonance frequency, and the tip-sample force interactions
impose an amplitude modulation on the resonant cantilever. This modulation

can be effectively used to image a sample’s surface.

To isolate random outliers and provide a better understanding of the
general surface topography, values of the root mean squared roughness and
profile kurtosis are provided for our AFM scans. The root mean squared
roughness parameter R, provides an estimate for the absolute vertical deviation

from the mean line measured across the surface:

Equation 4.15

where the profile trace contains n ordered and equidistant points, and y; is the

vertical deviation of the i point from the mean.
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Kurtosis describes the distribution of the sample height data, where a
surface with a few very high peaks or low valleys would give a high kurtosis,
while a surface with many moderate height features gives low or negative
kurtosis values. A normal distribution of features has a kurtosis of zero. The

measured kurtosis parameter Ry, is given by:

Equation 4.16

4.6 Ultraviolet-Visible Spectroscopy

A Cary 100 spectrophotometer was used to measure transmission, reflection,
and absorption through our samples in the ultraviolet and visible (UV/VIS)
spectral regions. In this system, a deuterium lamp is used for ultraviolet
illumination down to a wavelength of 200nm, while a tungsten halogen lamp is
used to provide visible and near-infrared illumination up to a wavelength of
900nm, as shown in figure 4.11. Light is dispersed by a diffraction grating, then
a narrow band is selected using a monochromator, where the band typically
corresponds to 1° in wavelength difference. The monochromatic beam is then
split by means of a half mirror to two identical beams. Those beams traverse the
same length, with one beam passing through the sample, while the other passes
through a suitable reference medium. Each beam’s intensity is then measured
using a photo-detector, typically identical photodiodes. Thereafter, data
processing is used to estimate the absorbance, reflectance, and transmittance

properties of the examined sample.
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Transmission was the main UV/VIS measurement used in this work,
providing a qualitative measure of sample beam intensity relative to the
reference beam, as a function of the incident light frequency. Optical
transmission is directly dependent on a sample’s structure and composition,
where photons with an energy E = h ¢/ can be absorbed to excite the sample’s
electrons at certain characteristic wavelengths; h being Planck’s constant, c is
the speed of light, and 4 is the incident photon’s wavelength. Therefore, a
transmission plot, such as that seen in figure 4.12, provides a quantitative and
characteristic measure of a sample’s transparency over the examined frequency
range. Considering this work, we ultimately desire the whole transducer
structure to be highly transparent and uniform in the visible range, to allow

both optical and acoustic modalities of the SAM, as described in section 1.4.
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Figure 4.11: A schematic diagram showing the simplified
structure of a UV/VIS spectrophotometer, with a photo of the

used Cary 100 system
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Useful approximate models have been developed to estimate a sample’s
properties, such as the index of refraction, band gap, and thickness, using
transmission measurements in low-absorbing thin-films, bounded by plane-

parallel surfaces, and deposited onto transparent substrates [180, 181, 182].

Thickness estimation relies on the observed fringe pattern in the highly
transparent spectral region of the examined films, where fringes arise due to the

multiple coherent reflections at the film interfaces. A typical example is shown

in figure 4.12.
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Figure 4.12: The transmittance spectrum of a ZnO film, with
colors resembling the visible range superimposed over their

corresponding wavelengths

Given the index of refraction n of the film’s material, the film thickness D can be

calculated using the following equation [180]:
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MX2A; X2,

D = G <1, — nG) %]

Equation 4.17

where M is the number of oscillations between two extrema, equal to 1 between
two consecutive maxima or minima; 4;, A,, n(4,), and n(4,) are the
corresponding wavelengths and indices of refraction at the two selected
extrema, respectively. To estimate the refractive index for a transparent

medium at a given wavelength, the Sellmeier equation is used [183]:

BxA? FxA?
12 _ CZ + AZ — GZ

n?(A) =A+

Equation 4.18

where A4, B, C, F, and G are the Sellmeier coefficients. For ZnO, these coefficients
are A = 2.0066; B = 1.5748x10%; C = 1x108; F = 1.5868; G = 2606.3, where 1 is
expressed in A [184].

UV/VIS transmission measurements can also be used to estimate a
material’s optical bandgap through Tauc plots [185]. This technique uses the
optical absorption spectrum to extract information regarding the electron states
in the valence and conduction bands of a sample, as incident photons having
energies less than the sample’s band gap will not be able to excite electrons to
the conduction band, thereby are transmitted. In a typical Tauc plot, (ahf)/" is
plotted against hf near the absorption edge, where a is the absorption
coefficient, which is a function of the wavelength, and r is an exponent that
accommodates the model to the correct electron transition type for a given

material [186, 187]:
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- r =1/2 for direct allowed transitions
- r = 3/2 for direct forbidden transitions
- r = 2 for indirect allowed transitions
- r = 3 for indirect forbidden transitions

Accordingly, the bandgap is determined by extrapolating the slope of the
linear region to @ — 0, as shown in figure 4.13. To calculate the absorption
coefficient, the following approximation of the Beer-Lambert law can be used

[188]:
R+T=e*P
Equation 4.19

where R and T are the measured reflection and transmission magnitudes,
respectively. For samples that have a high transmission and low reflection

properties, R = 0 and equation 4.19 can be approximated by:

in(p)
D

a

Equation 4.20

Using such an approximation, the absorption coefficient of the ZnO sample
whose transmission spectrum was presented in figure 4.12 was calculated and
plotted in figure 4.13. This plot was then used to estimate the value of the

material’s bandgap, which was found to be 3.196eV.
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Discrepancies in this technique lie in the evident tolerance during the

interpretation of the graphical representation

( ahf )2 ( eV2.cm?)

1.5E+9

1.2E+9

9.0E+8

6.0E+8

3.0E+8
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Figure 4.13: The Tauc plot for a zinc oxide sample having a

thickness of 5.2um, where the extrapolated line indicates a

direct bandgap of 3.196eV.
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CHAPTER S5

Results A: Sputtering parameter optimization

The fabrication studies reported in this work aim at optimizing the structure of
the sputtered zinc oxide films to suit our device application purposes. Ideally,
we want our ZnO films to be grown in a columnar, smooth, and homogenous
manner, with their c-axis aligned perpendicular to the substrate to maximize
electromechanical transduction in the thickness mode [11]. Thus, the sputtered
films should grow preferentially with an (002) crystal orientation, have a high
electrical impedance, and the largest possible crystallite domains to maximize

the piezoelectric response along the thickness direction [97, 129, 127].

51 Chapter Objectives

This chapter highlights the microfabrication steps involved in creating our
targeted transducer structure. It also provides an insight to the previous

relevant work done at VUW. Finally, the chapter presents the results of several

107



studies that were done to optimize the zinc oxide sputtering process. The
examined sputtering parameters include the structure of the bottom contact, the
purity of the sputtering target, the substrate-target placement, the substrate
temperature during sputtering, and the composition of the sputtering gas

mixture.

52 Intended Device Processing

The main structure and steps to be applied in the fabrication process of our

ZnO based transducer structure is shown in figure 5.1.
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Thermai Evaporation Bottom Contact v

or
RF Magnetron Sputtering 1

Substrate

Figure 5.1: Schematic showing the different processing steps

and layers of our high-frequency transducer structures
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As this project progressed, different patterning methods were used to form the

intended masks for each deposited layer. This included masking by kapton

tape, masking by laser-cut stainless steel sheets, and photolithography using

various types of photoresists. For further details regarding the developed

process, please refer to appendix B.

The general ZnO transducer fabrication process can be summarized in

the following five steps:

1-

2-

5-

The substrate is diced and cleaned.

The bottom contact mask is applied and the substrate is placed on the
suitable deposition holder. Then, the bottom contact is deposited by

thermal evaporation or RF magnetron sputtering.

The ZnO layer mask is applied, then the ZnO layer is deposited by RF
magnetron sputtering. Thermal annealing inside the sputtering chamber
can be applied during this step, a process which we refer to as in situ
annealing. This annealing process does not require breaking vacuum,
and is expected to relieve possible residual stress in the ZnO layer and to

improve the film’s morphology, optical, and electrical properties.

The top contact mask is applied, then the top contact is deposited by

thermal evaporation or RF magnetron sputtering.

A post-growth thermal annealing process is finally carried out, to
eliminate any residual stresses, grow the crystalline domain size, and
improve the morphology of the deposited ZnO layer. This step is carried
out in a tube furnace at higher temperatures and for longer times than

possible in the sputtering chamber.
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Upon completing the 4™ step, a sample’s thickness can be quickly measured
using the profiler. A more detailed and localized topographical inspection of
the sample’s surface is possible using the AFM. X-ray diffraction was the
primary characterization method to detect the available crystal orientations in
the deposited films, and to estimate their mean crystallite domain sizes and
residual stress levels. SEM imaging was also used to provide both
compositional and topographical electronic images of the samples. In addition,
an electrical probe station and an impedance analyser were used to measure the
electrical impedance and current-voltage characteristics of the deposited films.
UV/VIS spectroscopy was used to examine the reflectance, transmittance, and
absorbance properties of a sample. This provided a means to estimate the

bandgap and thickness of highly transparent films.

5.3 Processing Variables

The ability to measure the films” properties and understand how they correlate
with the different processing variables was essential for establishing our
optimized deposition processes. This eventually allowed the creation of
homogeneous, stress-free, and c-axis oriented ZnO films, with a thickness
exceeding 5um. Given the available resources, several processing variables were

identified. These variables fall into two main categories:

a- Extrinsic variables: parameters that are external to the active layer’s
fabrication process. Figure 5.2 provides a summary of these variables,
which can significantly affect the properties of the deposited zinc
oxide films, and are related to the properties of the substrate and

bottom and top contacts. Controlling such variables often requires
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choosing different materials or altering the relevant methods of

preparation.

b- Intrinsic variables: these include parameters that are directly related
to the zinc oxide deposition and annealing processes, and are
summarized in figure 5.3. Tuning such variables can be as simple as
turning a knob in our small sputtering system or complex by

performing hardware modifications to adjust the system accordingly.

It should be noted that the approach relying on identifying the different
processing parameters and evaluating each parameter’s effects on the resulting
film properties is often not sufficient, as these parameters often depend on one
another. Therefore, a thorough understanding of each processing parameter’s
impact on the physical and chemical properties of the deposition process is

rather required.

Optical Properties Crystal Structure
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Crystal Structure ~a / \
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TorP BoTTOM “
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Optical Properties ? f Optical Properties
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Figure 5.2: Main extrinsic variables and parameters affecting the

properties of the ZnO transducer structures.
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Figure 5.3: Main intrinsic variables and parameters affecting the

properties of the ZnO transducer structures.

As RF magnetron sputtering was selected for depositing the zinc oxide films of
our transducer structure, it was essential to control the sputtering plasma
properties to achieve favourable film characteristics. Generally, ion
bombardment within a plasma sputtering process has three direct effects on
film deposition. Firstly, the temperature of the substrate rises due to the kinetic
energy of the ions and the glow discharge species [189, 190]. This will affect the
surface mobility of the condensate during deposition. In addition, resputtering
atoms off the deposited film is a possibility if the deposited atoms have high
enough energy, or due to negative ions present within the process [191, 192]. A
third effect for bombardment is the damage to the deposited film, due to the

implantation of energetic atoms. Bombardment is usually tuned by means of
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adjusting the RF power, sputtering pressure, sputtering distance, substrate to

target placement, and sputtering angle.

54 Previous VUW Study

Previous work [22] carried out by the same group at Victoria University of
Wellington (VUW) was focused on creating c-axis oriented ZnO films at a
moderately high deposition-rate (Ipm/hour or 16.7nm/min), to allow the
practical fabrication of thick film piezoelectric transducers. The work was done
using soda-lime glass substrates, and was motivated by the acquisition of a new

sputtering system by the group.

5.4.1 Scope of the previous study

An initial evaluation of the HHV Auto500 RF magnetron sputtering system was
carried out, and several modifications were made to achieve higher deposition
rates. This included placing the sample holder directly above the ZnO target, at
a closer distance of 75mm -instead of 150mm, while not applying any substrate
rotation. These steps successfully allowed the deposition of zinc oxide films at

rates exceeding 34nm/min.

Thereafter, an evaluation of the effects of the different deposition
parameters on the sputtered films” quality and deposition rate was carried out.

Deposition parameters included in that study were:
- Sputtering RF power
- Sputtering argon-flow rate

- Substrate temperature during sputtering
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Substrate rotation

Substrate to target placement, which accounts for the separation distance

and the lateral relative positions

Most of the work done at that stage was on soda-lime glass substrates, chiefly

due to their relative smoothness, acceptable thermal properties, and cost-

effectiveness. The results were as follows:

It was found that c-axis oriented films could result only at moderate
deposition rates, below 15nm/min, and at a low substrate temperature,

not exceeding 50°C.

The deposition rate was mainly controlled by adjusting the applied RF
power level, where a highly c-axis oriented growth was achieved for
films deposited at a low RF power. Alternatively, faster deposition rates
using an RF power in excess of 240W yielded highly-stressed
polycrystalline ZnO films with several unwanted crystal orientations.
These films were useless to the intended piezoelectric application.
Similar results were found by Molarius et al. [193] who recommended
keeping the deposition rate below 1um/hour to allow the fabrication of

high-quality piezoelectric ZnO films.

As to the effects of substrate temperature during sputtering, various
literature sources [194, 195] argue that the condensing atoms at low or
ambient temperatures will not possess enough kinetic energy to reach
the position of their lowest surface energy, an aspect that is essential to
form the zinc oxide’s (002) crystal orientation. Therefore, substrate
heating is recommended to boost such growth preferentiality. However,
other studies that used similarly small sputtering systems indicated that

extra crystal orientations arise while sputtering at higher temperatures
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[196, 189, 192], due to providing enough energy to enable such high-
energy states. These extra orientations lead to a deterioration in the films’
piezoelectric response in the thickness mode. Results at VUW agreed
with the latter case, where increasing the substrate temperature during
deposition did not favour the (002) orientation, but rather caused other
undesired competing orientations to exist, particularly the (100) and
(101) orientations. Therefore, it was recommended to avoid any substrate

heating during processing.

Increasing the substrate temperature while sputtering poses another
disadvantage, due to the thermal mismatch between the substrate and
the deposited layers; hence, thermal stresses were reduced when
sputtering at ambient conditions. It was found that while sputtering in
the absence of any heating source, stresses due to thermal expansion
mismatch were negligible for the substrate materials used. This was the
case for both soda-lime glass and polished borosilicate glass substrates.
While sputtering at elevated substrate temperatures (up to 250°C),
theoretical calculations indicated that thermal expansion mismatch
stresses could be neglected when compared to other sources of stress.
These stresses are estimated to be of a similar magnitude even if c-axis

oriented sapphire wafers are used [31, 22].

While adjusting the sputtering gas flow-rate parameter, the highest
deposition rates were achieved when having a total argon flow-rate in

the 4-6sccm range.

Maintaining an accurate and reproducible chamber pressure set-point
during the deposition process was critical for establishing a good control

over the residual stress level in the sputtered zinc oxide films. For a 100%
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argon gas background, pressures below 1.1x10~?mbar resulted in peeled
and cracked films, whereas zinc oxide films sputtered at higher
pressures were more relaxed and robust. The reduction in the residual
film stress due to a higher deposition pressure has been previously
reported by other groups [197, 198, 199], and could be attributed to the
decreased mean-free-path of the energetic ions within the sputtering
plasma, which leads to less energetic film bombardment and stress
build-up. Thus, for a chosen sputtering gas flow rate, the high vacuum
valve was adjusted to ensure having an optimal chamber pressure and
gas flow-rate conditions during the deposition process. This allowed the

creation of stress-free zinc oxide films at high deposition rates.

Introducing oxygen to the sputtering gas mixture caused the zinc oxide
films to progressively deteriorate in terms of the mean crystallite domain
size and the (002) growth preferentiality. Consequently, it was decided to

rely on a pure argon background during the sputtering process.

Despite adjusting the sputtering parameters according to the
aforementioned results, films thicker than 1.5um often cracked and
peeled off the substrate’s surface, most likely due to stresses inherent to
the sputtering process [200, 201, 202, 197]. Therefore, further process
optimization was required to produce more robust ZnO films with
thicknesses larger than 1um. Accordingly, post-growth thermal
annealing in an argon-oxygen gas mixture was found useful for reducing
the residual film stress level, where optimal results were achieved when

annealing at a temperature of 600°C for 1 hour.
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5.4.2 Recommendations of the previous study

Based on this previous study, a four-step deposition process was suggested [22]

to create thick zinc oxide films suited for transducer applications:

1- A 400-700nm thick, high-quality, and c-axis oriented ZnO buffer/seed
layer is deposited at a low RF power of 150W. It was suggested that this
buffer layer would serve as a matching substrate for further depositions.
This reduces the chance of forming the unwanted orientations associated
with higher deposition rates, assuming that these orientations were a

direct result of the substrate or bottom contact mismatches.

