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Abstract

The study on the influences of the aluminum nitride (AIN) and zinc oxide (ZnO)
film quality on the SAW filter performances were conducted. In our studies the
phase velocity (V») and electromechanical coupling coefficient (K°) are the most
important considerations. Both AIN and ZnO piezoelectric thin films were selected
for their high ¥» and K. The AIN and ZnO thin films were grown by rf magnetron
sputtering technique and the influences of different sputtering conditions on the
structure and the surface morphology of the thin films were investigated. Sputtering
power and substrate temperature were found to be the most important factors
affecting the crystal structure and the surface roughness of the thin films respectively.
To further study the relationship between the quality and the surface roughness of
the thin films and the SAW filter performances, AIN and ZnO thin films, grown with
different sputtering powers and substrate temperatures, were fabricated into S AW
filters and the devices were systematically characterized. Detailed characterizations
of the frequency response, K, phase noise and insertion loss of the SAW filters were
conducted as a function of the full width half maximum of the x-ray diffraction
pattern and the surface roughness of both the AIN and ZnO thin films. From the
experiment results, Vp, K?, insertion loss and phase noise of the SAW filters were
strongly affected by the sputtering power and the substrate temperature at which the
films were grown. In the second part of this thesis, MBE technique w as used to
further improve the material quality. From the measurement results, AIN SAW
filters grown by MBE technique were much better than those grown by rf magnetron
sputtering. This clearly demonstrates the significant influence of the material quality
of the thin film on device performance.
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1. Introduction

1.1 Overview of SAW devices

1.1.1 History background of SAW devices

Surface acoustic wave (SAW) can be generated on the free surface of an elastic solid.
This phenomenon has been utilized in various devices and systems for consumers,
commercial and military applications over the past 20 years with a multimillion-
dollar. SAW was discovered over a century ago. The first report on SAW was given
by Lord Rayleigh in 1885 [ 1] and hence SAW was also called “Rayleigh wave”.
Rayleigh was particularly interested in the seismic signals after the ground shock [2].
The presence of SAW in earthquake shocks was later verified using seismography
recording techniques. The property of SAW propagation was first explored for
applications in electronic devices in 1965. White and Voltmer [3] realized that a
special pattern of electrode called interdigital transducer (IDT) that was the most
effictent technique for the generation and detection of SAW waves on a piezoelectric
surface. IDT is -made of rectangular comb-liked electrodes as shown in Fig. 1.1. In
1969, Tancrell et al. suggested that the overlapping of the IDT electrodes could be
designed to obtain different frequency response. This technique was later called
‘apodization’ which provides variable weighting factor [4] to the electrodes
overlapping. They also showed that different pattern of the electrodes could reduce

the time-sidelobes of the radar output pulse. This is a vital factor in the application



of SAW device.

The reflection of SAW was also utilized in the SAW device. SAW reflection was
first demonstrated by Court ez al. [S]. They found that the degree of reflectivity of
SAW depends on the geometry of the reflector, such as the etched grooves and metal
strip. This idea was then reviewed by Ash et af [6,7] who showed that good SAW
reflectivity can be obtained, over a limited bandwidth, by using a regular array of
rectangular reflectors, resulting in the maximum SAW reflectivity when the width
isA/2. Maine et al. [8] then successfully applied this idea and the first SAW
oscillator was produced in 1970. A SAW oscillator would have two reflective
gratings forming a resonating cavity with two IDT’s in between, one serving as the
input and the other as the output. Two arrays of metal strips with /2 width are
located behind two inputs and output IDTs such that the metal strips acted as a
reflective grating. While the output of the IDT is fed back to the input IDT via an

amplifier, an oscillation therefore occurs.

SAW propagates from the input IDT to the output IDT while the energy is confined
on the surface of the substrate. The variation of the surface condition means varying
the propagation condition of SAW. The idea of a convolver is the best illustration of
this idea. The first SAW convolver was reported by LuuKKala and Kino et al. [9]
and is shown in Fig. 1.2. In a basic convolver, two SAWSs propagating in two
different directions are generated by two input transducers located at the two ends of

the substrate, so that the generated SAWs interfere in the region between the two
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Fig. 1.1 Schematic diagram of the SAW filter
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Fig1.2 Schematic diagram of a convolver



transducers. The non-linearity gives rise to an electric field proportional to the

product of the two SAW amplitudes as given by the equation below:

Vow = [ 8i(2) 08,2 ~1)dr (1.1)

where §,, S; are the two input signals and t is the time delay due to the output
electrode. The field is then sensed and spatially averaged by a uniform electrode on
the surface between the two input transducers. For general input wavefronts, it can
be shown that the output is ideally the convolution of the two input waveforms,

hence the name ‘convolver’.

One of the main problems of SAW devices is their high insertion loss, which is
typically about 6dB. The problem arises since SAW excited by IDT propagates in
two different directions. One way is toward the receiving IDT and the other is away
from the receiving IDT. It is obvious that there is an energy loss of about 3dB due to
the propagation of SAW in opposite direction. The other 3 dB loss is the same as
that in the input IDT. In addition, another spurious signal source is induced. Since
another SAW will be generated by the output IDT, it will interfere with the SAW
generated by input IDT in the second period and finally reach the output IDT again.
After the interference of SAW, from the point of view of the output input, the
reflected SAW becomes a spurious signal and when couple with the unwanted
multiple-transit signals, it causes serious adverse effects in the device characteristics.

The earliest SAW filters had high insertion loss, typically more than 20dB.



Unidirectional transducer (UDT) was designed to solve this problem. A schematic
diagram of this transducer is demonstrated in Fig. 1.3. The initial structure of UDT,
introduced by Hartmann et al. [16], was a double electrode transducer made by
alternate electrodes with different thickness shown in Fig. 1.3a. As the metal
electrode thickness is increased, this enhances the loading of the acoustic impedance
and reduces the inter-electrode reflection of SAW. Thus, there is no reflected wave,
generation and propagation take place in one direction only. As shown in Figs. 1.3b
and ¢, the electrodes are designed with different widths and reflective gratings
introduced by Lewis [17] and Kodama [18] respectively. In these SPUDTSs, the
internal reflection of SAW inside the electrodes can be further reduced such that
SAW is forced to propagate in one-direction only. A device with two transducers

ideally gives a 0 dB insertion loss with no reflection at the center frequency.

Modeling tools for the devices are necessary for device designers. The first
theoretical approach for modeling IDT in a SAW device is a “‘delta-function’ model
derived by Holland et al. [20], which considers a localized source at the edge of each
electrode. A localized source can be represented using a spatial delta function. To
simplify the modeling, the source was considered to exist where the electrodes have
different polarities. Excitation of SAW is analyzed by adding the waves, which is
generated by an electrode. The disadvantage of this model is that it ignores the
presence of other electrodes, hence excluding SAW reflection in between electrode.

The analysis of IDT behaviors on piczoelectric substrates were further studied by
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Fig. 1.3 Aschematic diagram of single phase unidirectional transducers
(SPUDT)



Conquin and Tiersten et al. [21], Joshi and White et al. [22) and Skeie et al. [23],
utilizing several different approaches. However, the model was not widely adopted
by design engineers. The main reason was due to the complexities and the
limitations of unweighted electrode transducers. These deficiencies were overcame
using an equivalent circuit model introduced in 1969 by Smith et al.{24]. It employs
a Mason equivalent circuit which is most often used to model bulk acoustic wave
piezoelectric devices. Using the idea of transmission line models, Mason’s model
included all the b asic phenomena present - c apacitance, transduction, propagation
and reflection — though appropriate parameters need to be supplied from either
experimental results or more basic theories. Another equivalent circuit model called
the “impulse response” model was developed by Hartmann, Bell and Rosenfeld [25]
to yield additional information on the SAW transducer response beyond that given
by the simple delta function model, the circuit impedances and matching networks
are also included in this impulse response model. The model also provides insight
into frequency scaling that must be employed in the determination of apodization

quantities for broadband or chirp SAW filters.