2- Under the same vacuum cycle, an in situ annealing step at 250°C is
carried out inside the sputtering chamber, to alleviate any residual

stresses within the buffer layer.

3- The substrate is allowed to cool back to the ambient growth temperature,
then the rest of the ZnO film is deposited at a higher RF power of 240W

to boost the overall deposition rate.

4- After the sample is removed from the sputter coater, a post-growth
thermal annealing step at temperatures exceeding 400°C is done. This
step should remove any residual stress and enhance the

electromechanical and electrical properties of the films.

5.5 Current Results

Despite using optimal sputtering parameter settings, and following the
aforementioned proposed four step deposition process [22], peeling of the

deposited ZnO films remained a major problem especially when the sputtered
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thickness exceeded 2um. In addition, the colour and electrical resistance
properties of the deposited films suffered from poor reproducibility, which was
exacerbated by using targets with different purities from various vendors.
Hence, the first objective of this work was to solve these problems, by isolating
and studying the different variables that affect the properties of the sputtered

ZnO layer. The considered sputtering variables included:

Substrate material choice

- Structure of the bottom contact

- Sputtering target purity

- Substrate-target placement and the resulting film thickness uniformity

- Substrate temperature during sputtering

Sputtering gas mixture

Throughout the following studies presented in this chapter, all three substrate
materials mentioned in section 3.1.1 were used. Except for a single case, the
usage of soda-lime glass substrates was discontinued in the studies presented in
the next chapters. This was due to its relative low quality resulting in films
peeling and having worse structural and electrical properties when compared

to borosilicate glass and sapphire substrates.

5.5.1 Structure of the bottom contact

At the start of this project, gold was the material of choice for creating the top
and bottom contact structures. As gold films tend to have poor substrate

adhesion, the use of a thin chrome or titanium layer usually provides a suitable
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remedy [31, 203, 24]. Due to its availability and the established processing
within our lab, chrome was used for this purpose. To evaluate the importance
of having a similar chromium interface layer between the gold contacts and the

zinc oxide film, a test study was conducted.

Two batches of samples having the transducer structure shown in Figure
5.4 were made. For that study both borosilicate glass and sapphire substrates
were used. The evaporation and sputtering conditions were kept similar, with
an exception to whether the thin chromium interface layers between the gold
and zinc oxide films were included or omitted. The chromium layer had a
thickness of ~Inm, while the gold contacts were 20nm thick. The zinc oxide film

had a total thickness of 1.4-1.6um.

The resulting samples looked similar after processing was complete, with
no signs of films flaking or peeling. However, samples lacking the chromium
interface layers suffered from significant peeling after external thermal
annealing for 1hr at 400°C. The large flaking areas were observed at various

places of the Au/ZnO/Au structure, irrespective of the substrate material.

As thermal annealing is an important step in the fabrication process of
our final transducer structure, depositing chromium interface layers was found
essential to improve the adhesion of the contacts to the substrate and to the zinc
oxide film. Hence, it was decided to include the chromium layers as part of our

final contact structure.
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Figure 5.4: A schematic showing the deposited transducer

structure

A second contact structure study was carried out to evaluate the effect of the
bottom contact thickness on the quality of the sputtered zinc oxide layer. The
properties of the bottom contact structure are of significant importance to this
work, due to it serving as a substrate layer to the deposited ZnO film. In this
study, both sapphire and borosilicate glass substrates were used for
comparison. The deposition and sputtering parameters were kept similar,

except for the bottom contact’s gold layer thickness, which had three different
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values of 20nm, 50nm, and 80nm. The deposited ZnO films had only the buffer
layer included, which had a thickness of ~0.7um. Sputtering was carried for 1-

hour at an RF power of 150W.

X-ray diffraction analysis indicated that better ZnO film properties; i.e.,
lower ZnO film stress and larger (002) mean crystallite domain size (t) were

achieved when using thinner bottom contacts, as shown below in figure 5.5:
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Figure 5.5: Properties of the deposited ZnO buffer layers on top

of the 20, 50, and 80nm thick bottom contacts

Evidently, it was decided to use the thinnest gold bottom contact of 20nm for

later transducer structures.

5.5.2 Target purity

To compare the effects of target purity on the resulting ZnO films, buffer ZnO
layers were deposited onto soda-lime glass, borosilicate glass, and sapphire
substrates. For each sample, a similar sputtering process was conducted for 1-
hour at a 150W RF power, and using the same conditions, while target purity
was kept as a variable. Zinc oxide targets of two different purities, 99.99% from

Ezzi Vision and 99.999% from Kurt Lesker, were used.
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The profiler indicated that the sputtered films had comparable
thicknesses of ~0.7um, and x-ray diffractograms showed that film-growth was
along the favourable ZnO (002) orientation. Expectedly, the purer target
consistently yielded ZnO films with better diffractograms in terms of higher
(002) peak intensities and smaller FWHM values. Therefore, it was decided to

always use purer targets to establish better ZnO films.

5.5.3 Substrate-target placement and thickness uniformity

It is important that our high-frequency piezoelectric films have smooth
morphology and uniform thickness across the deposited area, to maintain
uniform electrical and electromechanical properties across the lateral
dimensions of the transducer [31, 204, 9], and to allow the reproducible

fabrication of complex piezoelectric transducer structures.

Therefore, a study was initiated to measure the thickness profile
variation across the deposited ZnO films, and to evaluate the established
thickness reproducibility. In this study, ZnO sputtering occurred on top of
Cr/Au/Cr (2nm/20nm/2nm) contacts, which were deposited on soda-lime glass
substrates (7.5x2.5x0.1cm). Six different sample batches were prepared using
the same sputtering conditions, where each batch consisted of two adjacent
soda-lime substrates. Kapton tape was used to create a rectangular mask
pattern for the deposited ZnO films, as seen in figure 5.6. Sputtering was done
at an RF power of 150W using an argon flow rate of 6sccm and a 99.999% pure
ZnO target. The substrate to target distance was fixed at 66mm, where
substrates were aligned directly above the target. No substrate heating was
applied. Finally, a Cr/Au (2nm/20nm) top contact structure was thermally

evaporated through a metal mask.

122



The thickness of the sputtered ZnO films was measured using the Veeco
Dektak 150 surface profiler. In order to establish a thickness profile for each
deposited ZnO batch, thickness was measured at 16 different positions, as
indicated in figure 5.6. The sputtering centre was visually identified using the

colourful circular pattern on each ZnO batch.

Substrate 1

Substrate 2

Figure 5.6: Each batch had two adjacent soda-lime substrates.
For a given batch, the 16 ZnO film edges where thickness was
measured are highlighted by black circles. The central axis of

deposition was visually identified using the colour pattern.

Thereafter, the measured thickness at each position was radially mapped with
respect to the deposition centre, resulting in a thickness profile plot for each
batch, as seen in figure 5.7. Even though the sputtering conditions were kept
almost identical, thickness measurements indicated slight differences in the
sputtered films thicknesses. This could be attributed to the small chamber

pressure variations during deposition.

The thickness of a sputtered film radially decreases across the substrate
plane, where such a gradient is expected to become more severe with a

decreased target-to-substrate separation [24]. For a central deposition thickness
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of 700nm, the measured thickness decrease was around 150nm at a radial

distance of 40mm; this translates to a 22% decrease in the film’s thickness at a

radial distance of 40mm.
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Figure 5.7: Thickness profile plots for the six different sample

batches

It should be noted that the targeted single element transducer structures have

much smaller lateral dimensions,

of the order of a few millimetres. Hence,

assuming a similar target to sample distance, the deposited thickness

uniformity of our transducer structures is expected to be acceptable, with

variations as little as 2% across a given element.

5.5.4 Substrate temperature

Using our small RF magnetron sputtering system, previous results at VUW

indicated that substrate heating caused unfavourable crystal orientations to

dominate during ZnO film deposition [22], as described in section 5.4.2. Such
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results were achieved for films deposited on soda-lime glass substrates.
However, as substrate properties such as the material composition, crystal
structure, and finishing have their own impact on a condensing film’s energy
conditions [97, 192, 24], we decided to conduct a second substrate temperature

study, using borosilicate glass and sapphire substrates.

Thus, for each substrate material, a reference sample was prepared using
a three-step deposition process. This process followed the recommendations
and settings mentioned in section 5.4.2, while excluding the post-growth
thermal annealing step. Accordingly, a thin c-axis oriented ZnO buffer layer
was deposited at an RF power of 150W. Then, an in situ annealing step at 250°C
was conducted, using a 100% oxygen gas background with a total flow rate of
6sccm. These reference samples were then allowed to cool down to a
temperature of 67°C, at which point the rest of the ZnO film was deposited at a
higher RF power of 240W, for 2 hours.

An identical deposition process was carried for the rest of the samples,
with an exception to the last sputtering step, which had the substrates

maintained at 150°C, 200°C, and 250°C.

After sputtering was complete, the kapton masking tape appeared
slightly burnt for samples that had substrate heating in the last deposition step.
This caused the resulting ZnO film to appear black at several spots, as seen in

figure 5.8. Several hours later, the films appeared to peel at these spots.
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Figure 5.8: A sample after ZnO deposition for 2-hours at 250°C.

The dark spots around the kapton tape edges are clearly visible.

Irrespective of the substrate material, x-ray diffractograms of the resulting ZnO
films showed that substrate heating caused several unwanted crystal
orientations to dominate, particularly the (100) and (101) orientations. The
influence of substrate heating on ZnO’s growth along the (002) orientation is
highlighted in figure 5.9, where the (002)/(100) and (002)/(101) peak intensity

ratios are plotted as a function of the substrate temperature.

These results are backed by the theory that thin-film surface heating due
to bombardment during ZnO sputtering yields optimal combination of adatom
mobility and kinetic energy to allow columnar c-axis smooth growth [205]. In
such a scenario, having a higher substrate temperature results in excessive
adatom energy that causes growth to be less susceptible to the desired

shadowing effects.
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These detrimental effects of substrate heating on ZnO’s (002) selectivity
resonate with the previous results achieved at VUW using soda-lime glass

substrates [22].
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Figure 5.9: Crystal orientation selectivity of ZnO films
deposited on both borosilicate glass and sapphire substrates as

a function of the substrate temperature.

It is notable that in spite of the consistent (002) selectivity deterioration with
substrate heating, sapphire substrates showed a significant (002) selectivity
boost when compared to borosilicate glass substrates. Therefore, using sapphire
substrates, zinc oxide growth proceeded along the favourable (002) orientation,

even when the substrate temperature reached 250°C.

As a direct result of this study, substrate heating was excluded from the
ZnO sputtering process on top of these substrates, and kapton tape masking

was avoided.

5.5.5 Sputtering gas mixture

Having zinc oxide films with no oxygen or zinc deficiencies improves the

overall crystal symmetry, thereby, allowing a maximum piezoelectric response
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to be achieved. Moreover, deficiencies and crystal imperfections are expected to
have a negative impact on the zinc oxide’s semiconducting properties, due to
doping effects that decrease the film’s resistivity [97, 31]. As the sputtered ZnO
films are usually expected to be oxygen deficient [97], sputtering using an argon
and oxygen gas mixture was investigated, in an attempt to optimize the

resulting films’ stoichiometry.

Both sapphire and borosilicate glass substrates were considered for this
study. Sputtering was carried out for 1-hour at an RF power of 150W using a
total gas flow rate of 6sccm. Similar deposition parameters were used to sputter
the different samples, with exception to the gas mixture which considered three

different constitutions:
1- 100% Ar, to provide a study reference
2- 90% Ar : 10% O:
3- 80% Ar :20% O2

The resulting ZnO films had a thickness of 0.6pum. X-ray diffractograms
indicated that having oxygen in the sputtering gas mixture resulted in films
containing several undesired crystal orientations, and poor growth selectivity
along the ZnO (002) orientation, irrespective of the substrate material used. The
main competing crystal orientations were the (100) and (101), respectively, as

seen in figure 5.10.

When the oxygen content exceeded 10%, the resulting ZnO films were no
longer (002) oriented, with a slightly better (002) texture observed for films

grown on sapphire substrates.
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Figure 5.10: The plots show the effect of adding oxygen to the

sputtering gas mixture on the resulting ZnO (002) selectivity.

These results are in agreement with the previous study conducted at VUW [22],

where soda-lime glass substrates were used instead.

Post-growth thermal annealing of the ZnO films was done over 2 hours
at 400°C and 600°C. Annealing resulted in increased crystallite domain sizes
and maximum peak intensities within the diffractograms. It also eliminated the
residual film stress; however, it did not eliminate the undesirable orientations,
as the (002) orientation selectivity remained constant. Hence, it was determined
that a ZnO film should possess a high (002) orientation selectivity prior to the
annealing process. It should be noted that having oxygen in the sputtering gas

mixture resulted in more transparent and electrically resistive films.

As preferential growth along the c-axis orientation is essential for
achieving our ZnO based structures, it was decided to exclude oxygen from the

sputtering gas mixture in our system.
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5.6 Chapter Summary

This chapter provided a detailed description of the processes involved in the
fabrication of our ZnO transducer structures. In addition, it summarized the
results achieved during a previous ZnO sputtering study by the same research
group. Finally, several sputtering studies that were carried out during the early
stages of this work were presented. Following are the main findings and

recommendations of the studies presented in this chapter:

- RF power exceeding 240W was found inappropriate for producing (002)

oriented ZnO films.

- Substrate heating during sputtering resulted in having unwanted ZnO
crystal orientations, particularly the (100) and (101) orientations. This
result was also confirmed when using borosilicate and sapphire

substrates.

- Pressures lower than 1.1x10?mbar resulted in highly stressed and flaky

films.

- Introducing oxygen to the sputtering gas mixture gave rise to unwanted
crystal orientations. This result was confirmed for both sapphire and

borosilicate substrates.

- Having a thin chromium layer was found essential for providing a better
adhesion between the gold film and the substrate, as well as between the

gold and the ZnO films.

- Having a thinner gold bottom contact layer (20nm) resulted in an

improved ZnO (002) selectivity when compared to thicker gold layers.
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- Given the relatively short target to substrate distance and the lack of
rotation of the substrate holder, the thickness uniformity during
deposition was found acceptable, with a thickness variation of 2% within

a 1cm of the film’s surface.

As the different sputtering parameters were identified, and the
favourable/optimal ranges and values for each of these parameters were
determined, the next step was the optimisation of the ZnO films by means of

thermal treatment.
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CHAPTER 6

Results B: Thermal Annealing Effects on the ZnO

Films’” Structural and Electrical Properties

After evaluating the effects of the different sputtering parameters, and
optimizing these parameters to ensure creating thin zinc oxide films with
properties that match our required device specifications, the next step was to
examine the possibility of improving the films’ properties using thermal
annealing, as suggested by various sources of literature [154, 153, 206, 207, 208],
and to deposit films with a thickness exceeding 2um, to test the fabrication

process validity for thicker films.

6.1 Chapter Objectives

The main objectives of this chapter are:

133



- Evaluating the effects of the in situ annealing step on the quality of the

resulting ZnO layer.

- Evaluating the effects of the post-growth anneal step on the quality of the

resulting ZnO layer.

- Evaluating the effects of the gas mixture composition on the results of

the thermal annealing steps.

- Evaluating the effects of the substrate material choice on the results of

the thermal annealing steps.

6.2 First Assessment Test

Soda-lime glass substrates were used to deposit the ZnO films in this study,
where the four-step deposition process was done, according to the fabrication
plan proposed in section 5.4.2, and the recommendations of the previous
chapter. The deposition of the ZnO film at the relatively higher RF power of
240W; i.e., the third fabrication step, was carried out for 2.5 hours. The fourth

step was omitted; thus no post-growth external thermal annealing was done.

After processing was concluded, it was found that the kapton tape used
to keep the wafers in place had sagged, and the resulting ZnO films showed
visual signs of cracking and delamination, with the films resembling thin

powder layers at some regions, as seen in figure 6.1.

Thickness measurements indicated that the resulting ZnO film had a
total thickness of 3um. Peeling was especially severe at the ZnO film portions

grown on top of the bottom metal contact. Therefore, it was crucial to solve this
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peeling problem, before any further advancement in the transducer fabrication

plan could be made.

After Sputtering

Before Sputtering
9

Figure 6.1: Film peeling is clearly visible on top of the metal
contacts. The kapton tape sagged during sputtering, which

caused non—uniform ZnO deposition under the sagging tape.

To eliminate the need for kapton tape during processing, a new sample holder
and set of masks were made. This allowed the wafers to be kept fixed to the
same holder during thermal evaporation of the metallic contacts and ZnO
sputtering; hence, the whole process became cleaner, using robust stainless steel

masks.

6.3 In situ and Post-Growth External Annealing Study

The in situ annealing step is carried out inside the sputtering chamber, which

eliminates the need to break vacuum. The step is aimed at improving the
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structural and electrical properties of the buffer ZnO layer, to achieve optimized

layer properties for further ZnO deposition at higher RF powers.
The parameters that can be controlled during this annealing step are:

- The maximum substrate temperature, which was around 250°C, to prevent

damage to the chamber components and seals.

- The time duration during which the maximum temperature is maintained.
This was set to 1 hour to prevent overheating the chamber for prolonged

durations.

- The gas mixture composition, with both oxygen and argon feeds being

available.
- The gas flow-rate, which was kept at a total flow of 6sccm.

- The gas pressure, which can be altered by adjusting the chamber’s high
vacuum valve (details in [209]). When using a total gas flow rate of 6sccm,

this chamber pressure was around 2x10~?mbar.

As the ambient gas flow-rate and pressure were held constant, and the
maximum substrate temperature was used during the 1-hour in situ annealing
step, the only adjustable annealing parameter was the ambient gas mixture.
Adding more oxygen to the annealing gas background was expected to reduce
any oxygen deficiency in the buffer ZnO layer. Therefore, a comparative study
to evaluate the effects of the in situ annealing gas mixture on the structural and
electrical properties of the deposited ZnO buffer layer was initiated. All three
substrate materials (soda-lime glass, borosilicate glass, and sapphire) were
included in this study. All these samples were later annealed in an external

furnace, at temperatures higher than possible in the sputtering system, and in a
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constant 95%:5% Ar:O: gas mixture. X-ray diffraction was the main tool used for
characterizing the structural properties of the resulting films (details in section
4.2), whereas an electrical probe station (details in section 4.3) was used to

measure the electrical resistance of the films.

6.3.1 Soda-lime glass

Sputtering occurred on top of Cr/Au/Cr (2nm/50nm/2nm) contacts, which were
deposited on soda-lime glass substrates (measuring 7.5%2.5x0.1 cm?). Five
different samples were prepared using the same sputtering conditions. Thus,
the RF power was set at 150W, the argon flow rate was maintained at 6sccm,
with a 66mm substrate to target distance, and using a 99.999% pure ZnO target.
The substrate was not heated to avoid the introduction of unwanted crystal
orientations. The only difference between the five samples concerned the
composition of the gas mixture during the in situ annealing step, which lasted

for one hour at a temperature of 250°C:

- Sample-1: total flow 6sccm, 100% Ar

- Sample-2: total flow 6sccm, 75% Ar, 25% O2

- Sample-3: total flow 6sccm, 50% Ar, 50% O2

- Sample-4: total flow 6sccm, 25% Ar, 75% O:

- Sample-5: no in situ annealing (to act as a reference)

A top contact layer was then deposited to allow the electrical characterization of
the ZnO layers. Profiler measurements indicated that the ZnO films had a

thickness of 500-700nm, which is consistent with the expected deposition rate.

137



6.3.1.1 Structural properties

X-ray diffractograms of the different ZnO samples indicated that the sputtered
films had a favourable growth along the (002) orientation, as no other
orientations were detected. As seen in figure 6.2, the films possessed residual
compressive stresses, where these stresses were largest when no in situ thermal
annealing was applied; i.e., in the case of sample-5. As the ZnO films were
deposited on soda-lime glass, a major source of error in residual stress
estimation using x-ray diffractograms arises due to the inability to measure an
absolute 20 value for a given peak, by utilizing well-defined peak positions,
such as the (006) sapphire peak (details in section 4.2). The full-width at half-
maximum (FWHM) values were comparable for all the samples, indicating that
the crystallite-domain sizes were not affected by the variations in the in situ

annealing step.
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Figure 6.2: X-ray diffractograms of the different ZnO samples
deposited onto soda-lime substrates, showing the ZnO (002)
peak. Left) After the in situ annealing step; Right) After the

external annealing step.
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The samples were later annealed in an external furnace, as described in section
3.3, for one hour at a temperature of 400°C, and in a 95%:5% Ar:O: gas mixture.
After this external annealing step, the estimated ZnO (002) peak positions for
the different samples became well aligned, suggesting that the residual stress
became slightly tensile and almost identical in all samples, as seen in figure 6.2

and figure 6.3.

In addition, the estimated FWHM values decreased, with increased
maximum count rates of the (002) peaks. Having smaller FWHM values
indicated that that average crystallite domain size became larger due to

annealing at 400°C.
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Figure 6.3: The estimated residual stress levels for the different
ZnO samples. Negative stress values indicate compressive

stress, whereas positive values indicate tensile stress.

Therefore, this study emphasized the need to carry out the in situ annealing
step, as it helped reduce the residual stress level in a sputtered ZnO buffer

layer. The external anneal step at 400°C was found enough to eliminate the
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inherent compressive film stress, and resulted in a slightly larger crystallite

domain size.

6.3.1.2 Electrical properties

Having highly resistive piezoelectric films with small resistance variation across
the films’ surface area is an essential requirement for this project. Thus, a
parameter analyser (details in section 4.3) was used to measure the electrical

resistivity across the different ZnO films of this study.

Despite being only 700nm thick, electrical resistance measurements
showed that the buffer ZnO films had a resistivity of at least 500.cm, and up to
1x107Q.cm, which was actually limited by the analyser’s internal resistance.
Figure 6.4 shows the measured electrical resistivity versus the radial distance

from the sputtering centre for all samples.
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Figure 6.4: The average measured electrical resistivity values
versus the radial distance from the sputtering centre for the 5
samples of this study. For each sample, the dotted line is

located at a single standard deviation from the mean.
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A more interesting finding was the dependence of the films” electrical resistance
on the composition of the gas mixture during the in situ annealing step. Thus,
the results indicated that the in situ annealing step was necessary to ensure
having a reproducible resistive buffer ZnO layer. Using more oxygen in the in
situ annealing gas-mixture resulted in films having more stable electrical

resistivity values across the different areas of the film.

Samples lacking the in situ annealing step or having an oxygen flow
lower than 50% of the total annealing gas-mixture had large variations in the
measured resistivity values, sometimes spanning up to 7 orders of magnitude,
which imply that such films were not guaranteed to have reproducible resistive
properties. Therefore, the in situ annealing step was found necessary to
optimize the electrical properties of the buffer ZnO layer, as having more

oxygen in the annealing gas-mixture resulted in stable resistive films.

6.3.2 In situ anneal of borosilicate and sapphire samples

Given the same exact settings used for depositing the buffer ZnO films on top of
soda-lime glass substrates (section 6.3.1), two more sample batches were
prepared using borosilicate glass and sapphire substrates. Similarly, in situ
annealing for one hour at 250°C and using different gas mixture compositions

resulted in five different samples for each substrate material:
- Sample-1: annealing gas mixture was 100% Ar
- Sample-2: annealing gas mixture was 70% Ar, 30% O2

- Sample-3: annealing gas mixture was 30% Ar, 70% O2
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- Sample-4: annealing gas mixture was 100% O:

- Sample-5: no in situ annealing step, to act as a reference

Profiler measurements indicated that the ZnO films had a total thickness

ranging from 450nm to 600nm.

6.3.2.1 Structural

6.3.2.1.1 Borosilicate glass

X-ray diffractograms of the different ZnO samples indicated that the sputtered
buffer layers had a poor (002) selectivity, except for the case when only oxygen

gas was used during the in situ annealing step (sample-4), as seen in figure 6.5.

Similar to the soda-lime glass samples, it was not possible to adjust the
diffractograms of these films to eliminate misalignment errors, due to the
amorphous nature of the substrate, and the lack of any well-defined peak
(details in section 4.2). Nonetheless, it was found that the in situ annealing step
contributed to having films with reduced residual stress levels, where the un-
annealed reference sample had the highest stress level, while the in situ

annealed samples had slight tensile stresses.

Moreover, as in the case of soda-lime glass substrates, the full-width at
half-maximum (FWHM) values were comparable for all the samples, indicating
that the crystallite-domain sizes were not affected by the in situ annealing step,

as seen in figure 6.5.
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Figure 6.5: Plots showing the estimated structural properties for
the 5 different ZnO samples on top of borosilicate glass; top)
FWHM, middle) ZnO (002):(100) selectivity , bottom) Residual

stress level
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During sample fabrication in this study, certain regions were intentionally left
out without a bottom contact structure, to allow direct ZnO deposition onto the
borosilicate substrate. This gave us the ability to understand the effects of the
bottom contact layer on ZnO growth. The most significant finding from the x-
ray diffractograms measured for films directly grown on the substrate was
related to the (002) crystal orientation selectivity; the result indicated a
significant boost in (002) growth selectivity when ZnO was sputtered directly
on the substrate (Figure 6.6). Therefore, the bottom metal contact had a

significant detrimental effect on the ZnO (002) orientation selectivity.
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Figure 6.6: Noticeable improvement in the (002) selectivity

when growing ZnO films directly on borosilicate.

6.3.2.1.2 Sapphire
X-ray diffractograms of the different ZnO samples on top of sapphire substrates

indicated that the sputtered buffer layers had a poor (002) selectivity, except for
the case when only oxygen gas was used during the in situ annealing step. In
addition, stress was almost eliminated and the FWHM values were almost

unaffected by the in situ anneal step.
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different ZnO samples on top of sapphire; top) FWHM,
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These results were almost identical to the case of borosilicate glass, with a
slightly better selectivity and lower stress levels in the case of sapphire

substrates, as seen in figure 6.7.

As for borosilicate glass, certain regions of these sapphire samples were
intentionally left out without a bottom contact structure, to allow direct ZnO
deposition onto the sapphire substrate. X-ray diffractograms indicated a
significant boost in (002) growth selectivity when ZnO was sputtered directly
on to the substrate, as shown in figure 6.8. Again, the bottom metal contact had

a significant detrimental effect on the (002) orientation selectivity.
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Figure 6.8: Noticeable improvement in the (002) crystal
orientation selectivity when depositing ZnO directly onto

sapphire.

6.3.2.2 Electrical

Electrical resistance measurements using the probe station showed that the
buffer ZnO films on top of both borosilicate and sapphire substrates had a
minimum resistivity of 500Q.cm. Moreover, the results with respect to the

benefits of having more oxygen in the in situ annealing gas mixture were found
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similar to the case of the soda-lime glass samples (section 6.3.1.2). Therefore, the

same recommendations were deduced.

6.3.3 Post-growth anneal of borosilicate and sapphire samples

Samples from the in situ annealing study (section 6.3.2) were thermally
annealed in the insulated furnace that was described in section 3.3.
Understanding the changes that happen to ZnO films when annealed at
elevated temperatures is crucial for the optimization of our fabrication process,
as it is not possible to anneal at such temperatures inside the sputtering system
used. Annealing is a significant processing step that can be used to optimize the
electrical, structural, and electromechanical properties of our ZnO films, as

mentioned in sections 3.3 and 6.3.
The parameters related to the external annealing system are:

- Annealing gas mixture, which is fixed at a 95% Ar : 5% O:

- Maximum annealing temperature, which could be adjusted using the

furnace’s microcontroller.
- Maximum annealing temperature duration, which was set to 2 hours.
- Temperature ramping rate, which was set to a fixed value of +20°C/min.

- For the cooling part, the furnace was automatically shut down, and then

allowed to cool down to ambient temperature.

Therefore, it can be deduced that the only variable to control during the

external annealing step is the maximum annealing temperature.
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Thus for this study, annealing was carried out at a maximum temperature of
400°C, and then consecutive annealing steps were carried out at higher

temperatures, in steps of 200°C, and up to 800°C.

After each annealing process, the samples electrical resistance was
characterized using the probe station described in section 4.3, while the
structural properties were estimated using x-ray diffraction (section 4.2). This
allowed us to examine the evolution of the electrical and structural properties of

our ZnO films, as the annealing temperature increased.

In this study, it was found that the used borosilicate substrates did not
withstand temperatures exceeding 400°C, as they started to flow due to
exceeding their glass temperature, rendering these samples useless.
Consequently, this post-growth annealing study solely discusses the results of

ZnO films deposited on top of sapphire substrates.

6.3.3.1 Structural

Residual ZnO film stresses were virtually eliminated on top of sapphire

substrates after annealing at 400°C, as seen in figure 6.9.
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Figure 6.9: Stress for films deposited on sapphire versus the

post growth annealing temperature.
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This result was also consistent for the ZnO films that were deposited directly

onto the sapphire substrate.

On the other hand, as the annealing temperature increased, the FWHM
of the ZnO (002) peak was found to significantly decrease, indicating a
continuous increase in the average crystallite domain size (CDS), from about
5nm at room temperature, to almost 50nm at 800°C, as seen in figure 6.10. A
similar trend was observed when the ZnO films were directly deposited onto

the sapphire.

45 | —— Reference /
--a-- Sample 1 /
l’ =
----4---- Sample 2 o
35 - P a0

Sample 3

Sample 4

CDS (nm)

25

S

15

Temp ('C)
5 T T T T 1

0 200 400 600 800 1000

Figure 6.10: The estimated CDS of the ZnO (002) peaks for the

different post-growth annealing temperatures.

Using more oxygen during the in situ annealing step meant having a higher
value for the measured (002) peak maxima; this observation was maintained
after external annealing, and directly resulted in having higher (002) selectivity
values. For ZnO films grown directly on top of sapphire, the maximum (002)
peak value exponentially increased as the annealing temperature increased;
however, for the portions sputtered on top of the bottom metal contact, this
trend was not observed, especially after annealing at 800°C, with exception to

the film that was in situ annealed in a 100% oxygen background, as seen in
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figure 6.11. Depositing ZnO directly on the substrate meant having higher
values for the (002) peak maximum, up to one order of magnitude. Therefore,
(002) selectivity was found to drop on top of the metal contact, which signalled
a significant problem regarding the prospects of growing c-axis ZnO films on
top of the Cr/Au contact structure, irrespective of the advantages offered by the

sapphire substrate.
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Figure 6.11: The estimated (002):(101) selectivity of the
different ZnO films sputtered on top of c-axis sapphire as a

function of the post-growth annealing temperature.

6.3.3.2 Electrical

At temperatures exceeding 600°C, the metal contacts seemed to deteriorate and
look transparent, probably due to them melting and diffusing, or due to
agglomeration effects. This prevented further resistance measurements for the
samples. Thus, no reliable resistance measurements were possible after
annealing at such temperature, which indicate a catastrophic failure of such

contacts when treated at high anneal temperatures.
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6.4 Chapter Summary

The results presented in this chapter confirmed the importance of having an
oxygen-rich environment during the in situ anneal step of sputtered ZnO films,
as it helps to achieve a lower stress, larger mean crystallite domain size, highly
selective (002) texture, and high and reproducible electrical resistance. The

following specific conclusions were reached:

- Lowering the relative oxygen concentration during the in situ anneal

step causes the undesired ZnO crystal orientations to dominate.

- The inherent compressive stress within the as-grown ZnO films could be
eliminated by annealing at a temperature of 400°C, however anneal
temperatures as high as 800°C are needed to ensure a dominant (002)

textured film.

- It is suggested that the in-situ anneal in an oxygen atmosphere aids the
elimination of oxygen vacancies, which are formed during the sputtering
process. The elimination of these vacancies is essential to ensure having

the desired (002) texture during recrystallization.

- The borosilicate substrate was found not suitable for high temperature

anneal steps, as 600°C seemed to exceed its glass transition temperature.

- Selective growth along the (002) direction was found poor for all ZnO
films grown on Cr/Au/Cr contacts. The only exception was the sapphire
sample that received a one hour in situ anneal treatment in a 100%

oxygen environment.
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CHAPTER 7

Results C: Effects of Thermal Annealing on the Metal

Contacts

Based on the results reported in chapters 5 and 6, several questions remained
unanswered when it came to optimizing the ZnO transducer fabrication process
to create functional and thick piezoelectric ZnO films. Those questions mainly
concerned the poor selectivity of the (002) crystal orientation of deposited ZnO

on top of a metal (Cr/Au/Cr) bottom contact (chapter 6).

Evidence in section 5.5.1 indicated that having a thinner bottom contact leads to
an improved (002) selectivity, and section 6.3.3 reported having a better (002)
selectivity when the ZnO was sputtered directly onto the substrate. Hence, the
Cr/Au/Cr layer was found detrimental to the fabrication of proper device
quality c-axis oriented ZnO layers. In addition, visual changes of the metal
bottom contact layers where observed when the samples had undergone post-
growth thermal annealing; the films seemed to lose colour and become

transparent as the annealing temperature became higher. Thus, it was suspected
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that the contacts were being damaged, as it is known that thermal annealing can
disintegrate metal thin-films into particles by the process of dewetting [210, 211,
212]. This structural degradation is driven by the reduction of the surface and
strain energy [213], and is known to take place at temperatures well below the
melting point of the metal (for gold T;,, = 1064°C [212]), so that a film remains in
the solid-state [214]. Thus, the required post-growth thermal annealing process is
expected to have both positive effects on the active ZnO layer, and negative effects

on the metal contacts.