Due to the development of new devices, there were more demands on various
analysis techniques, leading to further development of different designs of SAW
devices [26-36]. Since 1980, many new devices developed not only utilized the
reflection of SAW between two IDTs, but new wave modes, leaky wave and surface
transverse wave (STW), were also being widely explored. Coupling-of-modes

method (COM) is another convenient and widely adopted technique for modeling



and the design of SAW devices [37-39]. The technique complements the earlier
network model, it deals with acoustic wave propagating in the forward and reverse
directions in a distributed structure and incorporates their coupling interactions as
they pass though the IDT structure. This is the deficiency of the previous two
modeling techniques and the addition of SAW reflection leads to more accurate of

the calculated results of the SAW devices.
1.1.2 Principles of SAW devices

A SAW includes both the “True” SAW known as Raleigh wave, the pseudo-SAW,
such as the leaky-SAW, and the surface skimming bulk wave. The name, pseudo-
SAW is attributed to its propagation inside the piezoelectric substrate but is still
quite close to the surface of the substrate. Both types of SAW are used in filters,
oscillators and resonators. SAW can be generated utilizing the piezoelectric
property of the material. “To generate SAW, electrodes are first fabricated on the
piezoelectric materials. The metal film is deposited and pattemed into a comb-like
structure that called interdigital transducer as shown in Fig. 1.1. The propagation of

acoustic waves in a piezoelectric crystal can be described by the following equations:

D=eS+ek (1.2)

T=cS-el (1.3)



where D is the electrnical displacement density, e is the piezoelectric coefficient, S is
the materials strain, € 1s the dielectric permuttivity, £ 1s the external electric field, T

is the mechanical stress and ¢ is the elastic stiffness coefficient

The solutions for the mechanical surface wave propagation are quite complicated.
Using static field approximation, the elastic wave equations for the particle
displacements along the propagation axis are inter-coupled with the anisotropic

Laplace’s equation for the electric potential, ¢, by the piezoelectric tensor, e, as

shown below.

d*u otu az¢
p : cr : T, —:0 (1‘4)
ot Mo, Y oaxon,
2 2
e, 2t . 9P _g © forij k1=1,2,3 (1.5)

in which p is the density of the medium, ¢ is the elastic stiffness tensor measured
at constant electric field and ¢y is the dielectric permittivity tensor measured at

constant strain.

The particle displacements and the electric potential can be calculated in each
medium as reported by Conquin and Tiersten et al. {21] in 1967. The solutions
sought after are straight-crested propagating waves. Thus, the particle displacements

and the potential are assumed to be linear combinations of partial waves of the form,

-



u, = a, exp(ikbx,)exp(ik(x, —vt)) (1.6)

¢ = a, exp(ikbx, yexp(th(x, —vt)) fori, j, ki1=1,2,3 (1.7)

The wave propagation in a single substrate or in different layers can be described
and calculated using the equations above. This model can be used to investigate the

different types of acoustic wave with different thicknesses for the various materials.

When an electric field is applied on the IDT for the excitation of the material, there
are polanty differences between the adjacent electrodes and will induce a
longitudinal compressive and tensile stress. At the same time, the transversal
compressive and tensile forces are coupled to the substrate due to the formation of a
capacitor between the IDT and the bottom of the material. When the compressive
and shear forces are coupled together, there are alternate regtons of compression and
dilation. In the compression region, the substrate will be bent downwards and the
dilation region will be pulled upwards. The resultant motion making the particles in
that region forms an elliptical motion and SAW is formed. This process is the
reverse of the piezoelectric effect where the electrical energy converts into
mechanical energy. Therefore, SAW comes out from the input IDT and the wave
propagates in two directions. One direction propagates toward the output IDT and
the other is away from it, which leads to a 3db insertion loss. After the wave arrives
at the output I DT, the mechanical energy of the SAW is being converted back to
electrical energy through the output IDT electrode. While an electrical field is built

up at the owtput IDT, another SAW is generated leading to another 3 dB insertion

10



loss. Therefore, a total of 6dB insertion loss is found in SAW devices. Fig. 1.4
shows the propagation of SAW. In addition, one of SAW’s interesting properties is
that it is mainly concentrated on the surface of the substrate. The vertical component
of SAW decays exponentially and diminishes after about one wavelength away from

the surface.

11
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1.1.3 Apphcations of SAW devices

Surface acoustic wave devices can be designed with a center frequency of operation
from few MHz to several GHz, which is in the VHF to UHF range. Since the size of
the SAW element is proportional to the wavelength, the lower frequency limit is
govermed by the size of the substrates, and the upper limit is determined by the
fabrication process. More and more electronic components utilize SAW technology
rather than conventional techmiques for signal processing in communication systems.
Firstly, one of the most important applications is for implementation in small, rugged,
light and power efficient modules such as filters, resonators and delay line etc. The
demand for SAW components has been increasing yearly, especially in mobile and
satellite communications systems. Secondly, SAW components can be made to
operate efficiently at higher harmonic modes. Therefore, gigaherz-frequency devices
can be fabricated using relatively inexpensive photolithographic techniques. Thirdly,
SAW devices can be mass-produced using semiconductor microfabrication
techniques. As a result, they can be produced in a large volume with a cost-effective
process. Finally, SAW devices can generally be designed to provide complex signal
processing functions through different design patterns of IDT. To achieve the same
response, conventional LC-filters require several hundred inductors and capacitors in
designs. Hence, SAW device can achieve different specifications without tncreasing

the size of circuit.

SAW devicgs have also been used to improve existing systems such as pulse

13



compression filters for FM signals used in radar systems, and they are being merged
into new systems such as matched filters for phase coded applications in spread
spectrum communications systems. SAW devices are finding applications in radar,
spread spectrum communications, air traffic control, electronic warfare, microwave
radio relays, data handling systems, sonar, and IF filters for TV, such as bandpass
filters, UHF oscillator control elements, programmable devices for frequency and
time domain filtering, frequency synthesizers, correlators etc. In many cases the

performance of SAW devices exceeds that of its best electromagnetic counterparts.

In addition, there are other areas of applications or potential applications which are
currently still in the research and development stage. Examples of such areas, which
may well become important, are imaging and nondestructive evaluation (NDE).
With respect to imaging, it has been shown that acoustic surface waves can be used
to scan an optical image as well as to scan and focus an acoustic image. Further
studies need to be conducted before these techniques become practical or
competitive to other imaging techniques. In the meantime, there are future
implications for medical electronics and for nondestructive evaluation of matenials.
With respect to NDE, until recently simple techniques for testing and interpretation
are believed to be adequate for most applications. T he recent demands for more
quantitative characterizations, which have resulted in the change from NDT
(nondestructive testing) to NDE, have imposed the need for more complicated
approaches, which the acoustic surface wave field can contribute in the form of

better transducers, better theoretical descriptions of wave scattering from defects,
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novel imaging approaches, and new adaptations of signal processing techniques.

1.1.4 Current status of SAW materials development

The potential advantages of SAW devices over the traditional components have been
discussed and have been found to fulfill the requirements for high speed
communication systems. Both the design of the IDT pattern and the material
selection for the SAW devices has become an important topic in the research of SAW.
The basic requirements for SAW materials are good piezoelectricity and smooth
surface morphology. The root mean square (rms) roughness should be, at most, in
the order of a few microns, otherwise, fine patterns of IDT cannot be fabricated on it.
The third condition is the high value of electromechanical coupling coefficient for
practical devices. Typically, 2% or higher is the minimum acceptable value for the
electromechanical coupling coefficient. The fourth is the low insertion loss and
temperature coefficient of frequency (TCF). Strong dependence of the operation
frequency may significantly impair the performance of the devices. Finally the

ability of mass production is required for the development of cost effective devices.

Selection of the substrate material is a determining factor for SAW device
performance. Since piezoelectnic materials commonly used as the substrate are
intrinsically anisotropic, their properties are dependent not only on the cut angle but
also the SAW propagation direction. The mismatch of the SAW propagation with

the orientation of substrate materials results in losses of the steering beam and the
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dissipation of SAW energy etc.

Piezoelectric materials commonly used as the substrates of the SAW filter are shown
in Table 1.1 [41]). From the table, YZ-lithium niobate (LiNbQOs;) substrate
(i.e. Y-axis crystal cut, Z-axis propagation) with relatively high values of K’ are
generally applied in wideband SAW filters, such as in radio pulse compression filters
with very large time-bandwidth (TB) products. Moreover, LiNbOs crystals have a
nonzero temperature coefficient of delay. The propagation time 7 between the input
and output IDT’s, separated by a distance L, is given by 7= L / v. However, the
SAW velocity, v, will be dependent on the elasticity, density and piezoelectric
properties of the substrate used. These parameters change with temperature. When
the material is utilized as a filter, the influence of temperature variation is not crucial
‘to the filter application. If the filter is used in the feedback loop of an oscillator,
temperature variation will result in phase shifts around the operation frequency,

which reduces the stability of the oscillator.

K2 value of ST cut -X axis quartz is about forty times less than that of lithium
niobate. It is mainly applied in narrowband (BW <5 %) filters and delay lines.
Moreover, it is widely employed in SAW oscillator designs, because of its zero
temperature coefficient of delay about room temperature. The stability of SAW
oscillators using ST-X quartz may be high enough without having an additional oven
stabilization treatment. Lithium tantalite (LiTaO;) with higher K’ than ST-X quartz,

has also found some use in oscillator designs. Another new material of SAW
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piezoelectric materials is langasite. While it also has alow TCD for temperature
stable device applications, it has a much higher K than quartz, with a slightly

smaller SAW phase velocity (Vp = 2400 ms™).

Good crystallinity for SAW material usually accomplishes high K°, and nearly zero
TCF can be achieved using different cutting angles. Because of the high reliability
and reproducibility of the bulk type SAW oscillator and resonator, the single bulk
type SAW substrate is widely used in industry. In order to fabricate high frequency
SAW devices using bulk materials, one of the methods is to minimize the thickness
of the substrate and the transducer line width. However, it leads to the risk of low
yield. Thin film type SAW device is another method to compensate the deficiency
of the bulk type. Piezoelectric film has also shown to be promising for use in
conjunction with high velocity substrates to achieve high frequency SAW filter
while maintaining reasonable electrode linewidth geometries. Actually, piezoelectric
thin films have been used for over three decades as high frequency bulk acoustic
wave (BAW) and surface acoustic wave (SAW) transducer and resonators, and also

as a SAW medium for acousto-optic, acoustoelectronic, and sensor interactions.