7.1 Chapter Objectives

This chapter describes a study that was conducted to evaluate the effects of post-
growth external annealing at elevated temperatures on the quality of the Cr/Au/Cr
contacts. The study also compares the effects of the in situ annealing conditions on
the properties of the resulting metal and ZnO films. Only sapphire substrates were
considered in this work. In addition, this study uniquely provides insights into
the microstructural evolution of both bare metal films, and metal films capped
with a thicker RF-magnetron sputtered ZnO layer, as the annealing temperature

increased.

7.2 Microstructure Evolution of Metal/ZnO Films

This study was initiated to investigate the limits of film optimization of such
Cr/Au/Cr/ZnO structures by means of in situ and post-growth furnace thermal
annealing, and to evaluate the quality of the metal contact structure as a
function of the annealing temperature, to examine the compatibility of metal

films with this essential structure optimization step. This study was also meant
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to examine the evolution of the morphology, crystal properties, and electrical
properties of identical ZnO films grown on top of both the substrate, and a

20nm thin gold layer, as the annealing temperature was increased.

XRD, AFM, SEM, EDS and RF impedance measurements were carried out to
examine the structural evolution of thin Cr/Au/Cr films deposited on top of
sapphire substrates, as the annealing temperature was increased from 250°C to

800°C.

7.2.1 Fabrication

The transducer fabrication process was started by depositing a Cr (Inm)/ Au
(20nm)/ Cr (Inm) bottom contact on half of the substrate, while the other half
was left bare to evaluate the effects of having a bottom metal contact on the
deposited ZnO layer. Consequently, a 250nm thick ZnO layer was sputtered at
an RF power of 150W in an Ar gas background at a pressure of ~1.5x1072

mbar.

After this deposition, the films were subjected to an in situ anneal inside
the sputtering chamber using a substrate quartz lamp heater. This step was
done at 250°C in an Ar:O:2 gas mixture for 1 hour. The heating rate was
~3.3°C/min, and the temperature set point was held for 1 hour. The samples
were allowed to cool in the same gas mixture. Based on the results of the
previous chapter, in situ annealing was found to favour the growth and
recrystallization of the (002) orientation, where this desired (002) orientation
became more dominant as the O: gas content increased during annealing. The
trend indicated an exponentially better selectivity when increasing the oxygen
content. This improvement can be attributed to the combination of two effects:

when ZnO is sputtered in pure argon, the resulting films tend to be Zn-rich
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with poor c-axis alignment [215, 216]. On the other hand, the ZnO (002)
orientation is the most closely packed with the lowest free-surface-energy. Thus
in a thin wurtzite ZnO film, the (002) orientation is preferred [205], unless
oxygen vacancies are introduced during the process. We therefore suggest that
such oxygen vacancies are reduced during annealing in an oxygen-rich gas
mixture. To test this theory, two different in situ annealing gas-mixture
compositions were used in this study, while a reference substrate was prepared

without the in situ annealing step:

- Substrate-1: annealing gas mixture was 100% Ar.
- Substrate-2: annealing gas mixture was 100% Os.
- Reference substrate: no in situ annealing step.

Each substrate was then removed from the sputtering chamber and divided into
8 different samples (Figure 7.1), 4 having ZnO directly deposited onto sapphire,
and 4 having ZnO deposited on top of Cr/Au/Cr layers. Thus, the processing

steps resulted in 24 different samples.
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Figure 7.1 A sketch highlighting the different fabrication steps

involved in creating the 24 samples involved in this study.

A tube furnace was used to carry a final post-growth anneal for each of the 24
samples (3 substrates x 8 samples per substrate). This external annealing step
was carried out in a 95%Ar : 5%0O: gas flow, with a holding time of 2 hours at
the highest temperature. The heating rate was 20°C/min, and samples were left
to cool in the same gas mixture. Three different temperature set points T, of
400°C, 600°C, and 800°C were used, while the fourth sample in each half-

substrate was left un-annealed to provide a control for measurements.

7.2.2 SEM

Imaging was done at a low voltage using the secondary electron detector to
examine the topography, grain boundaries, and facets at the films’ surfaces.
Additional imaging was done using a high voltage electron beam and a
backscattered electron detector to examine the bulk nature of the films, and to

observe the dewetting progress of the metal films as a function of the annealing
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temperature. An energy dispersive X-ray spectrometer (EDS) was used in

combination to confirm the compositional identity of the dewetting films.

7.2.2.1 Low Voltage SEM

To produce low voltage SEM micrographs that are sensitive to sample
topography, electrons with 3keV energy were used for imaging, and the
secondary electron detector was used. The morphological examination
presented in figure 7.2 revealed that the ZnO film grains became larger as the
annealing temperature increased. At 800°C, the grains appeared faceted. This
observation suggests that the grains were in the solid state during thermal

equilibration, similar to the case reported by Sadan et alia [212].

Reference Substrate

ZnO Directly
# 2 H on Sapphire

ZnO on top
of Cr/Au/Cr
on Sapphire

400°C 600°C 800°C
External Annealing Temperature m——)

Figure 7.2: Top-view secondary electrons SEM micrographs of
ZnO films, showing morphology changes as the annealing
temperature increased. The scale bar equals 500nm and is

equivalent for all micrographs.

The micrographs indicate a growth in the grain diameter @4, (zn0) from ~50nm

(as sputtered) to ~150nm after annealing at 800°C. ZnO sputtered directly on
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sapphire appears to have a slower and less symmetric grain growth
with @4, (zn0)~90nm. There were no significant differences when comparing all

three substrates under such imaging conditions.

7.2.2.2 High Voltage SEM

Increasing the accelerating voltage of the electron beam used for imaging
increases the depth of the electronic interaction profile within the sample [217],
where electrons having energies of 15-20keV are expected to have a penetration
depth exceeding 1um [217, 179]; this enables imaging through the different

layers of our samples, and allows energy dispersive X-ray spectroscopy.

By using the backscattered electron detector, we were able to obtain
micrographs that contained information about the grain boundaries of both
Zn0O and gold films, as well as the elemental composition at the different areas
of the sample. This enabled imaging the different stages of the dewetting
process, as the relatively large gold atom yields more backscattered electrons,

thus appearing brighter than ZnO and sapphire in the micrographs[179].

Based on figure 7.3, the as-deposited films appear intact, and no voids or
defects are observed after the in situ annealing step at 250°C. Void initiation
and growth in a branched manner can be seen after the samples were annealed
at 400°C, as darker patches indicating a lack of gold become visible. This
branched or fractal void growth mechanism has been described in literature
[218], and is characterized by elongated void features that violate the minimum
void perimeter preference associated with the capillary process [214]. Void

diameters ¢,,;q were in the 1-8um range for all three substrates.
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ZnO on top of Cr/Au/Cr on Sapphire

Reference Substrate
No In-situ
Anneal

Substrate-1
Argon In-situ
Anneal

Substrate-2
Oxygen In-situ
Anneal

No External Anneal 400°C 600°C
External Annealing Temperature ———)

Figure 7.3: Top-view backscattered electron SEM micrographs
of ZnO films, showing gold dewetting as the annealing
temperature increased. The scale bar equals 10um and is

equivalent for all micrographs.

The sample from substrate-2, which had a previous pure oxygen in situ anneal,
had two different contrast regions in its void regions: a circular central core, and

a branched outer area, possibly indicating a slower dewetting progress.

As the annealing temperature is raised to 600°C, void growth is seen to
proceed. Such void growth appears to progress at different rates for each
sample, being fastest for the sample from substrate-1, with an almost total
agglomeration with separate islands of gold, and slowest for the sample from
substrate-2. Coalescence was dominant after annealing at 800°C, resulting in

gold agglomerated particles having an average diameter ¢g,,4~1.5um.
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As the ZnO layer was sputtered on a smaller circular area than the
bottom Cr/Au/Cr contact, there were areas in each of our samples that had an
exposed contact surface. By examining the SEM micrographs of such areas
(figure 7.4), and comparing them with the previous results (figure 7.3), we
could infer a measure of the protective effect against gold dewetting due to

having a 250nm thick ZnO layer on top.

Cr/Au/Cr on Sapphire

Reference s
Substrate 4
No In-situ

Anneal ¥

Substrate-1 8
Argon [ 8
In-situ
Anneal ¢

Substrate-2 [
Oxygen ‘
In-situ )

Anneal t '

400°C 800°C
External Annealing Temperature m———)

Figure 7.4: Top-view backscattered electron SEM micrographs
of Cr/Au/Cr films showing dewetting as the annealing
temperature is increased. The scale bar equals 10um and is

equivalent for all micrographs.

Our SEM micrographs indicated that the contact films were intact as deposited,
and even after in situ annealing at 250°C. However, dewetting proceeded in a
faster manner relative to the previously shown case where a ZnO capping layer

existed. After annealing at 400°C, void initiation and growth is observed for
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samples from all substrates, with void diameters ¢,,;4 in the 1-15um range.
Increasing the annealing temperature to 800°C resulted in smaller gold particles

with an average diameter ¢4,,4~500nm.

7.2.2.3 EDS

To confirm the compositional identity of the observed voids and agglomerates
at the different annealing temperatures, energy dispersive X-ray spectroscopy
(EDS) mapping was used, as shown in figure 7.5. Given the non-conductive
nature of our ZnO films, carbon coating was applied to minimize charging

related drift and allow long acquisition times necessary for EDS mapping.

Figure 7.5: Top-view backscattered electron SEM micrographs

of ZnO films showing dewetting of the gold contact underneath
as annealing progressed from 400°C to 800°C. The right column
shows the overlaid EDS maps of the adjacent imaged areas,

with the label indicating each element’s colour map.

162



Elements used for spectrum identification were: Al, O for sapphire; Cr, Au for
the bottom metal contact; and Zn, O for the ZnO film. Given the relative low
frequency of X-rays emitted from the oxygen’s K-level [219], and the small
amount of Cr in our samples, spectrum analysis focused on identifying three
elements: Al (sapphire), Au (bottom contact) and Zn (ZnO film). Comparing the
SEM micrographs with their corresponding overlaid EDS maps, it is clear that
the darker regions observed after annealing at 400°C are indicative of gold
voids. These voids became larger and more abundant after the samples got
annealed at 600°C. Finally, annealing at 800°C reduced the gold film into
micron sized particles, thereby confirming the Cr/Au/Cr film dewetting process.
EDS maps indicated no changes in the Zn contents (green map) as the annealing

temperature increased.

7.2.2.4 Combining Low and High Voltage SEM

Zn0O grain growth and morphology changes at 800°C for the three substrates
were compared on top of both sapphire and Cr/Au/Cr-on-sapphire, by
combining both low voltage (secondary electron detector) and high voltage

(backscattered electron detector) SEM micrographs, as seen in figure 7.6.

The first column of micrographs (left) was imaged using a high voltage
tension of 18kV and the backscattered electron detector, showing areas where
the gold contact layer still existed after dewetting. The ZnO grains are visible in
an overlaid manner in these micrographs, and show no morphological changes
or grain size variations with regards to the existence of gold particles

underneath.
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708 e NN g Bt

Reference
Substrate
No In-situ
Anneal

Substrate-1
Argon In-situ
Anneal

Substrate-2
Oxygen In-situ
Anneal

SEM Voltage 18kV (Backscattered) 3kV (Secondary) 3kV (Secondary)

Figure 7.6: Top-view SEM micrographs of ZnO films after
annealing at 800°C. The voltage used for imaging and the
selected detector type are shown for each column. The scale bar

equals 500nm and is equivalent for all micrographs.

The other two columns of micrographs (middle and right) are imaged using a
low voltage tension of 3kV and the secondary electron detector. These
micrographs show a comparable amount of ZnO grain growth for all three
substrates, with a slight increase for the sample from substrate-1. The average
grain diameter is estimated at @4, (zn0)~150nm. Again, ZnO sputtered directly
on sapphire appears to have a slower and less symmetric grain growth with an

average grain diameter @ 4,(zn0)~90nm.
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7.2.3 Atomic Force Microscopy

AFM images were taken to provide a quantitative measure of the samples’
surface variations as the annealing temperature increased. The minimum height
measured was offset to zero in our scans. Figure 7.7 reveals the metal contact
dewetting progress with respect to the annealing temperature, where voids
become visible after annealing at 400°C. Dewetting is seen to progress at 600°C,

and complete agglomeration occurs at 800°C.
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Figure 7.7: AFM images of the exposed metal contact as the
annealing temperature was increased. The scale bar equals
10um and is equivalent for all images. The lower graphs show
the mean height, roughness and kurtosis of the metal surfaces

in all samples.

The mean height of the metal contact films for different samples increased
when the annealing temperature was raised. The sharpest increase was

observed after annealing at 800°C. Similarly, the film roughness R, increased
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from ~10nm at T, < 250°Cup to ~50nm at 800°C. While the annealing
temperature increased, the kurtosis of the different samples converged to values
close to zero, indicating uniform film agglomeration with a normal distribution

for the resulting particle size.

As to ZnO films, AFM imaging confirmed the grain growth as the

annealing temperature increased, as shown in figure 7.8.

No Anneal ° 250°C a00°c
Annealing Temperature )

Figure 7.8: AFM images showing the grains of the ZnO films as
the annealing temperature increased. The scale bar equals 1um

and is equivalent for all images.

ZnO grain growth was faster and larger when the bottom metal layer existed,
seen in figure 7.9. The grains grew from ~55nm as sputtered to ~95nm on top
of sapphire and ~147nm with the metal underlayer after annealing at 800°C,

i.e., it was consistent with the SEM results.
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Figure 7.9: AFM measurements plot showing ZnO grain growth
due to annealing for samples with and without the metal

underlayer.

7.2.4 X-Ray Diffraction

7.2.4.1 ZnO Films

7.2.4.1.1 Stress

Measurements of the samples from the reference substrate indicated that ZnO is
slightly more compressed when deposited directly on the substrate than when a
bottom metal layer existed (figure 7.10). The same result was observed in the
annealing studies of chapter 6. However, as the bottom contact was thicker in
the annealing study (50nm gold), it was found that reducing the gold thickness

(20nm now) reduces the stress by 36% on top of the metal.
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Figure 7.10: The estimated stress of the ZnO films in all samples

as a function of the annealing temperature.

For samples from substrate-2, the in situ annealing step was found sufficient to
eliminate the inherent ZnO film stress. As to samples from substrate-1, a 0.5GPa
compressive stress remained in the films after the in situ annealing step. For Ta
> 600°C, the stress values converged to null for all substrates, settling at -
0.08GPa, a result that is very similar to the annealing study of the previous

chapter.

7.2.4.1.2 Selectivity
The (002):(100) orientation selectivity was significantly better (200% to 400%)

when the ZnO was deposited on the metal layer rather than directly on
sapphire, as seen in figure 7.11. This result is opposite to the previous annealing
study, where sputtering directly on sapphire gave a 1000% improvement in
selectivity, compared to when sputtering on the metal. However, the thickness
of the ZnO layer was 3 times more in the previous study (750nm), and the metal

layer was 2.5 times thicker (50nm), which renders the comparison unfair.
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Figure 7.11: The deposited ZnO (002):(100) selectivity for all
samples as obtained from the reflections in the XRD

diffractograms.

Previously, it was found that having more oxygen in the in situ annealing step
improved this selectivity. However, no relevant differences can be spotted in
this study, where using oxygen gave slightly worse selectivity than Ar. It
should be noted that the rate of selectivity improvement was fastest
(exponential) for samples having ZnO deposited on the metal layer in the 600-
800°C annealing temperature range. This is possibly due to the disintegration of
the underlying metal layer. Selectivity improvement due to annealing was
lower for ZnO films deposited on sapphire, where the highest improvement

was seen for samples from substrate-2 (oxygen in situ).

7.2.4.1.3 Crystallite Domain Size

All samples indicated an exponential increase in the ZnO (002) crystallite
domain size (CDS) as the annealing temperature increased, as shown in figure

7.12.
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Figure 7.12: The estimated ZnO (002) crystallite domain size for
the different samples as a function of the annealing

temperature.

The reference samples that had no annealing showed a CDS of 7nm when
deposited on sapphire, and 9nm when the bottom metal layer existed. The CDS
was slightly larger for ZnO films sputtered on top of the metal layer rather than
directly onto sapphire. Samples from substrate-2 (oxygen in situ) had the
smallest CDS. This result is resonant with the results achieved in the annealing
studies of the previous chapter, where adding more oxygen resulted in smaller
CDS. However, after annealing at 800°C, all samples were comparable in terms
of their CDS (41-45nm), which is around 18% of the ZnO film thickness. This
improvement in CDS indicates that our ZnO films became increasingly

columnar as the annealing temperature increased.

7.2.4.2 Gold Films

7.2.4.2.1 Crystallite Domain Size

The gold film had a dominant Au (111) orientation with a mean crystallite

domain size of 6nm after deposition, as shown below in figure 7.13.
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Figure 7.13: The estimated crystallite domain size of Au (111)
for the different samples as a function of the annealing

temperature.

There was no growth in the gold’s CDS due to the in situ annealing step
(250°C). However, an exponential increase in the CDS was measured as T,
increased, where after annealing at 800°C, all samples had gold particles with a
mean CDS of ~31nm. Samples from substrate-1 (argon in situ) showed a faster
growth of CDS after annealing at 600°C, which might be indicative of faster
dewetting. This reasoning is backed up by the evidence from the SEM

micrographs in figure 7.2).

7.2.4.2.2 Intensity
The intensity of the (111) reflection of gold increased exponentially as the

annealing temperature was increased, as seen in figure 7.14. This increase is
indicative to film dewetting and is similar to the results reported by Muller et al
and Mizsei et al [210, 220]. The intensity increase was previously attributed to
the increase in particle height and texture particularly in the vicinity of holes
[220, 214], and indeed it was found to correlate with the estimated growth of the
Au (111) crystallite domain size as well as the measured increase in the gold

films” height profiles as described in our AFM measurements.
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Figure 7.14: Measured Au (111) peak intensity for different

samples as a function of the annealing temperature.

7.2.5 Electrical Resistance Measurements

Resistance measurements for each sample were carried out at a distance of 1cm
across the surface of the bare metal ring surrounding the ZnO film. These
measurements are expected to show a sharp increase in resistivity as the
conductive film disintegrates [221]. Such resistivity increase of conductive thin-
films due to annealing can be described by a percolation model [222]. One
limitation for relying solely on resistive measurements to study film dewetting
is the inability to measure any changes beyond the point when the films become

discontinuous.

In order to evaluate the protective effect against metal dewetting due to
having a ZnO overlayer, we measured the contact impedance as a function of
the annealing temperature, for samples having ZnO deposited onto the metal
layer, as well as samples having ZnO deposited directly on sapphire. In the
latter case, although there was no Cr/Au/Cr layer under the ZnO film, but a thin
metallic ring existed around the ZnO covered area to allow these

measurements, as seen in figure 7.15. Since this contact area was suspected to
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agglomerate at temperatures lower than the metal areas covered by ZnO, it was
interesting to compare resistance variations for both types of samples used in
this study: samples with a full metal contact under the ZnO layer, and samples

with ZnO directly sputtered onto the sapphire substrate.

Impedance Analyser

Figure 7.15: A sketch showing the impedance measurement
setup on the different parts of the samples. a) Shows the top
view of a given substrate and the corresponding cross-section;
b) shows the full structure of the substrates, and the way the
probes of the impedance analyser are fixed during
measurement; c) the cross-section of a substrate showing both
types of samples: ZnO sputtered directly on the substrate, and
ZnO sputtered on top of the metal contact. This sketch also
visualizes the morphological and dewetting related changes in

a given sample after annealing.

The interest was in examining whether the encapsulated metal film would
provide a path of lower electrical resistance during these measurements, as

shown in Figure 7.16.
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Figure 7.16: The measured surface resistance of our samples as
a function of the annealing temperature. A sketch showing a
perspective view and a top view of our sample structure, to
highlight the metal contact geometry used for resistance
measurements. The ZnO layer is drawn transparent for clarity.
The left part shows a sample with a metal layer capped with
Zn0O, while the right part shows a sample with no metal layer

under the ZnO film.

The resistance measurements confirmed our latter speculation, where samples
with ZnO directly grown onto sapphire had a resistance less than 1k for T, <
250°C. Annealing at a higher temperature seemed to cause total metal layer
agglomeration, as an open-circuit was measured. This condition was plotted at

10GQ), which is equivalent to the input impedance of our analyser.

In contrast, samples with the encapsulated metal layer showed slower
and gradual resistance increase as the annealing temperature was raised.
AtT, = 400°C, resistance was around 1kQ for the sample from substrate-2,
while the other two samples had a resistance of * 10MQ. This difference in the
measured resistance value for substrate-2 supports the idea suggested by the
high voltage SEM findings with regards to a slower dewetting progress for that
sample, as the area fraction still covered by the metal film has been shown to

vary in a linear relationship with the normalized surface resistance of the film
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[223]. As the annealing temperature was increased to 600°C, the resistance for
all three samples was ~ 1M(Q. Such decrease in resistance value can be
plausibly attributed to the metal film’s grain growth, thereby minimizing
electron scattering at grain boundaries [224]. This result also indicates that the
ZnO encapsulation slows down the metal dewetting process, as an ohmic
behaviour was still measured at such annealing temperature. Finally, an open-
circuit was measured for samples that were annealed at 800°C, indicating the

total agglomeration of the encapsulated metal layer.

Thus, our resistance measurements indicate that total metal film
agglomeration occurs when the annealing temperature is in excess of 250°C.
However, with the ZnO overlayer, this temperature threshold is pushed

to 600°C.

7.3 Chapter Summary

- Measurements confirmed the optimization of the ZnO films with
annealing, where the average grain diameter increased from =50nm for
the as-sputtered films to *150nm when annealed at 800°C. The residual
stress of the (002) textured ZnO films was eliminated by heating at
temperatures >400°C, and the ZnO (002) crystallite domain size increased

from 8nm as sputtered to 45nm when heated at 800°C.

- Such active layer structural optimization was accompanied by a gradual
degradation of the Cr/Au/Cr contact structure underneath, due to
dewetting. AFM, SEM, and EDS imaging indicated void initiation at

400°C, after which void growth proceeded, and coalescence was
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dominant at 800°C, resulting in Au-Cr particles having an average

diameter ~1.5um.

- This metal layer agglomeration process was accelerated in areas where
the ZnO overlayer was absent, leading to more dispersed and smaller

particles with an average diameter of =500nm at 800°C.

- XRD measurements indicated an exponential increase in the Au (111)
reflection intensity as the annealing temperature increased. The Au (111)
crystallite domain size increased from 6nm —as deposited- to 31nm after

annealing at 800°C.

- Electrical measurements indicated that the resistance of the Cr/Au/Cr
films increased from =100Q2 for the as deposited films to *10MQ at 400-
600°C for films capped with a ZnO layer, to an open circuit at 800°C. For
areas that had no ZnO on top, resistance was found to be infinite for

temperatures >400°C.

Thus, we report severe agglomeration and dewetting of thin gold films
occurring at temperatures well below the melting point. This process was found
to be slower yet similar when the metal films were encapsulated with a thicker
zinc oxide layer. Based on these findings, the highest recommended annealing
temperature before agglomeration/functional failure of the metal contact layer
was 400°C. Given the importance of high temperature thermal annealing on the
quality of the resulting ZnO films, and the incompatibility of the Cr/Au/Cr
contacts with such a procedure, new contact materials with suitable properties

are investigated in the next chapter.
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CHAPTER 8

Results D: Conductive Zinc Oxide Contacts

As concluded from the study presented in chapter 7, gold metal contacts are
found incompatible with the thermal annealing step, which is required for
improving the structural and electrical properties of the active zinc oxide layer
in our device structure. Thus, alternatives were sought, and it was decided to

use n-type doped zinc oxide films for creating our contacts.

Both aluminium doped zinc oxide (AZO) and gallium doped zinc oxide
(GZO) options were considered, as these materials would possess the same
crystal structure as our active zinc oxide layer, which would provide well
matched ohmic contact materials [225, 226, 227] for our device purposes, and
act as seed layers for growing c-axis oriented zinc oxide films. Another
advantage for using n-type doped zinc oxide contacts is their optical
transparency. This transparency supplements the secondary objective of this
work, by allowing us to create fully transparent transducer structures on

transparent c-axis oriented sapphire substrates.
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8.1 Chapter Objectives

This primary objective of the work presented in this chapter is:

- The deposition of electrically conductive doped zinc oxide contacts.

The secondary objectives of the presented work are:

- The deposition of doped ZnO contacts that are (002) oriented.

- The deposition of optically transparent doped ZnO contacts.

8.2 TCO Fabrication

In this part of the study, aluminium doped and gallium doped zinc oxide
targets were used to sputter the contact layers. Both 3 inch targets were
supplied from Kurt-Lesker, and had a 2% Ga or Al / 98% ZnO composition,
with a 99.999% purity. RF magnetron sputtering using our HHV system was

employed.

The first run for each target utilized the same sputtering conditions used
in chapters 5 and 6 for creating the buffer ZnO layer; i.e.,, 150W RF power,
6sccm argon gas flow at 1.5E-2mbar, 66mm substrate to target distance, with no
substrate heating, and for a duration of 1 hour. This resulted in films having a
thickness of =~ 500 —700nm. While the gallium doped film looked more
transparent, both resulting films had a strong brown tint and were not

electrically conductive.

Therefore, quick dry runs were employed to produce a recipe that allows
the creation of uniform, transparent, and conductive doped zinc oxide films. As

literature [228, 229, 226] indicated that better (002) selectivity and electrical
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conductivity were achieved when sputtering aluminium-doped ZnO films at
lower pressures in the range of 1 - 5ubar, a run was carried out using a pressure
of 1E-3mbar, which is one order of magnitude lower than the first sputtering
attempt. The resulting gallium and aluminium doped samples were still tinted
and nonconductive. In addition, both samples had four concentric circular

regions with alternating transparency levels, as seen in figure 8.1.

Sample Image Grayscale Processed Image

Figure 8.1: Direct and processed (for clarity) sample images,

showing the four different regions of alternating transparency.

In this figure, image processing was done to remove the chromatic tones and
dull out speckles, markings, and scratches, while preserving the useful
grayscale information. Lighter regions seen in these images are milky and
translucent, whereas darker areas are highly transparent. Examination using
optical microscopy revealed a flaky and damaged nature for the translucent
parts of the films, especially in the first central region, while the films looked
smooth and clear in the highly transparent regions. Thickness measurements
using the profiler showed no thickness variations around the features, where 3
different locations were measured within each region. As these concentric
regions are a recurrent theme in this chapter, they are denoted early on as

regions 1, 2, 3, and 4; i.e., R1 — R4, starting from the centre outwards (figure 8.2).
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Despite being previously discouraged from heating the substrate during
ZnO sputtering to avoid the undesired (100) and (101) crystal orientations
(section 5.5.4), the next iteration was based on the reported suggestion that
heating is required to produce electrically conductive doped ZnO films [227,
230, 191]. Thus, a gallium doped zinc oxide film was sputtered using the same
low pressure of 1E-3mbar, but at a substrate temperature of 200°C. The
resulting film looked generally more transparent; however, the four concentric
regions seemed pushed outside, while the outer milky ring (region 3) became
wider and less transparent. The whole sample was not electrically conductive,
except for the small and transparent region 4 near the edge of the substrate.
That region was the closest part of the substrate to the heat source, and was

both transparent and conductive, with a resistivity of ~ 4.8Q.cm.

Quartz Lamp . Quartz Lamp

Target

Plasma

o Il .

Figure 8.2: Schematics showing the sample placement inside
the sputter coater, and the different regions (R1-R4) of each
film. The dots represent the places at which thickness and
resistivity measurements were carried out. (a) side view, (b)

plan view
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Given its favourable optical and electrical properties, the next goal was to
maximize the area of region 4, while reducing the footprint of the damaged

regions.

Literature indicated that the observed film damage can be attributed to
bombardment by energetic oxygen ions during doped and undoped ZnO
sputtering [205, 191, 231]. In these reports, film damage is observed at substrate
positions facing the racetrack eroded target area, and is caused by the O™ ions
accelerating from the target towards the substrate. However, to our knowledge,
there is no previous work reporting the observed concentric damaged regions
as found in our study. This damage pattern is assumed to be due to the lateral
distribution of the different species of negative ions (O~ and O:" in particular)
within the RF magnetron sputtering plasma [232], where these ions are mostly

generated near the target centre and the eroded racetrack area.

The next step was to sputter while placing the substrate further from the
target to minimize the radiation damage, and raise the substrate temperature to
possibly increase the area of region 4. Thus, both gallium and aluminium doped
zinc oxide films were sputtered at a substrate-target distance of 7Imm and a
temperature of 250°C. The resulting films were comparable, with the
aluminium doped zinc oxide sample appearing slightly more transparent. All
regions seemed to be pushed towards the centre, as if the plasma profile
became tighter. This meant that the conductive and transparent region 4
became bigger. The damaged regions 1 and 3 had a resistivity of = 5kQ.cm and
1.8kQ).cm, respectively; while the undamaged regions 2 and 4 had a resistivity
of 115Q.cm and 4Q.cm, respectively. Thus, it became evident that the
sputtering plasma profile could be effectively tweaked to minimize the film

damage due to bombardment by negative ions. This would be achieved
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through controlling the substrate temperature and the substrate-target distance

and placement.

It should be noted that at this stage, substrate heating was applied using
a single quartz lamp, fixed at one side on top of the holder. As temperature
increased, the centre of the observed film pattern seemed to be pushed away
from the heat source. This meant that region 4 was larger in the vicinity of the
heat source. Thus, to increase the area of this conductive and transparent
region, the sample holder was modified, to allow the heater to sit directly on
top of the whole substrate. This favourable change had a significant impact on
increasing the attainable heating rate and final temperature, while permitting

the quartz lamp to act as an isotropic heat source for the whole substrate.

The next parts of this doped zinc oxide growth experiment involved
varying the plasma’s RF power between 150W and 250W, which directly affects
the voltage and energy of the bombarding ions. In addition, the target-to-
sample distance was varied between 55mm and 92mm, and the substrate
temperature was varied between 250°C and 325°C. Finally, sputtering off the
plasma-axis was attempted using various conditions to avoid having the eroded
film area. The main processing iterations to improve the film qualities are

highlighted in figure 8.3.

The optimal conditions obtained through these iterations allowed us to
consistently deposit electrically conductive and visibly transparent doped zinc
oxide films with a good ZnO (002) selectivity, and with no noticeable damage.
The final resistivity of these films was in the range of 0.3(Q).cm, where optical
transmission was as high as 75% down to the near UV range, while the ZnO
(002):(100) selectivity was larger than 200. The general results of these
sputtering iterations are presented and discussed in the following sections of

this chapter.
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Increase the substrate temperature

Increase the substrate-target distance

Move the substrate from the plasma center

Increase the substrate temperature further

Figure 8.3: Photographs showing the different regions of each
sample, as processing was adjusted to create conductive and
transparent doped zinc oxide films. The photographs have been
digitally processed to remove the small-scale features and

enhance contrast between the different regions.

8.3 Film characterization

X-ray diffraction, scanning electron microscopy, optical absorbance and

transmission, and electrical resistivity measurements were conducted for all
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samples included in this study. Over the course of the following sections, the
main relevant processing parameters are isolated, in order to evaluate their

effects on the final film qualities.

8.3.1 XRD

Having the doped ZnO bottom contact grown along the c-axis direction is very
important to the next steps of our device fabrication, given that this layer would

act as a well-matched substrate material to the piezoelectric ZnO film.

XRD measurements indicated that regions 1, 2, and 3 were generally
comparable in their properties, while the outer region (4), furthest away from
the plasma centre, had the largest crystallite domain size, ZnO (002) peak

intensity, and ZnO (002) selectivity.

8.3.1.1 Crystallite domain size

For instance, using different sputtering RF powers at 200°C led to a similar
mean crystallite domain size in regions 1-3, which was about 8nm, while the
fourth region was found to have a larger mean domain size of up to 35nm,

corresponding to increased sputtering power, as seen in figure 8.4.
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Figure 8.4: The average ZnO (002) crystallite domain size in
each region of the aluminium doped ZnO samples, as a

function of the sputtering RF power.

The mean crystallite domain size in this region was estimated at 18nm, 26nm,

and 35nm for the RF powers of 150W, 200W, and 250W, respectively.

8.3.1.2 ZnO (002) peak intensity

In a similar fashion, increasing the sputtering RF power seemed to have little to
no effect on the measured ZnO (002) peak intensities of regions 1-3, while it was
found to directly correlate with the (002) peak intensity of region 4, as seen in
figure 8.5. This increase was as large as one order of magnitude per 50W
increase, confirming that the deposited doped ZnO films have relatively large

(002) crystallites [201] in region 4, over a wide range of the sputtering RF power.
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Figure 8.5: The measured ZnO (002) peak intensity in each
region of the aluminium doped ZnO samples as a function of

the sputtering RF power.