Sputtered aluminum nitride (AIN) and zinc oxide (ZnO) films have been widely
studied for acoustic wave device applications. Following the introduction of the
interdigital transducer in 1965, thin piezoelectric films were used for the excitation
of surface waves on non-piezoelectric substrates such as glass, silicon, and sapphire.

[41] This led to the introduction of ZnQO based SAW filters for consumer and
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communication products. In addition, piczoelectric films have been used with
piezoelectric substrates to enhance K°, and TCF. The advantage of thin film
substrate is the variation of acoustic velocity, TCF and K’. These parameters vary

with different combinations of substrates and thin films.
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Crystal

Materal SAW Velocity | K* (%) Temperature
Cut Axis (ms™) Coefficient
(ppm/°C)
Quartz ST X 3158 0.11 ~)
(about 5°C)
Lithium Y Z 3488 4.5 94
niobate
(LINDBO3)
Lithium 128° X 3992 53 75
niobate
(LiNbO3)
Lithium 77.1° Z 3254 0.72 35
tantalite Rotated Y
(LiTa0Q;)
Bismuth 110 001 1681 1.4 120
germanium
oxide
(Bi,2GeOap)
Gallium 100 <110> 2841 <0.06 35
arsenide
(GaAs)
Table 1.1  Common parameters substrates for SAW devices
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1.2 Use of AIN and ZnO as SAW materials

1.2.1 Introduction

Piezoelectric films for SAW applications have received much attention over the past
four decades. High crystallinity binary compounas such as ZnO and AIN are grown
by sputtering method.  Sputtered AIN and ZnO have been used for over three
decades for the fabrication of high frequency bulk acoustic wave devices by utilizing
their high acoustic velocity (AIN) [42-45] and high piezoelectricity coupling
coefficient (ZnO) [46-49]. In this chapter, we will investigate of the relationship of

piezoelectricity and crystalline structure of AIN and ZnO.

1.2.2 The structure of AIN and ZnO

1.2.2.1 Properties of aluminum nitride

Aluminum nitride thin films have broad applications because they possess excellent
properties such as chemical stability, high thermai conductivity, electrical isolation, a
wide band gap (6.2eV), a thermal expansion coefficient similar to that of GaAs, and
a high acoustic velocity {50-56]. It is a hard material with bulk hardness similar to
quartz, about 2.000 kg / mm. Pure AIN is chemically stable and is attacked only by
an alkali solution. Therefore, AIN thin films are applied not only in surface

passivation of semiconductors and insulators, but also in optical devices in the
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ultraviolet spectral region, acousto-optic devices, and SAW devices. Polycrystalline
films exhibiting piezoelectric properties can be used for the transduction of both
BAW and SAW. When compared to other piezoelectric films, such as ZnO, AIN
shows a slightly lower piezoelectric coupling (~2.5%), but the Rayleigh wave

velocity of AIN is the highest among the piezoelectric materials at about 5600ms™ .

1.2.2.2 Properties of zinc oxide (ZnO)

Zn0 has a tetrahedral structure. The most common crystal structure of ZnQ are the
wurtzite structure and the zinc blende structure. For zinc blende structure, its lattice
energy is slightly higher than other crystal structure [57-61). A third possible crystal
structure, which is stable at higher pressures, is the rocksalt structure. The
experimentally derived values for the « and the ¢ unit cell distances are 3.243 and
5.195 A for rocksalt structure, respectively. This is the orientation in which the (002)

surface is perpendicular to the c-axis.

123 Piezoelectric effect

If a stress is applied to a certain type of crystal, it develops an electric dipole
moment with magnitude proportional to the applied stress. This phenomenon is
called the direct piezoelectric effect. However, the inverse piezoelectric effect
happens when an electric field is applied to a certain crystal, and the shape of the

crystal changes. Eq (1.7) shows the equation for the direct piezoelectric effect:
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D=dT (1.7)

where D 1s the electric displacement, d is the piezoelectric coefficient and 7" is the

applied mechanical stress

Existence of the inverse piezoelectric effect is a thermodynamic consequence of the
direct effect and the coefficients relating the field and the strain in the inverse effect
are the same as those relating the stress and the electric displacement in the direct

effect. Therefore the inverse effect can be written as follows:

S=dE (1.8)
where § is the stress and E is the electric displacement
Hence, piezoelectricity couples between the mechanical and electrical constants,
The mechanical variables can either be the stress or strain, while the electrical

constants can either be the electrical displacement or electrical field;

_ D B
d= (aT)E —(aE)r (1.9)
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This coefficient exhibits in two different forms. One corresponds to the direct effect
while the other comesponds to independent variables. The strain induced in the
material is not only determined by the stress, but also the electrical condition. An
electrically clamped state is defined when the polanzation is constant, while an
electrically free state is when the surrounding medium has infinite dielectric

susceptibility. The full tensor notation can be written as:

S, =d,E, (1.10)

[/ Sl

in which i, j and &, range from 1 to 3. The piezoelectric coefficient dy is a third rank
tensor with 27 components. As djx has symmetry in j and %, this reduces the
effective number to 18. If the material has a higher symmetry, the number of

dependent elements will be further decreased.
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2. Experimental Process

2.1 Introduction

In this thesis, AIN and ZnQ piezoelectric thin films were deposited by radio
frequency (rf) magnetron sputtering [62,63] and molecular beam epitaxy (MBE)-
techniques [64,65]. For applications of piezoelectric materials in SAW devices, the
growth orientation of the thin film should match the propagation direction of the
SAW in order to obtain the maximum signal transfer [66,67]. One of the loss
mechanisms in 2 SAW device is the scattering of the signal. If multiple orientations
are found in a piezoelectric thin film, signals will propagate in its favored direction
as a result of 'the acoustic wave scattering [68]. Better orientation of the thin films
leads to a stronger SAW response, lowering the propagation losses. In order to
obtain a highly textured and oriented piezoelectric thin film, it should be epitaxially
grown on the substrate [69-78]. The selection of the substrate is one of the most
important parameters to get high quality thin films. This factor is not only important
to the SAW devices but also important for all other thin film based devices [79-88].
The rough areas on the surface of the thin film also function as scattering centers,
increasing the propagation loss to the device. Therefore, the device performance of

SAW devices depend on crystalinity and surface morphology.

Epitaxial piezoelectric thin films are generally deposited by sputtering and chemical

vapor deposition (CVD) growth technique. The CVD growth technique is more
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suited for mass production and offers excellent controllability. The drawback of
CVD growth technique is to raise environmental pollution. In addition, it was
shown that there is a high probability of obtaining rough surface of the as-deposited
piezoelectric thin films, leading to difficulty in fabricating micropattern interdigited
transducer. Therefore, sputtering technique was mainly used to deposit piezoelectric

thin films 1n our studies.

AlLO; (0001) and Al,O; (1120) are commonly used as substrates for the growth of
high frequency SAW devices because they are closely lattice matched with ZnO and
AIN thin films [89-98]. For example, the lattice mismatch between AIN and Silicon
(S1) 15 18% [92] but that between AIN and ALOs is 13.3% [92). It is well known
that large lattice mismatch leads to a poor film quality as well as internal stress [99].
The internal stress can also vary the elastic constant of the piezoelectric material.
Therefore, Al;O; substrates were used in our studies in order to minimize the

adverse effects caused by large lattice mismatch.
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22 Growth of AIN and ZnO thin films on sapphire by rf

magnetron sputtering and MBE techniques

2.2.1 AIN and ZnO deposition by rf magnetron sputtering
technique
22.1.1 Principle of rf magnetron sputtering

Radio frequency (rf) magnetron sputtering is one of the most commonly used
methods for the deposition of thin films. This method was first described 150 year
ago. To start the sputtering process, the plasma was initiated by applying a large
voltage across a gap containing a low-pressure gas. Once the plasma was formed,
ions in the plasma were accelerated towards the negatively charged cathode. When
they deposited on the surface, they released secondary electrons, which accelerated
away from the cathode. They may collide with neutral species while crossing from
cathode to anode. If the energy transfer was less than the ionization potential of the
gaseous species, the atom could be excited to an energetic state. The atom decayed
from this excited state through an optical transition, providing the characteristic glow.
If the energy transfer was high enough, the atom would be ionized and accelerated
towards the cathode. The bombardment of the cathode by the ion stream was the
main process of sputtering. While an ion was accelerated by the electric field, it

bombarded the surface of the target material on the cathode. Ions with optimal
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energies started to deposit on the substrate surface without bound off or implantation.
If the energy of the deposited atom was high, the surface mobility of the atoms
would also be high. In this case, the atoms could move around on the substrate
surface and merge into islands. These islands would eventually join together to form
a smooth film. A zone model was developed by Movchan and Demchishin [99] to
describe the morphology of the deposited film. Figure 2.1 shows the regions of a
film morphology as a function of substrate temperature.. The substrate temperature
was normalized to the melting point of the film. At low substrate temperature, the
film became an amorphous, highly porous solid with a low mass density. This is the
zone A of the diagram. It was caused by the low adatom mobility of the growing
film. When the chamber pressure was lowered or the substrate temperature was
raised, the deposition process entered the “T” zone. Films deposited in this region
were highly specular and had very small grains. Increasing the temperature further
caused the grain size to increase. Zone B had tall narrow columnar grains that grow
vertically from the surface. The grains end in facets. Eventually, the film had large
3-D grains in Zone C. The surfaces of the film in the second and third zone were
moderately rough and the film appeared “milky”. In order to get a smooth film
surface, the substrate temperature was adjusted to allow film growth in zone T

region.
Zone model described above showed that, an optimal substrate temperature were

provide enough kinetic energy to enhance the surface morphology. The deposition

rate could be controlled by sputtering pressure, ratio of gas mixture and the target-to-
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A schematic diagram of zone model of film deposition