8.3.1.3 ZnO (002) selectivity

With regards to the crystal orientation selectivity, RF magnetron sputtering
using the aforementioned parameters was found to generally favour the ZnO
(002) phase. Therefore, the doped zinc oxide films grew along the desired c-
axis. However, x-ray diffraction measurements indicated that oxygen radiation
damage was detrimental to this orientation selectivity, where region 4 was
found to be significantly more (002) oriented in comparison to other regions, as

seen in figure 8.6.

Increasing the RF power from 150W to 250W had insignificant effect on
the ZnO orientation selectivity in regions 1 through 3, where a slight but
consistent increase in the (002):(100) ratio was observed, along the radial

direction, from about 6 to 10.

However, the (002) selectivity in region 4 was found to increase with
increasing the sputtering RF power, where it was around 20 at 150W, and

increased to approximately 170 at 250W.
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These results are resonant with other literature reports [205, 233, 234,
229], which suggest that orientations with lower free-surface-energy are more
prone to damage due to ion bombardment. In this case, the ZnO’s (002)
orientation, being the most closely packed with the least free-surface-energy is
easily attacked by the negative energetic ions during deposition. This
preferential damage causes the less packed (100) and (101) orientations to

become more abundant in the affected regions.
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Figure 8.6: The estimated ZnO (002):(100) selectivity in each
region of the aluminium doped ZnO samples, as a function of

the sputtering RF power.

This significant (002) selectivity boost in region 4 due to the increased RF power
can also be attributed to the increased sputtering voltage, which is expected to
result in longer mean-free-paths for the different plasma species, provided that
other sputtering conditions remain fixed. Thus, assuming that most negative
oxygen ions are generated near the centre of the target (region 1) and the
eroded racetrack area (region 3), and given a constant target to sample distance,

having a longer mean-free-path and a stronger accelerating field are expected to
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limit the plasma species lateral movement. Consequently, this reduces the

spread of radiation damage to the other regions, particularly to region 4.

When comparing the major undesired ZnO crystal orientations found in
our films; i.e., the (100) and (101) orientations, the latter was found to generally
have a higher peak intensity, possibly due to it being less geometrically packed,

and thus less susceptible to oxygen radiation damage during sputtering.
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Figure 8.7: The estimated ZnO (002):(101) selectivity in each
region of the aluminium doped ZnO samples, as a function of

the sputtering RF power.

As the optimization of the processing parameters progressed, better ZnO (002)
selectivity and higher (002) peak intensity were observed, particularly for the
least damaged area; i.e., region 4. In addition, it was noted that radiation
damage seemed negatively correlated with selectivity. Thus, increasing the area
of the undamaged regions by moving the sample away from the plasma centre
(off-axis sputtering) was crucial, to ensure having large film areas with highly

(002) oriented doped zinc oxide.
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8.3.2 SEM

Morphological examination using the secondary electron detector of the
scanning electron microscope revealed that the ZnO film grains became larger
when moving outwards from the centre of the observed damage pattern, as
shown in figure 8.8. The sample in this figure is the same aluminium doped

sample sputtered at 200W in the previous XRD section.

Figure 8.8: SEM images of the different regions within an

aluminium doped sample.

Thus, region 1 had the smallest grain diameter, which was estimated
at @gr(znoy~35nm, while region 2 had slightly larger grains of about 50nm.
Region 3 showed clear signs of surface damage, where large variations in the
grain sizes and shapes were observed. These grains had diameters ranging from
50nm to 200 nm. Finally, grains in region 4 appeared faceted, indicating a

highly-ordered crystal nature, and had an average diameter of ~260nm.

These images confirmed the previous XRD results, which showed that
the crystallite domain size and the ZnO (002) peak intensity grew in a gradual
manner when moving from regions 1 to 3, while region 4 showed significantly

larger values.
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8.3.3 UV/VIS Spectroscopy

Without the use of off-centre sputtering, transparency was visibly non-uniform
across a given sample, due to damage by energetic oxygen ions. As mentioned
previously, the samples were damaged and translucent near the plasma centre,
and the area directly on top of the racetrack damage on the doped ZnO target;

i.e., regions 1 and 3, respectively.

Optical transmission measurements for a typical sample are shown in
figure 8.9. These measurements, for a gallium doped sample in this instance,

reflect a clear disparity between the more transparent and less transparent

regions.
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Figure 8.9: The measured optical transmission level (left) and
estimated bandgap (right) in each region of a typical doped
ZnO sample. This sample is shown in the inset, where the same
image was colorized to reflect the different regions. Here
yellow, green, blue, and black correspond to regions 1, 2, 3, and

4, respectively.
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The highly transparent regions 2 and 4 show a slight decrease in transmission
for incident photons with energies below the bandgap, from about 80% at 1.3eV
to 68% at 3eV. On the other hand, the radiation damaged regions 1 and 3 show
a sudden drop in photon transmission percentage at 1.72eV, which corresponds
to a photon wavelength of 720nm. This transmission drop was about 20 percent

for each region, and was found persistent until the bandgap edge.

Estimating the film material’s bandgap at each region using Tauc plots
indicated slight bandgap variations. Regions 2 and 4 had higher bandgaps of
3.14 and 3.11, respectively, while the damaged regions 1 and 3 had a bandgap
of 3.08 and 3.07 respectively.

8.3.3.1 Gallium versus aluminium doping

As sputtering parameters changed, gallium and aluminium doped ZnO films
were compared. UV/Vis measurements indicated that given identical sputtering
conditions, gallium doped ZnO possessed a lower bandgap than aluminium
doped ZnO. This bandgap difference was about 0.05-0.15eV in all four regions

of the compared samples.
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Figure 8.10: The estimated bandgap in each region of two

gallium doped and two aluminium doped ZnO samples.

In the plots shown in figure 8.10, the two compared batches of samples differed
by the substrate temperature and substrate to target distance. The first batch
was processed at 325°C and at a distance of 91mm, while the other batch was
processed at 250°C and a distance of 72mm. Increasing the sputtering
temperature and the substrate to target distance seems to bring the gallium and

aluminium doped samples’ bandgaps closer to 3.3 eV.

8.3.3.2 The effects of RF power

When keeping the rest of the sputtering parameters identical, optical
measurements indicated that damage near the plasma centre became more

wide-spread as the sputtering RF power increased, as shown in figure 8.11.
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Figure 8.11: The estimated optical bandgap in each region of
three aluminium doped ZnO samples, sputtered at 150W,
200W, and 250W. For each sample with weakly absorbing
damaged regions (transmission>20%), the  measured
transmission is shown to the right side. The red dotted box
highlights transmission through the damaged regions. Here

yellow, green, blue, and black correspond to regions 1, 2, 3, and

This damage was manifested in not achieving complete absorption of photons

with energies that exceed the material’s bandgap. Thus, as the sputtering RF

power increased from 150W to 200W, the film in region 1 became unable to

absorb most of the incident photons with energies higher than the bandgap

indicated by the absorption edge at 3.18eV. Similarly, when the sputtering RF

power increased to 250W, both regions 1 and 2 became affected, and non-zero

transmission higher than 20% was observed for photons with energies higher

than the observed bandgap.

It should be noted that the three samples included in this section were

aluminium doped, and these samples displayed a slight decrease in the

estimated bandgap as the sputtering RF power increased.
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8.3.3.3 The effects of substrate temperature

Controlling the substrate temperature during sputtering of the doped ZnO
films was found critical for defining the resulting films” optical properties. As
the substrate temperature increased, the measured bandgap was found to

increase in all regions, as seen in figure 8.12.

Thus, the bandgap increased from about 3.1eV at 30°C to 3.28eV at
325°C. In addition, bandgap differences across the different regions of a given

sample were found to decrease as temperature increased.

It is noted that the samples included in this study were gallium doped,
with the 325°C sample being sputtered off-axis to avoid plasma damage near

the centre; therefore, the point indicating region 1 is not present.
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Figure 8.12: The estimated optical bandgap in each region of
four gallium doped ZnO samples, sputtered at the
temperatures of 30°C, 200°C, 250°C, and 325°C.

In summary, the size and location of the damaged circular pattern within the
sputtered doped zinc oxide films was chiefly affected by the sputtering RF

power, sputtering substrate temperature, sputtering pressure, as well as the
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sample to target distance. Having a higher sputtering power resulted in more
severe damage, which was manifested by the lack of complete optical
absorbance beyond the films” bandgap in the central regions. This damage
increase can be attributed to the higher accelerating fields available at higher
plasma powers. This eminently results in faster and more energetic negative
ions bombarding the sample’s surface during sputtering [232]. Accordingly, a
maximum plasma RF power of 200W was adopted during the sputtering of our
doped zinc oxide contacts. In contrast, using a higher sputtering pressure up to
~ 10"?mbar seemed to reduce the damage severity, probably due to the
associated shorter mean-free-path of the plasma species. A similar result was
reported by Hada et al. [229]. However, this approach was not a viable process
remedy as it resulted in films having poor (002) selectivity. On the other hand,
increasing the substrate temperature seemed to push the centre of the damage
away from the heating source. For the relevant samples, this led to a larger
region 4 at the side closer to the quartz lamp. Increasing the sample to target
distance reasonably led to larger yet visibly less damaged and more transparent
regions 1 and 3. This is probably due to the longer vertical distance that the
damaging negative ions would have to travel, which allows for more collisions
to occur. Therefore, a large sample to target distance (maximum of 92mm) was

favourable to create our transparent device contacts.

8.3.4 Resistivity

Resistivity measurements conducted in this chapter indicated that the doped
zinc oxide films had significant variations in the measured electrical
conductivity when moving across the different regions of a single sample.
Resistivity was found to decrease by several orders of magnitude when moving

from region 1 to region 4, up to almost 7 orders of magnitude in some cases. It
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should be noted that the thickness variation between regions 1 and 4 was less

than 20%.

8.3.4.1 The effects of RF power

When considering the effect of the sputtering RF power, figure 8.13 shows that
samples deposited at 150W, 200W, and 250W had similar resistivities of =
4x10°Q.cm and = 3x103Q.cm in regions 1 and 2, respectively. However, the
more-conductive regions 3 and 4 had lower resistivity values when using
higher RF powers, with the 150W sample showing a significantly high
resistivity of = 2x10°Q.cm in the radiation damaged region 3. Region 4 was
highly conductive for all samples, where resistivity was measured to be smaller

than 5Q.cm.
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Figure 8.13: The measured resistivity in each region of three
aluminium doped ZnO samples, sputtered at 150W, 200W, and
250W.

Samples included in this study were all aluminium doped and sputtered under

similar conditions at 250°C, except for the sputtering RF power.
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8.3.4.2 The effects of substrate temperature

A second resistivity study was aimed at isolating and understanding the effects
of the substrate temperature on the achieved films’ resistivity. Four different
gallium doped zinc oxide films were sputtered using identical conditions,
excluding the substrate temperature, which was varied between 30°C and
325°C. Results indicated that using higher temperatures lead to significantly

more conductive films, as shown in figure 8.14.

Similar to the previous study that examined the effects of the sputtering
RF power, it was found that resistivity decreased when moving from region 1 to
region 4. Interestingly, the highly-damaged region 1 had almost the same
resistivity of ~ 3x103Q.cm for all samples, except for the 325°C sample, which

was deposited off-axis to avoid having this region altogether.
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Figure 8.14: The measured resistivity in each region of four
gallium doped ZnO samples, sputtered at the temperatures of

30°C, 200°C, 250°C, and 325°C.

Region 4 was the most conductive for all samples, with a resistivity dropping

from ~ 6x10%Q.cm at 30°C to = 0.3Q.cm for the sample sputtered at 325°C.
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By examining the results of the previous two resistivity studies; i.e., the effects
of the sputtering RF power and the effects of substrate temperature, it can be
seen that the range of variation of resistivity in any aluminium doped sample is
larger than that attainable in gallium doped ZnO. Thus, aluminium doped ZnO
showed a resistivity variation of 6-7 orders of magnitude between regions 1 and
4, while gallium doped samples typically showed a difference of 3 orders of
magnitude. Since the measured bandgaps for both types of films differed only
slightly, as indicated in the section 8.3.3.1, it can be deduced that the doping

profile is more uniform across the surface of gallium doped zinc oxide films.

As highly conductive doped ZnO was desired, it was evident that
sputtering should maximize the area of region 4 while avoiding the other
regions. Sputtering off the plasma axis provided such a solution, along with

increasing the substrate temperature and the substrate to target distance.

84 Chapter Summary

- Sputtering doped ZnO films with similar conditions used for pure ZnO
sputtering led to surface damage. This damage is attributed to the film’s
bombardment by energetic oxygen ions during sputtering. The damage
caused four concentric circular regions with alternating transparency to
exist on every sample. Those regions were denoted as R1 to R4, starting

from the centre of a given sample, then moving outwards.

- The outermost region R4 had the most favourable properties in regards
to our defined objectives. For a given sample, R4 had generally good
ZnO (002) orientation, the highest optical transmission, and the lowest

electrical resistance. This high (002) selectivity in R4 is attributed to the
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lower severity of oxygen ion bombardment, as bombardment damage

affects crystal faces with the least free-surface-energy.

Increasing the substrate temperature during sputtering was favourable
for maximizing the area of the outermost region R4, and decreasing the

resistivity of that region.

Increasing the substrate to target distance resulted in less damaged films,

with a larger R4 region.

Increasing the sputtering RF power resulted in an increased (002)
selectivity and a lower resistivity in R4; however, it resulted in worse

optical transmission properties, particularly in R1 and R2.

The damaged regions R1 and R3 were less transparent than the

undamaged regions R2 and R4.

Moving the substrate away from the target centre was an effective
method for reducing the film’s surface damage, and increasing the area

of R4.

Given identical processes, gallium doped ZnO possesses a lower

bandgap than aluminium doped ZnO.

By increasing the substrate temperature to 325°C during sputtering,
while setting the substrate at a distance of 92mm away from the target
resulted in conductive doped ZnO films with a resistivity of ~0.3Q.cm.
These films did not show any noticeable damage, and had an optical
transmission in excess of 75%, down to the near UV range. The ZnO

(002) selectivity of these contacts was larger than 200.
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Given the favourable properties of the developed conductive ZnO contacts, the

next step was to attempt the creation of all-ZnO transducer structures.
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CHAPTER 9

Device Thickness Films

9.1 Chapter Objectives

The main objective of the studies presented in this chapter is the creation of full
device structures, as proposed in our design. These structures should have
ohmic metal contacts, with a 3-10um thick ZnO layer in between. This ZnO
layer should have the suitable electrical and structural properties to be fitting as

a transducer for high frequency piezoelectric applications.
Thus, the main objectives of this chapter are:

- Primarily test the validity of the developed fabrication processes for

delivering the required device structure.

- If the primary objective is met, then a secondary objective would be the
development of an all-ZnO transducer structure, which opens the

potential for creating a transparent acoustic and optic lens design.
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9.2 First Structure Attempt

At an earlier stage of this project, a full device structure was attempted based on
the results described in chapters 5 and 6. This device structure had gold based
bottom and top contacts, and was meant as a test experiment to evaluate the
fabrication recipe limits, and to check for any unforeseeable problems. This
fabrication process followed the optimal recipe suggested in chapter 5, and
required a total of 12 hours to complete. For comparison purposes, both

sapphire and borosilicate substrates were used.

Wafers were diced and cleaned before the bottom Cr (1Inm)/ Au (20nm)/
Cr (Inm) contact layer was deposited. Thereafter, a buffer ZnO layer was
sputtered over a period of 1-hour at an RF power of 150W, and using a 6sccm
argon gas flow-rate with a corresponding sputtering pressure of 1.5X
1072 mbar. Next, an in situ annealing step at 250°C for 1-hour in a 100% oxygen
gas background (6sccm) was carried out. Subsequently, the substrate was
allowed to cool down to room temperature, before sputtering the rest of the
ZnO film during 8 hours. This long sputtering session used similar conditions
to the buffer layer step, except for having a higher RF power of 240W. Finally, a
Cr (Inm)/ Au (20nm) top contact was deposited, to complete the device

structure.

The resulting samples were visibly transparent, as seen in figure 9.1, and

did not show signs of peeling when inspected using a 50X confocal microscope.
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Figure 9.1: The 5um thick ZnO films were sputtered on
amorphous borosilicate glass (left) and c-axis oriented sapphire

(right).

In this mask design, the bottom contact is a disk with four rectangular arms that
extend to allow actuation. The ZnO layer is sputtered through a circular mask,
while the top contact structure consists of equal sized dumbbell shaped
contacts. Profiler measurements indicated that the ZnO layers had a total

thickness of 5um.
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9.2.1 Electrical

While the mean electrical resistance measured between the top and bottom
contacts was around 105k(2, the minimum resistance was measured at 95Q. It is
noteworthy to mention that excluding the contacts situated near the substrate
edges, a resistance of at least 4 KQ was measured across the ZnO film thickness.
This suggests that the lower measured resistance values at each substrate’s

edges were simply outliers, probably due to localized structural imperfections.