Fig. 2.1
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substrate distance. Sputtering pressure was a parameter indicating the total number
of molecules in the vacuum chamber during _the sputtering procedure. As more
excited molecules or atoms freely moved in the vacuum, the sputtering process
became faster but the mean free path o f the molecules was shortened. Since the
probability of collision between molecules was higher, the kinetic energy of
sputtered atoms decreased and some even failed to reach the substrate. Thus, the
rate of deposition decreased with an increase in the sputtering pressure. Furthermore,
the optimization of the quality of the thin films could also be accomplished by
controlling the energy of the atoms because the highly energetic atoms bombarding
substrate surface would roughen the surface of the deposited film. Thus, to improve
the crystal of the thin films it was necessary to prevent the bombardment damage to

the crystal structure.

The mixture of argon and nitrogen or oxygen (when sputtering AIN and ZnO using
nitrogen and oxygen respectively) maintained the stoichiometry of the sputtered
films. The argon gas was used to increase the sputtering yield and to enhance the
deposition rate. In addition, it provided an easy way to control the flux on the film
surface. In other words, varying the composition of the gas mixture could control
both film stoichiometry and crystallimty. In the growth of AIN thin films, the
variation of the gas ratio of between N, and Ar was one of the parameters used to
control stoichiometry and the crystallinity due to the composition change of the film.
In conclusion, all the factors listed had strong influence on the crystallinity of the

film. These parameters factors must thus be systemically optimized
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2212 Samples preparation

In this thesis, single side polished Al;O; (0001) wafers were used as substrates for
the deposition of the piezoelectric AIN and ZnO thin films. First, the substrates were
degreased with acetone followed by iso-propanol. Following the degreasing
procedure, surface damage due to polishing and contaminants were removed using
an etching solution of 3:1 hot H;SO4:H3POs. The substrates were dipped in this
solution for 15 minutes at 150°C. This was followed by rinsing in deionized (DI)

water for 5 minutes and blown dry with filtered N; gas.

After the standard cleaning process, the substrates were loaded in the sputtering
chamber. In this experiment, an ANELVA SPF-332H rf planar magnetron sputtering
system was used to deposit AIN and ZnO piezoelectric thin films. Ceramic targets,
ZnO and AIN of 99.5% purity, were used, which were water cooled on the backside
during sputtering. The distance between the target and the substrate was about 50
mm. The chamber was baked to outgas and then evacuated by diffusion pump to
below 4 x 107 torr. The substrate temperature was varied in the range of 50-200°C.
The target was pre-sputtered for about 10 mins before deposition on the substrate,
and also gaseous mixture was injected into the chamber d uring the pre-sputtening
process. The pre-sputtering process was carried out for cleaning of the sputtering
target and reaching the equilibrium states o f the plasma. For sputtering nitride or
oxide compound, nitrogen gas or oxygen gas was added and mixed with argon gas to

balance the stiochiometery of the sputtered thin films. Different ratios of the gases
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were used to optimuze the film quality. During sputtering, the substrate was rotated

at a 3 rpm improve the thickness uniformity of the thin film. The duration of the

sputtering process was experimentally determined in order to obtain the required

thickness of the piezoelectric thin films. Table 2.1 is the summary of the deposition

conditions for ZnO and Table 2.2 is the summary of the deposition conditions for

AlN.

in order to optimize the sputtering conditions in obtaining good thin film quality,

different parameters were varied during the sputtering process such as the ratio of

the gaseous mixture, sputtering pressure, substrate temperature and sputtering power.

Substrate temperature

Room temperature -200°C

Ar/O, ratio 0-1
Gas pressure 0.3-1.5Pa
RF Power 50-150 W
Target ZnO ceramic 99.9 % purity
Base pressure 4x10° Pa
Target to substrate distance 5cm

Table 2.1  Variation of sputtering conditions for ZnO

Substrate temperature 200-400°C
Ar/N, ratio 0-1
Gas pressure 0.3-1.5Pa
RF Power 200-350 W
Target AIN ceramic 99.9 % purity
Base pressure 4 x 107" Pa
Target to substrate distance S5cm

Table 2.2 Variation of sputtering conditions for AIN
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222 AIN thin films deposition by MBE technique

2221 Principle of MBE growth

MBE is a versatile technique for growing thin epitaxial semiconductor, metal or
insulator films. In this process, the molecular or atomic beams of the constituent
elements react and deposit on a substrate surface. The substrate is maintained at an
elevated temperature under ultrahigh vacuum condition. The composition of the
epilayer and its doping level depend on the relative arrival rates of the constituent
elements and the dopants, which in tumn depends on the evaporation rates of the
appropriate sources. The growth rate is about 1 monolayer per second, which is low
enough to ensure sufficient surface migration of the impinging species on the
growing surface so that the surface o f the grown film will be smooth. A simple
mechanical shutter placed in front of the beam sources can be used to start or to stop
the deposition and doping of the film. The major difference between MBE and other
vacuum deposition techniques is that beam fluxes and growth conditions in MBE
can be more precisely controlled. MBE growth is carried out under conditions far
from thermodynamic equilibrium and is governed mainly by the kinetics of surface
processes occurring when the impinging beams react with the outermost atomic
layers of the substrate crystal. This is different from other epitaxial growth
techniques such as the liquid or vapor phase epitaxy, which proceeds at conditions
near thermodynamic equilibrium and are most frequently controlled by diffusion

processes occurring in the crystallizing phase surrounding the substrate.
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2222 Samples preparation

In this thesis, single side polished sapphire were used as substrates. The sapphire
substrates were cleaned before transferring to the MBE growth chamber. The
detailed cleaning procedures have been described clearly in section 2.2.1.2. After
loading to the MBE growth chamber, the substrate was thermally cleaned at 850°C
and out-gassed for 30 minutes. The substrate temperature was then decreased to
about 800°C for the deposition of the AIN thin film. Tl_le Al cell temperature was
varied with fixed nitrogen flux and fixed 1f power. The summary of the AIN

deposition conditions by MBE is shown in the following Table 2.3.

Substrate Temperature | 800 °C

tf Power 350 W
Nitrogen flow 1 sccm
Temperature of Al cell | 1120 to 1135 °C
Base pressure 2 x 10" torr

Table 2.3  Summary of growing conditions of AIN by MBE
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2.3 Thin film characterization

The characterization techniques for the AIN and ZnO thin films include X-ray
diffraction (XRD}), atomic force microscopy (AFM) and scanning electronic

microscopy (SEM).
2.3.1 X-ray diffraction (XRD)

X-ray diffraction is a powerful analytical method for determining the structural
properties of materials, such as crystal structure, orientation and lattice parameters,
film texture, thickness, grains size, stress and etc. [100-101]. This 1s achieved by
using the method in a variety of modes. The most widely used are as follows. The
first type of scanning is @ — 2@ scan, in which the incident angle w and the reflected
angle & of the scanning beam are equal. The x-ray source and the x-ray detector are
coupled during the scan. From the XRD diffractogram, one can readily extract the
lattice parameter, film texture, grain size etc. The rocking curve is another common
type of scan to examine the orientation and the texture of thin films. The sample is
rotated or rocked through an angular range, bringing the plane in and out of the
Bragg condition. The width of the measured peak, normally measured in terms of
the FWHM value contains information on the amount by which the measured plane
is off from the surface normal, sometimes referred to as the ‘degree of orientation’ of
the specimen. This method also enables accurate determination of very small

deviations in d-spacing due to strain effects, etc. and is widely used to compare the
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crystallinity of thin films. The third scan type is the ¢ scan. This scan is performed

by studying two crystallographic planes, one from the substrate and one from the
film which are not parallel to the sample surface. The incident X-ray is locked at an
angle o defined by the chosen plane and the detector is locked at the diffraction

angle 2 @ for the same plane. The ¢ -scan is then performed by rotating the sample

around its normal axis, while the intensity of the plane is simultaneously recorded.
The in-plane orientation relationship can be determined by comparing the positions

of the resulting peaks from the two ¢ -scans.