Figure 9.2: Resistance values across the ZnO film at each contact

9.2.2 XRD

X-ray diffraction analysis of both 5um thick ZnO films indicated that growth on
top of sapphire gave better results in terms of lower residual stress levels, both
on the bottom contact layer and directly on the substrate, as seen in figure 9.3. A
promising observation was the lack of dependence of the estimated residual
stress levels on the ZnO layer thickness. For both substrate materials, the stress
was significantly lower when the films were grown on top of the bottom

contact. Hence, this recipe produced 5um thick ZnO films with comparable
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residual stress levels to the submicron films presented in the studies of chapters

5 and 6.
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Figure 9.3: The estimated residual stress levels of the 5um ZnO

layer deposited on both borosilicate and sapphire substrates.

As seen in figure 9.4, the estimated crystallite domain sizes from the ZnO (002)
peaks were similar for films grown on both substrates, with no significant
difference between sputtering on top of the bottom contact or directly onto the

substrates.

Finally, the ZnO (002) selectivity was evaluated with respect to the
highest measured undesirable orientation in each sample; i.e.,, the ZnO (100)
orientation. This selectivity was found to be problematically low, particularly
when the ZnO film was deposited on top of the bottom contact. In this latter
case, the films were rather (100) oriented; thereby, unfit for our transducer
application. Comparing both substrate materials, selectivity was slightly better

on top of sapphire, as seen in figure 9.5.
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Figure 9.4: The estimated CDS values from the ZnO (002) peaks

for films deposited on both substrates.
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Figure 9.5: The (002)/(100) selectivity for the 5um ZnO films

grown on both borosilicate and sapphire substrates.

Therefore, despite our success in depositing structurally stable ZnO thick films
with a thickness of at least 5um and with acceptable stress levels and crystallite

domain sizes, these films were not grown along the c-axis. This problem needed
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to be tackled before the fabrication process is considered suitable for creating

the required c-axis oriented device-thick films.

9.3 Second Structure Attempt

Following the gold contact dewetting and the transparent conductive oxide
studies, we attempted to create a fully transparent transducer structure using
aluminium doped contacts. Thus, a two-inch c-axis sapphire wafer was used as
a substrate for deposition. The bottom contact layer was sputtered at 200W
using the 2% aluminium doped ZnO target, in an argon background with a
9sccm flowrate and a pressure of 3x10 3 mbar. The substrate temperature was
maintained at 275°C, while the sample-target distance was 92mm. The substrate
was placed 1 inch away from the target centre, to minimize the damage

associated with energetic oxygen ions.

Upon reaching the required thickness, the chamber was left to cool
down, to prepare for the undoped ZnO layer deposition. This layer was
sputtered with the same settings used for depositing the bottom contact, except
for having an ambient substrate temperature of = 40°C, and an RF power of
240W. This deposition lasted for 6 hours, to yield the required film thickness. In
this process, the reasoning behind skipping the ZnO seed layer deposition and
the in situ annealing steps was the assumption that the bottom contact layer
would be ZnO (002) oriented, as supported by the results presented in section
8.3.1. Therefore, this bottom contact layer would act as a dense seed layer for
ZnO crystal growth along the c-axis. Finally, the top contact layer was
deposited using settings identical to the bottom contact sputtering process. The
resulting sample came out visibly transparent and uniform, with no signs of

flaking or peeling, as seen in figure 9.6.
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Figure 9.6: (left) a sketch illustrating the top view of the device
structure; (right) an image showing the resulting fully
transparent device structure. A VUW logo has been placed

under the sample to highlight its transparency.

Profiler measurements confirmed that this structure had a ZnO film thickness
of 5um, while the aluminium doped ZnO bottom and top contacts had a

thickness of 300nm each.

9.3.1 UV/VIS Spectroscopy

UV/VIS spectroscopy measurements confirmed the highly transparent nature of
our deposited film structure. Several positions within our sample were
inspected using the spectrometer, and similar optical transmission results were
obtained. The recorded optical transmission measurement at the centre of the

sample is shown in figure 9.7.
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Figure 9.7: (left) Optical transmission through the 5um thick
ZnO film; (right) the corresponding Tauc plot showing a
bandgap of 3.2eV.

As seen in this figure, the absorbance edge through the whole device structure
was estimated at 3.2eV, while optical transmission was consistently larger than
80% for photons having a lower energy. The sample was completely opaque for

shorter light wavelengths (higher energies).

9.3.2 XRD

As the whole device structure was zinc oxide based, it was important to reduce
the x-ray spot size to accurately characterize the properties of each layer
separately. At 40kV, the x-ray beam is expected to penetrate the whole sample,
which makes the characterization of the top contact layer imprecise, as it is

relatively thin and entirely located on top of the other two layers.

XRD measurements revealed a large disparity between the properties of
the bottom contact layer, and the thick ZnO and the top contact layers. For

instance, the estimated (002) crystallite domain size was around 23nm for the
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bottom contact layer, while it was less than 5nm for both undoped ZnO layer

and the top contact layer, as seen in figure 9.8.
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Figure 9.8: The CDS values estimated from the ZnO (002) peaks

for each layer of the device structure.

The more critical difference concerned the crystal orientation of the different
layers of the structure, as shown in figure 9.9. Thus, despite having a highly
Zn0O (002) oriented bottom contact layer, the 5um undoped layer was found to
be rather (100) and (101) oriented. This selectivity problem was resonant with
the previously achieved result in section 9.2.2. Finally, the top contact layer was

also measured to be (100) and (101) oriented.
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Figure 9.9: The (002)/(100) selectivity for the different layers of

the ZnO based device structure.

Accordingly, the zinc oxide’s c-axis was perpendicular to the substrate in the
initial growth stage, driven by surface energy minimization due to the large
surface to volume ratio. However, as the film thickness increased to several
microns, the (100) and the (101) orientations became dominant, which indicates
that other factors start to dictate the growth dynamics. Lee et al. [205] argues
that the energetic oxygen ion bombardment during ZnO growth chiefly affects
the most packed orientation; i.e., the (002) texture. Thus, the loosely packed
crystallites, such as the (101) and (110) grow less disturbed and act as seeds for
further growth. In addition, they report that their (002) films changed to a mix
of (002) and (101) when the thickness was between 3-6um. Finally, the (110)
diffraction peak became predominant at 7um. Thus, ZnO growth during
sputtering changed from columnar below 1um, to elongated at 3um, and finally

faceted at 7um.

As our proposed device structure relies on having a c-axis oriented zinc

oxide layer for operation, and since our achieved results were in agreement
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with the aforementioned arguments regarding the dependence of the (002)
texture orientation on the film thickness, the next evident goal was to produce a
ZnO growth recipe that counters the unwanted film growth factors, and yields

the required thick c-axis oriented columnar films.

94 Cyclic Growth Study

Our sputtering process conditions successfully produced one micron thick c-
axis oriented zinc oxide films on top of dense wafers. This is attributed to the
high surface area to volume ratio within this thickness regime, which makes the
drive for surface energy minimization to be the dominant growth factor.
Accordingly, the most packed wurtzite arrangement; i.e., the (002) orientation is
expected to dominate the growth texture. However, as the film grows thicker,
surface energy minimization becomes less significant, and other variables such
as oxygen ion induced damage and surface defects gradually become more
important. This priority change was identified as the main culprit to our crystal

orientation problem; thereby, the following study was initiated.

Here, we aimed to evaluate the effects of thermal annealing on the ZnO
film’s densification through the reduction of its surface and strain energy [213],
which can occur within the solid-state at temperatures well below the material’s
melting point [214]. By having a denser film structure through thermal
annealing, we hope to reinstate the initial growth factors” priorities, whereby
the annealed ZnO film would act as a dense substrate to the next deposited
ZnO layer. In other words, we wanted to deposit a 1um thick ZnO film, which
we know should be c-axis oriented. Then, sputtering is paused to allow film
densification by thermal annealing. Next, the substrate is allowed to cool down

to the initial set point, before the process is started all over again. Therefore, the
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required ZnO film thickness is grown in 1um cycles, where each cycle consists

of a sputtering step and a thermal annealing step.

As this study aimed to compare the conventional undoped zinc oxide
sputtering process used in section 9.3 to the aforementioned cyclic deposition
technique, two identical c-axis sapphire wafers were used as substrates for

deposition.

On both wafers, the bottom contact layer was sputtered at 200W using
the 2% aluminium doped ZnO target, in an argon background with a 9sccm
flowrate and a pressure of 3x107?mbar. The substrate temperature was
maintained at 275°C, while the sample-target distance was set at 92mm. The
substrate was placed 1 inch away from the target centre, to minimize the
damage associated with energetic oxygen ions. Upon reaching the required
thickness, the chamber was left to cool down, to prepare for the undoped ZnO

deposition for each sample.

The first sample was sputtered using the conventional single-step
deposition. Sputtering was carried out with the same settings used for
depositing the bottom contact, except for having an ambient substrate
temperature of ~ 40°C. This deposition lasted for 5 hours, to yield the required
film thickness of 4um. Again, the bottom contact layer is assumed to be a good

seed layer for ZnO crystal growth along the c-axis.

The second sample was sputtered using the proposed cyclic deposition
method. Therefore, the process was initiated by sputtering a 1um thick ZnO
film using identical settings to the first sample. This was followed by a one hour
annealing step at 325°C, in an oxygen background with a 2sccm flow rate. Then,
the chamber was allowed to cool back to room temperature, to prepare for the

next cycle. This deposition cycle was repeated three times, yielding a 3um thick
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ZnO film. It should be noted that a slightly smaller mask was applied for each

cycle, to ensure having an exposed inspection area, as seen in figure 9.10.

AZO
300nm
ZnO
4um
Wafer Wafer

Figure 9.10: A sketch illustrating the mask design for the single
deposition sample and the cyclic deposition sample included in

this study.

Profiler measurements confirmed that the single deposition sample had a
thickness of 4um, while the cyclic deposition sample had three regions, with a

thickness of 1, 2, and 3um, respectively.

9.4.1 XRD

The estimated crystallite domain sizes from the ZnO (002) peaks indicated that
cyclic deposition consistently resulted in larger domain sizes, in the range of
10nm, for each of the 1, 2, and 3um thick regions of the film. In comparison, the
first sample that was deposited in a single step had a ZnO (002) crystallite

domain size of 5nm, as seen in figure 9.11.
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Figure 9.11: The average ZnO (002) crystallite domain size in
each region of the cyclic deposited film, and the single step

deposited film.

As the sputtering conditions were kept identical during both processes, the
measured domain size disparity is attributed to the one hour annealing step at

325°C within each growth cycle.

The most significant result of this study was the successful deposition of
a 3um thick c-axis oriented ZnO film using the cyclic deposition approach, as
shown in figure 9.12. Thus, while the conventional single deposition approach
resulted in a (100) and (101) oriented 4um ZnO film, the cyclic deposition
approach resulted in a 3um thick (002) textured film. The measured (002)/(100)
selectivity for the cycle deposited film at the 1, 2, and 3um layer surfaces was 5,

14, and 11, respectively.
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Figure 9.12: (left) the (002)/(100) selectivity and (right) the
(002)/(101) selectivity for the single deposited 4um ZnO film,

and the 3um cycle deposited ZnO film.

This favourable selectivity is almost two orders of magnitude higher than what
is possible using the single deposition step. Consequently, cyclic deposition
presents a realistic RF magnetron sputtering technique to fabricate ZnO films
that satisfy all the structural requirements to develop our desired device

structure.

94.2 SEM

SEM examination revealed stark morphological differences between the zinc
oxide films of each sample, as seen in figure 9.13. The first ZnO film deposited
in a single step was found to have a random cotton like morphology.
Nonetheless, grain boundaries within the first ~1.5um were generally more
uniform and aligned in a direction perpendicular to the substrate, indicating c-
axis oriented growth. As the film became thicker, the grains seemed to have

merged and grew in all directions, indicating a Volmer-Weber like growth
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mode [24] (section 3.2.1.1). This thickness dependent morphological change is
confirmed by other sources [205, 234, 235], and is attributed to energy loss
minimization per unit area, in a response to the negative ion bombardment and

the decreasing surface to volume ratio.

In contrast, SEM images showed a highly uniform and columnar nature
of the ZnO film that was prepared using the cyclic deposition process. Such a
columnar microstructure is associated with growth along the c-axis direction,

which was confirmed in the XRD measurements shown in figure 9.12.

Sapphire

Sapphire

Sapphire

Figure 9.13: Cross-sectional and 20° tilted secondary electrons
SEM micrographs of both ZnO samples, highlighting the
morphological differences between the single step deposited

film (top), and the cycle deposited film (bottom).

Such film qualities are highly desirable for our transducer application, as
uniformity and correct orientation are expected to maximize the piezoelectric

response along the thickness of the transducer.
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Further interesting SEM images were taken off the sample’s edge, where
the ZnO film was occasionally broken in a way that uncovered the 1um layers

associated with each cycle, as seen in figure 9.14.
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Figure 9.14: Cross-sectional and 45° tilted secondary electrons
SEM micrographs of the cycle deposited sample. The different
1lum ZnO layers are clearly distinguishable.

Bright lines exist between the layers, suggesting a relatively large interface area.
In addition, it is revealed through the visible layers’” lamination that the binding
force between the grains of each layer is stronger than the binding force
between the adjacent layers. Both observations point to a successful

densification of each ZnO layer.

9.5 Third Structure Attempt

After the doped and undoped ZnO sputtering processes were optimized to
allow the creation of films having the required structural, optical, and electrical

properties for the different layers of the proposed device structure (chapter 5),
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the next step was to attempt the creation of a single element transducer
structure. The top and bottom contact masks were altered to allow probing
using ground-signal-ground probes. These probes are required for the accurate
electrical characterization at such a frequency range (300MHz to 1GHz), since

the wavelength is typically shorter than the circuit’s dimensions.

A two-inch c-axis sapphire wafer was used as a substrate for deposition.
The bottom contact layer was sputtered at 200W using the 2% aluminium
doped ZnO target, in an argon background with a 9sccm flowrate and a
pressure of 3x10 3mbar. The substrate temperature was maintained at 275°C,
while the sample-target distance was 92mm. The substrate was placed 1 inch
away from the target centre, to minimize the damage associated with energetic
oxygen ions. Upon reaching the required thickness, the chamber was left to cool

down, to prepare for the undoped ZnO layer deposition.

The undoped ZnO film was sputtered using the aforementioned cyclic
deposition method, where the sputtering parameters were identical to that of
the second sample in the previous study, presented in section 9.4. Again, the

deposition cycle was repeated three times, yielding a 3um thick ZnO film.

Finally, the top contact layer was deposited using settings identical to the
bottom contact sputtering process. The resulting sample came out visibly
transparent and uniform, with no signs of flaking or peeling, as seen in figure

9.15.

It should be noted that photolithography was used to pattern the
different layers of this device structure, and a photoresist spacer layer was

embedded in the device structure to allow future electrical probing.

Profiler measurements confirmed that the contacts had a thickness of

300nm while the undoped ZnO film had a total thickness of 3um.
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Top AZO

Bottom AZO

Bottom AZO

Figure 9.15: An image showing our transparent single element
structure, photographed on top of a black paper. For further

clarification, a 3D digital reconstruction is shown to the right.

9.5.1 UV/VIS Spectroscopy

UV/VIS spectroscopy was used to evaluate the optical transparency of our
single element structure. The transmission and absorption plots are presented

in figure 9.16.

It can be seen that the structure is transparent, with a transparency
around 40% until the absorbing edge. The estimated absorption edge for

photons passing through the whole element structure is at 3.2eV.
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Figure 9.16: (left) Optical transmission through the single

element structure; (right) Tauc plot showing a bandgap of 3.2eV

Note that transmission through this sample was almost half of that of the
conventionally deposited structure described in section 9.3. This decrease in
transmission could be attributed to reflection and scattering effects at the
different interfaces of the structure, particularly between the multiple 1um
layers. In addition, a non-transparent photoresist spacer layer was included in
the structure as seen in figure 9.15, which can contribute to the decrease in

transmission, depending on the spectrometer’s spot-size.

9.5.2 XRD

XRD measurements revealed results similar to the previous section
(section 9.4.1), with an estimated average CDS of 9.5nm. The most significant
result was the confirmed (002) selectivity, where the (002):(101) selectivity was
7.3, while the (002):(100) selectivity was 8.2. These results indicate that our 3um
thick device structure has suitable structural and electrical properties, which

satisfy the theoretical conditions for developing a piezoelectric ZnO film.
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9.6 Chapter Summary

- The metal contacts were not suitable for developing the required
transducer structure, as poor (002) selectivity resulted, and they were

found unsuitable for the critical post-growth anneal process.

- The cyclic growth study was successful in creating thick and (002)

oriented ZnO films.

- An all-ZnO transparent single element transducer structure was

developed.

222



CHAPTER 10

Discussions and Conclusions

The fabrication of thin piezoelectric films that can operate in the thickness mode
at frequencies higher than 300MHz presents several challenges, as the films
must maintain their transducing properties at small and reproducible geometric
dimensions, possess enough structural integrity and a high degree of
uniformity to allow reliable operation, and permit matched acoustic and
electrical coupling to their driving circuits through conductive contacts. Our
targeted transducer structure that aims for the 300MHz to 1GHz frequency
range requires process optimization to push the limits of technology, which
presents a complex task that is met by many challenges, and is highlighted
through the lack of commercial transducers operating within this frequency

range.

Over the course of this work, we have optimized the microfabrication
process to pave the way for creating high-frequency ultrasound transducers,

with operating frequencies exceeding 300MHz, and up to 1GHz. Given its
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versatile and suitable properties, zinc oxide was selected to make our active
layer, while several materials were investigated to construct the relevant ohmic
contacts. The processes combine radio frequency magnetron sputtering and
thermal annealing, and make it possible to reproducibly create reliable,
relatively cheap and mechanically stable thin-films, with final thicknesses
exceeding 5um, and having preferential crystal structure and orientation, which

are essential for a practical piezoelectric response.

The conclusions and recommendations achieved throughout this study

are summarized in the following sections.

10.1 Sputtering Optimization

The general fabrication process was described, and the relevant parameters
were identified. Previous VUW results were summarized, where it was found
that c-axis oriented films were achieved at a relatively high deposition rate of
15nm/min. RF power exceeding 240W was found inappropriate for producing
(002) oriented films, substrate heating contributed to having unwanted
orientations, and setting the pressure lower than 1.1E-2 mbar resulted in highly
stressed and peeling films. Introducing oxygen to the sputtering gas mixture
gave rise to unwanted orientations. Accordingly, a four-step deposition process
was recommended, to enhance the films crystal properties while maintaining a
moderate deposition rate. Thereafter, the sputtering related studies carried out
throughout this work were presented. It was found that chromium formed an
essential interface layer between the gold contacts and the ZnO film. Having
thinner gold bottom contacts of 20nm allowed ZnO films on top to grow with a
better (002) selectivity. The thickness uniformity of the sputtered ZnO as a

function of the substrate to target distance and placement was found acceptable
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given the selected distances and the stationary sample holder, where thickness
variation within a 1cm device was expected to be of the order of 2%. Substrate
heating and oxygen-containing sputtering gas mixture were confirmed to be

precursors of unwanted orientations on top of borosilicate and sapphire wafers.

10.2 Thermal Annealing Effects on the ZnO Layer

It was indicated that both in situ and post-growth external annealing steps were

necessary to improve the films’ crystal properties.

The results of this chapter highlighted the importance of having an
oxygen-rich environment during the in-situ anneal step of sputtered ZnO films.
This simple factor helped us to create films having low stress, large crystallite
domain sizes, (002) texture and high electrical resistance. A lowering of the
relative oxygen concentration during this step caused the undesired crystal
orientations to dominate, which is detrimental to our piezoelectric application.
Compressive stress inherent in as-grown films was eliminated by annealing at a
temperature of 400°C; however, annealing at 800°C was needed to ensure
having a dominant (002) textured film. It is suggested that the in-situ anneal in
an oxygen atmosphere aids the elimination of oxygen vacancies which are
formed during the sputtering process. The elimination of these vacancies was
found essential to ensure favouring the desired (002) texture during

recrystallization
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10.3 Metal Contact Dewetting due to Annealing

Our measurements confirmed the optimization of the ZnO films with
annealing, where the average grain diameter increased from =50nm for the as-
sputtered films to ~150nm when annealed at 800°C. The residual stress of the
(002) textured ZnO films was eliminated by heating at temperatures >400°C,
and the ZnO (002) crystallite domain size increased from 8nm as sputtered to

45nm when heated at 800°C.

Such active layer structural optimization however was accompanied by a
gradual degradation of the Cr/Au/Cr contact structure underneath due to
dewetting. AFM, SEM, and EDS imaging indicated void initiation at 400°C,
after which void growth proceeded, and coalescence was dominant at 800°C,
resulting in Au-Cr particles having an average diameter =1.5pum. This
agglomeration process was accelerated in areas where the ZnO overlayer was
absent, leading to more dispersed and smaller particles with diameters of
~500nm at 800°C. XRD measurements indicated an exponential increase in the
Au (111) reflection intensity as the annealing temperature increased. The Au
(111) crystallite domain size increased from 6nm —as deposited- to 31nm after
annealing at 800°C. Electrical measurements indicated that the resistance of the
Cr/Au/Cr films increased from =100 for the as deposited films to ~10M() at
400-600°C for films capped with a ZnO layer, and up to an open circuit at
800°C. As to the areas that had no ZnO on top, an open circuit was measured

for temperatures >400°C.

Thus, we report severe agglomeration and dewetting of thin gold films
occurring at temperatures well below the melting point. This process was found

to be slower yet similar when the metal films were encapsulated with a thicker
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zinc oxide layer. Based on these findings, the highest recommended annealing

temperature before agglomeration of the metal contact layer was 400°C.

104 Transparent Conductive Oxide Contacts

This chapter described the processing study that aimed to produce transparent
and conductive electrical contacts for our transducer structure. Thus, gallium
doped and aluminium doped zinc oxide films were deposited using RF
magnetron sputtering. At the onset of this study, the films were neither
conductive, ZnO (002) oriented, nor fully transparent. Therefore, the process
was gradually adjusted to improve the quality of the resulting samples. A main
problem throughout this study was the lack of uniformity across a film’s
surface, where a concentric damage pattern due to oxygen ion bombardment
was visible. This damage was mostly located at the areas facing the plasma
centre, as well as the eroded racetrack within the target, which meant that
surface damage had an alternating profile, with the sample’s surface divided
into 4 distinguishable regions. The damaged regions 1 and 3 suffered from
lower ZnO (002) selectivity and optical transparency, and higher electrical
resistivity. On the other hand, the outermost region within each sample; i.e.,
region 4, had the best optical, electrical, and crystal properties. The size and
severity of this damage pattern depended on several sputtering parameters,
particularly the RF power, the sputtering pressure, substrate temperature, and

sample-target distance.

Accordingly, surface damage was minimized in our sputtering system
by limiting the RF power to 200W, and using the maximum possible substrate

temperature of 325°C, and the largest feasible sample-target distance of 92mm.
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In addition, off-axis sputtering was utilized to minimize the energetic oxygen

ion bombardment; thereby, maximizing the area of region 4.

These optimal conditions enabled us to consistently deposit conductive
(resistivity ~ 0.3Q.cm) and transparent (75% transparency) doped zinc oxide

films, with a high ZnO (002) selectivity (>200) and unnoticeable surface damage.

10.5 Device Thickness Films

This chapter documented our attempts for creating device thickness film
structures at the different project stages. These structures had a ZnO layer
thickness exceeding 3um and were mostly deposited on top of a bottom contact

layer.

The first attempt was conducted following the studies reported in
chapters 5 and 6. Thus, a 5um thick ZnO film was sputtered on top of a
Cr/Au/Cr bottom contact, using both sapphire and borosilicate wafers. The
resulting films were uniform, with acceptable stress levels. However, the film

suffered from a very poor ZnO (002) selectivity.

The second attempt was almost identical to the first attempt, except for
the bottom contact layer, which was deposited from an aluminium doped zinc
oxide target. The resulting sample was highly transparent and uniform.
However, despite having a highly c-axis oriented bottom contact layer, the

undoped ZnO layer was (100) and (101) oriented.

Consequently, a sputtering study was carried out, to isolate the
mechanisms that dictate the favourable orientations during ZnO crystal growth.
This study was largely successful, and identified alternate sputtering and

annealing processes to remedy the (002) selectivity problem. Accordingly, a
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3um thick c-axis oriented ZnO film was grown on top of an AZO bottom

contact.

Finally, an attempt to fabricate a fully transparent single element
transducer using the developed processing recipe was made. The attempt was
successful, and relied on photolithography to pattern the developed structure.
As the all-ZnO structure was transparent, and c-axis oriented, there was an
urgent interest for proposing an integrated optical-acoustic imaging system that
would open the window for creating a novel dual microscope that uses both

ultrasound and optical imaging to inspect samples.

10.6 Integrated Optical-Acoustic Imaging

The use of transparent conductive ZnO layers to replace the traditional metal
contacts has been shown to enable the use of relatively high post-growth anneal
temperatures and thus improve the quality of the active ZnO films. In addition,
it also serves as a lattice-matched buffer layer, thus facilitating the deposition of

(002) oriented films.

In addition, an even more important advantage that can be gained from
the use of these contact layers may be in the ability to build a transducer
structure with both optical and acoustical imaging ability. The inability of
conventional acoustical microscopes to simultaneous form an optical image
makes for a slow process in alignment and scanning of the acoustic beam on the
desired sample area. The ability to simultaneously obtain both images may then

facilitate the use of acoustic microscopy.

A first design of such an integrated optical acoustical microscope lens

based on a AZO/ZnO/AZO device structure is shown in figure 10.1.
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Figure 10.1: Illustration of the proposed acoustic-optical lens

The dual functionality [33, 34, 35] of such a microscope is highly useful

for sample characterization, as many NDE and medical related characterization
techniques already rely on the combination of both imaging modalities, using
separate acoustic and optical microscopes [10]. Given such a versatility, the
resulting acoustic microscope would not require a scanning ability to establish a

raster image of the sample; instead, the optical microscope could be used to

230



quickly navigate the examined samples, while the acoustic microscope would

only be used to image the areas of interest.

10.7 Future Work

I would put future work in the following categories:

Piezoelectric measurements to quantify the piezoelectric activity of the
film, and correlate these measurements to the developed

microstructures.

Develop various transducer structures and integrate them with the

suitable acoustic lenses and matching layers.

The development of an integrated optical-acoustical device as proposed

above.

Develop the suitable transparent coupling layers to maximize the
acoustic matching between the sapphire faceplate and the investigated

samples.
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APPENDIX A

Appendix A: Ethics and Resourcing

11.1 Ethics

There were no foreseeable ethics approval requirements for this study.

11.2 Budget and Resources

All the details related to the direct project costs were organized and provided
by external project income. This covered lab materials and equipment operating
costs. Useful textbooks and online literature materials were provided by the
university library. A scholarship was provided through a subcontract with

Callaghan Innovation.
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APPENDIX B

Appendix B: Microfabrication Processes

12.1 Metal Contact Thermal Evaporation Recipe

The following steps are followed during the deposition of the metal films:

1

The substrates are mounted onto the thermal evaporation holder

The correct stainless steel spacers and evaporation mask are mounted

on top of the substrates using Philips screws.

Nitrogen gas is blown onto the holder’s surface, to remove any debris

from the exposed substrate surfaces.
The prepared sample holder is installed in the evaporation chamber.
The required evaporation sources are placed in the chamber.

The chamber is securely closed using hinges, then air is pumped out

until the vacuum level reaches 2x107° torr (usually overnight).
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7-

The metal layers are evaporated at the fastest possible rates that
ensure that the chamber pressure doesn’t go above 1x107 torr. For
the bottom contact, a thin chromium layer (0.5-2nm) is evaporated on
top of the wafers, followed by the main contact material (20-50nm of
gold). Then another chromium layer is deposited (0.5-2nm). The top
contact consists of a similarly thin (0.5-2nm) chromium layer,

followed by the main contact material (20-50nm of silver or gold).
The chamber is vented into atmospheric pressure using nitrogen gas.

The sample holder is removed, and the sample is visually inspected,

then prepared for the next processing step.

12.2 Zinc Oxide Sputtering Recipe

The following steps are followed to sputter zinc oxide films:

1-

4-

The substrates are mounted onto the sputtering holder. The same
holder was used in the new mask design, to eliminate the need of
substrate removal between thermal evaporation and sputtering steps.
Also, the new mask design eliminated the need of using kapton tape

for substrate placement.

The correct stainless steel spacers and sputtering mask are mounted

on top of the substrates.

Nitrogen gas is blown onto the holder’s surface, to remove any debris

from the exposed substrate surface.

The required zinc oxide target is placed in the chamber.
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5- The prepared sample holder is installed in the sputtering chamber, at

a constant sample-target distance, ranging from 5Imm to 92mm.

6- The necessary thermocouple and heating quartz lamp are installed in

the chamber.

7- The chamber is securely closed using hinges, then air is pumped out
until the vacuum level reaches a base pressure of at least 5X

10~® mbar, which usually requires 4-5 hours.

8- The sputtering and reactive gas flow rates are adjusted and the
chamber is placed in the throttling mode, to allow the gases to flow
through the high-vacuum valve. Typically, an argon gas flow rate of
6-8sccm is used for sputtering the buffer zinc oxide layer, where the
high vacuum valve is manually adjusted to ensure having a
sputtering chamber pressure of 1.5%x1072mbar. Then, the RF
magnetron source is switched on, at the required power. This ranges

from 150W for the buffer layer, and up to 250W for the rest of the

237



film. During sputtering, the reflected power is monitored to ensure it

staying below 2W.

9- Once the plasma has struck, the target is allowed to pre-sputter for
60sec to clean the target surface and get rid of any debris. Then the

shutter is opened to start the deposition process.

10-The buffer layer is usually sputtered over 60min, during which the
reflected RF power, substrate temperature, gas flow rate, and

chamber pressure are monitored.

11- After the buffer layer is sputtered, the RF source is shut down, and
the gas flow-rates are adjusted to prepare for the in situ annealing
step. During that annealing step, a microcontroller is used to ramp
the substrate temperature using a quartz lamp to the required level,
which is limited to a maximum of 325°C. Thereafter, substrate
temperature is maintained for the required annealing time. After the
annealing time has passed, the quartz lamp is turned off, and the

substrates are allowed to cool to 40°C.
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12-The sputtering and reactive gases are readjusted to prepare for the

next zinc oxide film deposition. This layer is sputtered at a higher
deposition rate, and sputtering usually lasts for several hours

depending on the required film thickness.

13- Once sputtering is complete, the RF source and gases are shut down;

then the chamber is vented into atmospheric pressure using nitrogen

gas.

14- The sample holder is removed, and the sample is visually inspected,

then prepared for the next processing step.

12.3 Doped Zinc Oxide Sputtering Recipe

The following steps are followed to sputter doped zinc oxide films:

1-

2-

The substrates are mounted onto the sputtering holder.

The correct stainless steel spacers and sputtering mask are mounted

on top of the substrates.

Nitrogen gas is blown onto the holder’s surface, to remove any debris

from the exposed substrate surface.
The required doped zinc oxide target is placed in the chamber.

The prepared sample holder is installed in the sputtering chamber, at
a constant sample-target distance, preferably at 92mm. The centre of
the sample is moved 1 inch away from the target’s central axis, to

minimize the associated oxygen damage.
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6- The necessary thermocouple and heating quartz lamp are installed in

the chamber.

7- The chamber is securely closed using hinges, then air is pumped out
until the vacuum level reaches a base pressure of at least 5X

107® mbar, which usually requires 4-5 hours.

8- The sputtering and reactive gas flow rates are adjusted and the
chamber is placed in the throttling mode, to allow the gases to flow
through the high-vacuum valve. Typically, an argon gas flow rate of
9-12sccm is used for sputtering the doped zinc oxide layer, where the
high vacuum valve is manually adjusted to ensure having a
sputtering chamber pressure of 1.5x1073 mbar. The heating
microcontroller is used to ramp the substrate temperature using a
quartz lamp to the required level, which is limited to a maximum of
325°C.Then, the RF magnetron source is switched on, at the required
power. This ranges from 150W to 200W. During sputtering, the

reflected power is monitored to ensure it staying below 2W.

9- Once the plasma has struck, the target is allowed to pre-sputter for
60sec to clean the target surface and get rid of any debris. Then the

shutter is opened to start the deposition process.

10-The doped zinc oxide layer is usually sputtered over 40-60min,
during which the reflected RF power, substrate temperature, gas flow

rate, and chamber pressure are monitored.

11- Once the required thickness is reached, the shutter is closed, and the
RF power is shut down. Then, the chamber is allowed to cool down to

room temperature.
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12- The chamber is vented into atmospheric pressure using nitrogen gas.

13- The sample holder is removed, and the sample is visually inspected,

then prepared for the next processing step.
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