232 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) probes the surface with a sharp tip of a few
microns long, often less than 100nm in diameter [102]. The tip is mounted on a
flexible cantilever that is 100 to 200 pm long. Forces between the tip and the sample
surface cause the cantilever to bend and a laser diode reflects the signal back to a
photodetector CCD array which is used to sense movement. Precise control of the
tip movement over the surface to be scanned is achieved by the use of piezoelectric
ceramics.‘ Atomic force microscopy has become a very powerful analytical
technique in materials science since this measurement can provide information on

surface morphology on a nanometer scale without any vacuum isolation.
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233 Scanning electron microscopy (SEM)

Secondary electron microscopy (SEM) is used to examine the physical features with
dimensions from several microns down to a few nanometers [103]). Secondary
electrons emitted or scattered from the surface are detected through synchronization
with the raster. The orientation of surface features influences the number of
electrons that reach the secondary electron detector, which creates variations in the
image contrast that represents the secondary electron detector, and also in the image
contrast that represents the sample’s surface topography. The secondary electron
image resolution for an ideal sample is about 3 nm making it suitable for
topographical and morphological analysis of matenals. Hence, this method provides

high-resolution imaging of fine surface morphology.
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2.4 SAW filters fabrication and characterization

2.4.1 SAW filters fabrication

After the thin film was grown, interdigital transducer IDT electrodes were fabricated
on the thin film using the liftoff method. As ZnO thin films can be etched by an
acidic solution [104], thus liftoff method was used to prevent the acidic solution
from coming into contact with the ZnO thin film. Although AIN film is stable in an
acidic environment, liftoff technique was also used to fabricate IDT electrodes on
AIN such that the same fabrication process was used for both AIN and ZnO based
devices. In this experiment, a simple SAW filter was used to examine the

electroacoustic effect of the thin film.

Firstly, the samples were soaked in acetone followed by isopropanol. The samples
were then rinsed in DI water and blown dry with filtered N; gas, followed by baking
in an oven at temperature below 100°C. After cooling, AZ3100 photoresist was then
spun on the samples at 7000 rpm for 15 s. The samples were then exposed to UV
source (320 nm) with a Karl Suss MA6 mask aligner that enables to fabricate a
minimum linewidth of 1 um. The exposure time was approximately 150 s and the
light intensity was about 3.0 mW / cm®. After UV exposure, the sample was then
dipped into the developer for about 15 s followed by DI water rinse and dned with

filtered N; gas. Electron beam (e-beam) evaporation was used to deposit Al IDTs of
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250 nm thickness on the samples. The e-beam evaporation system was evacuated by
a turbo molecular pump and achieved a base pressure of 9 x 107 mbar. Finally, the

pattern of IDTs was formed by liftoff technique, which is shown in Fig. 2.2.

A schematic diagram of the SAW device with IDT electrode is shown in Fig. 2.3, in
which d is the hnewidth o f e ach transducer, d; is the minimum s eparation of the
input and output IDT, d; is the center to center separation between two IDTs and

w is the overlapping of the transducer

The acoustic wavelength is defined as,

A=4xd (2.1)

where A is the acoustic wavelength and d is the linewidth of the IDT electrode. The

parameters of a simple SAW filter are summanzed in table 2.4.
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Fig. 2.2
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Fig. 2.3 Schematic diagram of a SAW filter

d (um) w{um) | d; (um) | d; (um) | Number of electrode
1 900 500 2000 100

950 550 2000 200
4 950 550 2000 200

Table 2.4  Parameters of the designed SAW filter
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2.4.2 SAW filters measurements

24.2.1 Frequency response and insertion loss

In this thesis, the frequency response and insertion loss of the SAW filter were
measured by the direct probing method. The measurement setup fs shown in the Fig.
2.4. Casade air coplanar mirco-probes were used to excite the SAW from the input
port ofthe IDT and signals were received from the gutput port of the IDT. T he
advantages of using the on-wafer probing method are easy impedance matching,
high accuracy, low insertion loss and low noise. Frequency response measured the
operating frequency of the device which excited the piezoelectric thin films with the
use of the IDT electrodes. Electromechanical coupling coefficient K2, insertion loss
and phase velocity were also measured, which is a measure of the efficiency of
converting electric energy to mechanical energy. The K° was obtained by mpeasuring
the conductance and suspectance of the device and then calculated using an
equivalent circuit suggested by W. R. Smith [105] as shown in the Fig. 2.5. The
admittance of the IDT had two parts: the ordinary capacitive part, which had

nothing to do with SAW, and the acoustic admittance.
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Fig. 2.4  The measurement setup of the frequency response and insertion loss.
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Fig. 2.5 A equivalent circuit of a SAW filter
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The circuit elements as shown in Fig.2.5, are given by the expression below:
Y.()=G,(f)+ jloCr + B,{f)] 2.2)

where G,(f) is the radiation admittance, B8,(f) is the radiation conductance and

Cr is the static capacitance of an IDT electrode. G, (f) and B,(f) can be

calculated by the following equations,

G,(f) =G, (sinx/x)? (2.3)

B.(f) =G, [(sin2x—2x)/2x?] (2.4)

in which G‘a (f) is the unit vector of G, {f}and x is the frequency change. In this

equivalent circuit, @“ (f) can be expressed by,
G.(f) =@/ m)K*w,CN? (2.5)

in which @, is the centre frequency, Cs is the static capacitance of each pair of
electrode and N is the number of electrode part in the IDT. When the operation

frequency occurs at @ = @, we have x = 0, and the equation (2.3) and (2.4) becomes,

G,(»,)=G,and

B (@,)=0
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then, equation (2.2) becomes,

Y =(4/1)K*No,C, + jw,Cp =G +ja,C, (2.6)
K? = 2.7)
4NB

a

The second method is to measure the difference of the phase velocity with and
without a metal thin film on the piezoelectric thin film in between the propagation

path of SAW filter, this difference can be expressed as

_2Av
v

K’ (2.8)

The additional o f a metal film on the piezoelectric thin film is to provide a time
delay in the wave propagation. In the transmission line model, the relationship
between the acoustic wave v,, the inductance L, the acoustic impedance Z, and the

capacttor C, not C, are,

L=22 (2.9)

C= , and 2.10)

(2.11)
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When a metal plate 1s deposited on the thin film surface, the accumulation of charge

will be such that the total electric potential @ and longitudinal electric field £ are

zero. The vertical component £ still exists, so that the field distribution can be

modeled as a parallel-plate capacitor as shown in Fig. 2.6. Using the transmission
line model, the deposition of a conductive metal thin film is equivalent to adding a
capacitor to the circuit. Since the net stress acting on the film surface is also zero, as
observed from the above relation, the acoustic velocity of the surface wave

propagation under the conductive metal film decreases.
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24272 Phase noise measurement

Phase noise is commonly found in SAW device. In much of the prior researches
conducted, 1/f noise distribution can be found in any electronic device, such as
carbon resistors [106-111], vacuum tubes [112] and semiconductors [113-120]. In
semiconductors, much of 1/f noise has been attributed to surface effects [120], so it
is not too surprising to find that the surface acoustic wave device is a source of 1/f
phase notse. 1/f noise has been observed in quartz SAW filters [121-125] and
resonators [126-133]. Since SAW resonators are used as the feedback elements in
oscillation circuit [134-143], its noise performance is necessary to be investigated.
The causes of 1/f phase noise are not very well understood. Some researchers
believe that the quantum 1/f e ffect [ 144-149] was due to the quantum fluctuation
present in the quantum mechanical notion of physical cross section ¢ and physical
process I, caused by the reaction of the electromagnetic field on the electric or
dielectric dipole that emitted it, rather than the scattering of individual carriers.
Another group suggested the structure of the delay line is a source of phase noise in
SAW devices [150]. The researchers tried to find out the relationship between the
length of the delay line and noise level has still yet to be found. T. E. Parker et al.
also proved the delay dependence of the phase noise of SAW devices. They reported
that the noise source is due to the bulk effect, rather than the surface effect [151,152].
In addition, defects in thin films are another possible noise source and the device
performance is directly proportional to the maternal quality. Therefore, material

quality is thus suggested to be a factor in influencing the noise level of SAW device,
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however, the detailed mechanism has vet to be determined.

For phase noise measurement, the most common parameter used to characterize the

phase noise of the device is the power spectral density of phase fluctuation, qu R
which can be defined as the Fourier transform of the autocorrelation function Rqo (7).

The power law model is frequently used for describing phase noise. It assumes that

Sgo (f) 1s equal to the sum of the terms, each of which varies as an integer power of

frequency.

1
f4

1

1 1
—)+ D(—
I )+ D(

B
)+ B 77T

1
$,(/)=A( )+C( )+E(70—) (2.12)

where A, B, C, D and E are the constant. In each tf;rm, it corresponds to a noise
process. For the first term, 7/f* is due to the random walk noise, 1/ is due to flicker
frequency modulation of the frequency, ///is due to white phase modulation of the
frequency modulation, //f is due to the flicker phase modulation of the frequency

and //fp is due to the white phase modulation of the frequency

In mndustrial standards, single sideband (SSB) signal £(f) is the most essential

parameter in measuring the phase noise either oscillator or resonator. Actually the
SSB can be converted back to the power spectral density. When the phase noise of

the device is going to be measured, a pair of sideband comes out and the experiment
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data is taken and analyzed. The result is so called double sideband signal to noise
ratio, otherwise filtering one sideband and continues the experiment the results
called single sideband signal to noise ratio. Consider one sideband the noise process

N(v) around the carrier, for the root means square (rms) voltage of carrier frequency

JR,P- , taking a frequency f away from the carrier in the bandwidth B, the rms

voltage is /R, NB and causing a phase modulation tan lqom = -2?3 , In this stage
c

the variation induced by amplitude is insensitive since £( f ) is almost always

measured by means of a phase to voltage converter. Under the assumption of low

. . . . fNB
noise to carrier ratio, that modulation angle becomes ¢, = >p Hence the
c

spectrum density is §,(f) = M%if—) The physical dimension of §,(f)is rad® /

C

Hz. The quantity used to describe the power spectral density thereby obtained is

an=-220 s @.13)

The physical dimension of £ ( /) is Hz''; the unit of angle, rad, has already be
omitted. £ ( f) is usually expressed in dBc / Hz, where dBc means noise per unit
carrier power. That means the power density in one sideband per 1 Hz bandwidth at

an offset frequency faway from the carrier frequency under the input signal power.
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As mentioned above, the source of the phase noise in SAW devices has yet to be
found and thus no physics-based model exists for phase noise in the SAW devices.
It is common practice to utilize the noise model of an oscillator for simulating phase
noise in SAW oscillators [151]. The first model involving the phase noise of a
quartz oscillator has been proposed by D. B. Leeson et a! [153]. The schematic
diagram of the model is shown in the Fig. 2.7, which is heuristic description of the
expected spectrum of a feedback oscillator in terms of known oscillator parameters.
This phase noise model contains two parts, open loop and closed loop model. For
the open loop model, the phase noise is measured from the amplifier output with a
known amplification factor and the notise figures, connecting with the device under
test that is surface acoustic wave delay line. For the closed loop model, converting
the above open loop c ir.cuit into an oscillator by closing the loop, and the power
spectral density of the phase noise takes on a different shape compared with the open
loop case. Two different testing circuits result in different s hapes o f the s pectral
density of the device. For open loop circuit, the power spectral density o f phase
fluctuation is divided into two parts which is

a_, GFkT
de PO

where F is the amplifier noise figure, &7 is the thermal energy, o 1s a constant, Po is

L(f)=

(2.14)

the input power and G is the voltage gain. The phase noise power spectral density

appearing at the output of the open loop configuration will be independent of £, for

r . This is the

values of f,, > f, and will have a value here of approximately
o
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Fig. 2.7 The schematic diagram of Leeson’s model

51



thermal noise floor that can be calculated theoretically. The flicker noise parameter

a and the flicker frequency f, are extracted from the experimental results.

The experimental setup for detecting phase noise in SAW is well established. The
direct phase noise measurement setup includes a HP 8565B signal generator, a
power splitter, a low loss noise mixer, a phase shifter, a PAR113 low noise amplifier
and a HP3651A dynamic signal analyzer as shown in the Fig. 2.8. The signal from
the clean source HP 8565B is splited into two paths. Half of the signal is passed
through the SAW device and mixed with the remaining half of the signal, which
connected with the phase shifter. The output of the mixer is amplified using a low
noise amplifier to enhance the output voltage. The phase shifter is adjusted such that
the two signals at the mixer are in quadrature, causing the mixer output {for dc and

low frequencies) to be proportional to the phase difference between the two signals.

The output voltage of the mixer can be converted back to the phase fluctuation of the
SAW filters. While the mixer is used as a phase detector, fundamental and

harmonics signals are obtained

r(£) = [2R, P, cos(2rv,t) (2.15)
s(t) = 2R P [L + a(t)Jcos(27v,t + @(2)) (2.16)

where r(?) and s(?) are the reference and modulated frequency respectively, Ry is the
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intemél resistance, Pc is the power of the frequency, « is the amplitude modulation
coefficient, v¢ is the centre frequency of the SAW filter and ¢ is the phase
fluctuation of the frequency. And a low-pass filter is used to filter out the harmonic
part of the output signal since the mixer acts a multiplier that it added up two input
signals and different two input signals. For this expeniment, two input frequencies
are nearly the same and thus it likes a harmonic of the original signal and the output

signal can be expressed as,
Vour =[HOS@]* H . () = Ry P14 a@sinlo()]) 217

where H pirer (t) is he Fourier transform function of a low pass filter. For detector
operation, the mixer is set in saturated region that both power level of the reference
and modulated signal entered into the mixer is the maximum withstand of the mixer
such that the output signal can independent of the input power. The ampliturde noise

can be neglected, thus
SAS)=K;85,(f), (2.18)
where K; is the phase detector scale factor, S,(f}is the power spectral density of

phase fluctuation of the SAW device and S, (f)1s the power spectral density of

voltage fluctuation of the SAW device.
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3, Experimental results

3.1 Experimental results of AIN and ZnO SAW filters
deposition on sapphire grown by rf magnetron sputtering

technique

3.1.1 Characterization of AIN and ZnO thin films deposition on

sapphire grown by rf sputtering technique

For any thin film application, the quality of the thin film must be characterized and
optimized. In this thesis, the piezoelectric AIN and ZnO thin films, grownby rf
sputtering technique, were optimized and characterized before device fabrication.

Different sputtering parameters resulted in different crystal structure and' surface
morphology. The crystallinity and the surface roughness of both AIN and ZnQO thin
films were characterized by the XRD, SEM and AFM measurement then a
systematic study on the performance of the SAW filters was cbnducted to examine
the relationship between the material quality and device performance. For further
demonstration of the relationship of the material quality and SAW filter performance,
we have investigated the device performance of SAW filters fabricated on M BE-

grown AN films and the results are reported in this chapter

The XRD measurements on AIN and ZnO thin films deposited on sapphires by
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sputtering under different parameters were first discussed to show the effect of the
sputtering parameters on the film quality. This study enabled us to optimize the
condition of rf magnetron sputtering for application in SAW filters. In the Fig. 3.1,
when the sputtering power 100W was used, the FWHM of the AIN thin films was
shown to be the highest value of the FWHM. When the power increased, the
FWHM decreased indicating that the both crystallinity and surface morphology of

the AIN thin films were improved.

After the sputtering power was varied, the sputtering pressure during the sputtering
process was then varied systematicaily as shown in Fig. 3.2 with sputtering pressure
varying from 0.1 Pa. to 1.5 Pa. It was found that the minimum value of FWHM was

0.5 Pa. sputtering pressure.

The gas composition in the plasma was also one of the parameters that need to be
optimized. In general a mixture of N> and Ar is used for the sputtering the films. In
Fig. 3.3, different percentage of nitrogen (Nz) gas was used for deposition process.
It was found that this factor has strong influence on the optimal crystal structure of
the AIN thin films.. In the Fig. 3.3, the gas ratio of N, gas was about 50%, leading to

the lowering of the FWHM value.

The fourth parameter was the temperature of the substrate during the deposition

process. From Fig. 3.4, when the substrate temperature was increased, the value of
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the FWHM and the growth rate were both decreased. When the temperature was
raised to 400°C, the FWHM of the AIN thin film was the munimum indicating the
optimal substrate temperature for the AIN film growth. It is believed that the
clevated substrate temperature provided the thermal energy required for re-
arrangement of the adsorbed atoms leading to the tmproved crystallinity of the films.

Using the optimized conditions, an AIN film was grown.

The c-axis orientation (002) and the rocking curve of AIN thin film grown on (0001)
sapphire are shown in the Fig. 3.5 and Fig. 3.6. At the same time, the XRD results
shows that the sputtering power was attributed to the quality of the thin films since
the change of FWHM due to the variation of sputtering power was larger than the
change due to the vanation of Nj, the sputtering pressure and the substrate
temperature. The FWHM of the optimized AIN film was 0.35° this figure was
shown that the AIN thin film was optimized by systematically varying the sputtering

conditions.

The XRD measurement results of the ZnQO thin films grown by rf magnetron
sputtering technique are presented. The sputtering parameters were also varied
systematically to optimize the growth conditions of the ZnO thin films. Firstly, from
the XRD results, with the sputtering power varying from S0W to 150W in Fig. 3.7,
there was a minimum value when the sputtering power was at 100W. The sputtering
pressure is plotted against the FWHM of XRD of ZnO films as shown in Fig. 3.8.

The growth rate of sputtering pressure was decreased and a minimum value of
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FWHM was at 1.5Pa. It is suggested that the increase in the s puttering p ressure
resulted with high probability of collision among the energetic atoms, the mean free

path of the atoms would be shortened such that deposition rate would be lower.

Thirdly, the oxygen concentration was related to the stiochiometery and the crystal
structure of the ZnO thin film. It is believed that some of the oxygen atoms in the
sputtered ZnO molecules were lost during the bombardment with energetic atoms
inside the plasma, the injection of the oxygen gas in the plasma was used to balance
the loss of oxygen atom during the sputtering process. From Fig. 3.9, the growth
rate of the ZnO thin films was decreased when the O, partial pressure was increased
because the argon atom inside the plasma was decreased. This was because the mass
of argon atom was much higher than the o xygen atom, the s puttering rate due to
argon atom was higher than that of oxygen atom and thus the decrease in the partial

pressure of argon will lead to a decrease in the growth rate of ZnO.

In Fig. 3.10, the minimum value of the FWHM of ZnO film was at a substrate
temperature of about 100°C. The growth rate was decreased as the substrate
temperature was increased up to 200°C because of the sorption of the ZnO atoms.
The c-axis orientation {002) and the rocking curve of the ZnO thin film grown on
(0001) sapphire using the optimized growth conditions are shown in the Figs. 3.11
and 3.12. From the results, it was found that the variation of the FWHM due to the
variation of the sputtering power for both AIN and ZnQO thin films was about 0.45°

that the variation of the FWHM due to the other parameters was about 0.2°.
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Therefore, the sputtering power had a strong effect on the quality of both AIN and

ZnO thin films grown on sapphire substrate.

In order to observe whether columnar structure was present in both AIN and ZnO
films, these two films were grown with their optimal condition and were examined
using SEM. The columnar structure of the sputtered AIN and ZnO thin films are
shown in Fig. 3.13 (a) and (b) respectively. In the SEM pictures, grains and grains
boundaries of AIN and ZnQ thin film can be found and the columnar structure of the
AIN and ZnO thin film is clearly demonstrated. This shows that both AIN and ZnO
thin films were grown in the c-axis direction normal to the substrate. In this way the
insertion loss could be minimized since the thin film grown in c-axis direction
allowed the acoustic velocity propagating in one preferred direction and became less

dispersive.
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To investigate the effect of the sputtering power and substrate temperature on the
performance of the SAW filters, AIN and ZnO film grown under different sputtering
powers and substrate temperatures under optimized condition were needed to be
prepared. In Figs. 3.14 and 3.15 shows the FWHM of the XRD of AIN and ZnO
films against different sputtering powers. When the sputtering power increased, the
FWHM of the XRD of AIN films was minimum at 350W. And the minimum
FWHM value of the XRD of ZnO films appeared at 100W. The same measurement
process was also put on the both AIN and ZnO films grown with different substrate
temperatures as shown in Figs. 3.16 and 3.17. An optimal value of substrate

temperature of AIN and ZnO films is 400°C and 100°C respectively.

The surface morphology of the both AIN and ZnO thin films was characterized by
the SEM. In Fig. 3.18, the roughness of the surface of the AIN thin film was varied
in different substrate temperatures. The grain size of AIN thin film deposition at
200°C was the largest and the grain size was decreased while the substrate
temperature was increased. SEM examined the surface morphology of the ZnO thin
film with different substrate temperatures. In Fig. 3.19, the SEM pictures showed
that the grain size varied with the substrate temperatures. The grain size was found
to increase and maximum 100°C. However, the size decreased again when the
temperature was raised to 200°C. This was because at higher substrate temperature
the thermal. energy facilitated the surface motion of atoms and it also provided the

energy required for individual atom to form bonds
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leading to increase in grain size.

Besides using SEM, the surface morphology of both AIN and ZnO thin films grown
with different sputtering powers and substrate temperatures were also examined by
AFM. In Figs. 3.20 and 3.21, the surface roughness of the AIN thin films is plotted
against different sputtering powers and substrate temperature. For AIN films, when
the substrate temperature was fixed, the rms roughness was minimum when the
sputtering power increased up to 350W. When the sputtering power was fixed, the
roughness of the AIN film was at minimum value when the substrate temperature is

at 400°C.

For ZnO thin films, the trend was different with that of the AIN thin films. In Figs.
3.22 and 3.23, the surface roughness of the ZnO thin films is plotted against different
sputtering powers and substrate temperatures respectively. When the substrate
temperature w as fixed, the roughness ofthe ZnO thin films was optimized at the
100W of the sputtering power. When the sputtering power was fixed, the roughness

of the ZnO films appeared at 100 °C of the substrate temperature.

The surface morphology of the ZnO thin film grown at 100°C and AIN film grown
at 400°C are shown in Figs 3.24 and 3.25. It is also important to note it corresponds
to the optimal growth conditions of the AIN and ZnO films based on our
investigation o f the dependence o f FWHM o f the XRD measurements on v arious

growth conditions as presented above.
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Fig. 3.24  The surface morphology of the AIN thin film grown at 400°C under AFM
measurement

Fig. 3.25 The surface morphology of the ZnO thin film grown at 100°C under AFM
.measurement
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3.1.2 Characterization of AIN and ZnO SAW filters grown by rf

magnetron sputtering technique

The measurement results of AIN and ZnO SAW filters grown by rf sputtering
technique are presented in this section. The AIN and ZnO based SAW filter were
fabricated and shown in Fig. 3.26. Three classes of the linewidth of the IDT were
fabricated: they were in 1 pm, 2 pm and 4 pm and their conesponding acoustic
wavelength were 4 pm, 8 pm and 16 pm as the even-transducers length type of IDT
was used. For the ease of fabrication and characterization of the SAW filters, 4 pm
linewidth of the IDT electrode 1 ength was used and the acoustic wavelength was
16 pm. The frequency response of the AIN and ZnO SAW filter grown with the
optimized conditions, were measured and shown from the Fig. 3.27 to Fig. 3.28.
The summary of the measured SAW velocity of AIN and ZnO SAW filters under

different linewidths are shown in the Table 3.1

In order to study the influence of the material quality on the SAW filter performance,
SAW filters were fabricated using AIN and ZnQ thin films grown by rf magnetron
sputtering technique. Different sputtering parameters were used in deposition
process. Since the sputtering power and substrate temperature were found to have
stréng influence on the cqstallinity and surface morphology of the AIN and ZnO
thin film, for both AIN and ZnO thin films, the samples were grown with
systematically varying substrate temperatures of thin films, and all samples were

fabricated into SAW filters and examined with 4 different device measurements.
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Fig.3.26 The picture of SAW filter under optical microscope

" Fundamental mode 7ZnO SAW filter AIN SAW filter

4um (A=16um) 4848ms ™' ( 303 MHz ) 5520ms™ ( 345 MHz )

2um  (A=8um) 4550ms " (568.75MHz ) | 4772ms’ ( 684 MHz )

lum (A=4pm) 4480ms™' ( 1120 MHz ) 5316ms™ ( 1329 MHz )

The summary of the operation frequency of both AIN and ZnO SAW filters

Table 3.1
under different IDT electrode linewidths.
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Fig. 3.27
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Fig. 3.28
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In frequency response measurement, the AIN and ZnO SAW filters exhibited
different trends when the sputtering power and substrate temperature were varied. In
Figs. 3.29 and 3.30, for both AIN and ZnO SAW filters, phase velocity of the AIN
and ZnO SAW filters was directly related to the sputtering powers and substrate
temperatures. For AIN SAW filters, the phase velocity was increased with the
sputtering power. For ZnO SAW filters, the maximum vglue of phase velocity was
found to cbrrespond to a sputtering power of 100W. The phase velocity of the AIN
SAW filters was about 5520ms™ which was higher than that of ZnO SAW filters (¥p
= 4848ms™') and this showed that AIN SAW filters can be used in high speed devices.
From the graphs, the deviation of phase velocity of the AIN and ZnO SAW filters
was about 200ms™ in average due to the change of the sputtering power. On top of
that, the deviation of phase velocity of the AIN and ZnO SAW filters was about
20ms" in average due to the change of the substrate temperature. Thus, the phase

velocity is more affected by sputtering power rather than substrate temperature.

The X7 for both AIN and ZnO SAW filters are shown in Figs. 3.31 and 3.32
respectively. The figures demonstrate different sputtering power and substrate

temperature effect on K’ of the AIN and ZnO SAW filters. It indicated that the
maximum K values of the AIN SAW filters were found at 350 W and 100 °C. The
maximum values of K* of the ZnO SAW filters were found at 100 W and 100 °C.
From the above data, the maximum value of K* of ZnO SAW filters (K2 = 0.74%)

was nearly two times higher than that of AIN SAW filters (K% =0.497%).

80



T 1 I I | T
5520 - /- .
A i ]
< 5490 ]
'w
E
2 5460 |- .
Q
o
2
5430 - N
2 |
@
K
B 5400 | i
|
5370 1 " L i i " 1 i 1 N 1
100 150 200 250 300 350
Sputtering power (W)
(a)
¥ T 1 T 1
4850 |- - .
T 4800 b -
E
=
8
° 4750 | n -
>
Q
w)
[0}
L
Q. 4700 + -
. E
: i M 1 M 1 n 1 1 1 n
40 60 80 100 120 140 160
Sputtering power (W)
(b)
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The results of the phase noise of both AIN and ZnO SAW filter are presented in the
Figs. 3.33 and 3.34. The phase noise of both AIN and ZnO SAW filters were found
to vary significantly with the sputtering power. The minimum value of phase noise
of AIN SAW filters was about —90 dBc / Hz at 350W and that for 100W for ZnO
SAW filters. However, the phase noise due to the substrate temperature is found to
be much weaker, for both AIN and ZnO SAW filter. A variation of about 3 dBc / Hz
is observed over the entire range. The phase noise of SAW filters was mainly come

from the variation of sputtering power.

The final experiment for the examination of SAW filter performance was the study
of insertion loss. In Fig. 3.35 and Fig. 3.36, strong dependence on the substrate
temperature was observed for both types of SAW filters. The minimum value of the
insertion of AIN SAW filter was about -30 dB at 400°C and that of ZnO SAW filter
was about -27 dB. However, by varying the sputtering power, the insertion loss
varied from -35dB to -36.5dB for ZnO SAW filter and from -42 dB to -44 dB for

AIN SAW filter.

85



Noise (dBc / Hz)

l N 1 . 1 N 1 N 1 . {

100 150 200 250 300 350
Sputtering power (W)

(a)

80 | N

-85 |- -

Noise (dBc / Hz)

1 1 1 N ] L 1 M |

40 60 80 100 120 140 160
Sputtering power (W)

®)

Fig. 3.33  The phase noise of SAW filters grown with different sputtering powers
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3.2 Experimental results on AIN SAW filters grown by rf

magnetron sputtering and MBE techniques

3.2.1 Characterization of AIN thin films deposition on sapphire

grown by MBE technique

In Fig. 3.37, another set of XRD measurement results of the AIN thin film grown on
sapphire by MBE system are presented. The temperature of tﬁe aluminum cell
during the deposition by MBE system was varied under constant substrate
temperature and growth chamber pressure. It is known that the temperature of
aluminum cell in MBE system controls the aluminum flux is directly related to the
composition of the AIN films and affects the texture of the material. T he c-axis
orientation (002) and the rocking curve of AIN thin film grown on {0001) sapphire
are shown in the Figs. 3.38 and 3.39. The results indicate that the quality of the
MBE-grown AIN thin film is superior to even the best samples, both AIN and ZnO

thin films, grown by the rf sputtering technique.

The surface morphology of the AIN thin film grown by MBE technique is shown
and its cross section is indicated in Fig. 3.40. The SEM pictures clearly show that

the film has a very smooth surface.

The AFM was also used to measure the surface morphology of AIN thin films grown

by MBE technique with different aluminum cell temperatures. The results are also
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shown from Fig. 3.41 and Fig. 3.42. The lowest r.m.s. roughness of AIN thin film
was 0.34 nm at the 1122 °C and it was found that the AIN thin film grown at the

1122 °C Al cell temperature is better than those grown at the other temperatures.

322 Characterization of AIN SAW filters grown by MBE

technique

The measurement results of AIN SAW filters grown by MBE technique are
presented in this section. The frequency response of the AIN SAW filters grown by
MBE technique is shown in the Fig. 3.43. The maximum value of the phase velocity
was achieved in a film grown with an Al cell temperature of 1122 °C as shown in
Fig. 3.44. The average value of the phase velocity of the AIN SAW filters grown by
MBE technique was about 5568ms™" that the operation frequency was about 347MHz.
In the K measurement, the K? value was the maximum (0.9%) at 1122°C‘Al cell
temperature showing in the Fig. 3.45. In the Fig. 3.46, the lowest noise level of the
samples were grown at the 1122°C and that was -95dBc / Hz. Finally, the insertion
loss of the sample grown at 1122°C was also the lowest (-19.5dB) showing in the
Fig. 3.47. From the above results, it was shown that the optimal condition for-

growing AIN was in 1122°C Al cell temperature.

94



Fig. 3.42

L T i T T T T
0.370 d s 4
0365 - ~

0.360 - |

0350 - =

rms roughness ( nm )

0.345 L .

I 1 1 1 1 k

1120 1125 1130 1135 1140

Aluminum cell temperature ( °C )

The roughness of AIN thin films grown by MBE at various Al cell
temperature

The AFM picture of the surface morphology of AIN thin film grown
by MBE at 1125°Ca

N



T T L} T
20 + J
T -0+ J
s
oy
o
c | J
5 60
i
@
w)
= :
-80 | 4
-100 |- 4
L. 1 1 1
300 330 360 390
Frequency (MHz)
(a)
L
Pr. 1 8™ -
40 | -
o
-
@
x
< @l 4
>
80 .
-100 " L a 1
&80 720 760
Frequency ( MHz )
l ¥ T L)
50 | -
g .55 | -
[
‘8
e 60 | p
-]
) =4
a
2 &5 i
70 - ” “” i I ““_
15 | i
1 1 1
1200 1400 1600 1800
Freguency (MHz)

(c)
Fig. 3.43 The frequency response of AIN SAW filters grown by MBE fabricated with
various electrode linewidths (a) 4 pum (b) 2um (c) 1um



5568 - | .

5567 - B

Phase velocity (ms )

] . 1 2 1 " 1 " 1

04 05 06 07 08 09

Aluminum cell temperature ( °C )

Fig. 3.44 The phase velocity of AIN SAW filters grown by MBE at various Al cell
temperatures

) o o o
% 2 8 8
i ] T I

n
L 1 1 i

Electromachanical coupling coefficient (%)
o
&
1
[ ]
1

0.4 05 06 07 08 0.9

Aluminum cell temperature ( °C)

Fig. 3.45 The electromechanical coupling coefficient of AIN SAW filters grown by MBE
at various Al cell temperatures

97



92 | _

93 | -

Noise { dBc/ Hz)

94 |- -

95 | a =

04 0.5 06 07 08 09

Aluminum cell temperature (°C )

Fig. 3.46  The phase noise of AIN SAW filters grown by MBE at various Al cell
temperatures

195 } [ | .

-196 ~

197 + -

-198 | N

Insertion loss (dB)

199+ n _

1 " 1 " 1 X i " |

0.4 05 06 07 0.8 09

Aluminum cell temperature ( °C)

Fig 3.47 The insertion loss of AIN SAW filters grown by MBE at various Al cell
temperatures



4, Discussion

4.1 Analysis of AIN and ZnO based SAW filters grown by rf

magnetron sputtering technique

4.1.1 Effect of sputtering parameters on the quality of the AIN

and ZnO thin films

The crystallinity and the surface morphology of the piezoelectric film were of
primary concern for the fabrication of good quality SAW devices. We had
systematically optimized the experimental conditions for the deposition of AIN and
ZnO films. The sputtering parameter, such as power, gas ratio for plasma and
temperature etc were varied systematically to obtain good quality thin films. All the
films were grown with 1 um thickness. In the following paragraphs the mechanisms

of how each experimental parameter may affect the film quality will be discussed.

(a) Sputtering power

In our studies, as shown Figs. 3.1 and 3.7, it was observed that the sputtering power
had strong influences on the film quality for both AIN and ZnO thin films. For AIN

films, 1t was found that as the sputtering power increase, the intensity of the XRD

signal increased, coupled with a monotonically decreasing FWHM of the main peak.
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This shows that the crystalinity of the AIN films improved with increasing sputtering
power. As for the growth of ZnO films, a minimum in the FWHM for the XRD
signal was observed at a sputtering power of about 100 W. It was suggested by B. A.
Movchan et. al. {99] that the kinetic energy supplied to the depositing atoms strongly
affects the mechanism of the film growth since this provides the energy required for
the atoms to embed themselves in the crystal structure and to diffuse in the
horizontal direction. The experimental results obtained from the AIN film growth
clearly demonstrate systematic improvements in the FWHM value of the XRD
signal with the sputtering power. This was because the higher the sputtering power,
the higher would be the kinetic energy of the sputtered AIN molecules, leading to
improve crystallinity of the film. However, incident species with excessive kinetic
energy may lead to the generation of crystalline defects. Thus, an optimal power
exists for each material that depends on the physical properties such as the bond
strength of the material. It is interesting to note that for ZnO film growth, when the
sputtering p ower increased b eyond 1 00W degradation in the FWHM value of the
XRD signal was observed. Also, the film was found to exhibit cloudy color instead
of usual clear color. This was most likely due to the degradation of the crystallinity
of the film ansing from the use of increased sputtering power. It was also observed
that the growth rates of the films exhibit strong dependencies on the sputtering

power.

To explain the experimental results, we noted that the deposition of the films was

really a competition of two parallel processes — deposition and re-sputtering. In the
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low energy range, the sputtered species would embed themselves and diffuse out
horizontally once they reached the substrate leading to the deposition of the material.
However, if the kinetic energy of the sputtered species exceeded a certain limit the
momentum transferred from the sputtered species to the surface atoms might
become so large that it might lead to the ejection of the atoms on the film surface.
This 1s commonly known as the “re-sputtering” condition. This will generally lead
to the reduction in the growth rate as observed in the AIN growth. It may also
couple with the increased surface roughness in the film that was observed in the case

of ZnO growth.

(b) Sputtering pressure

The effect of the sputtering pressure on both AIN and ZnO films is shown in the
Figs. 3.2 and 3.8, and the optimal pressure for the growth of AIN and ZnO thin films
were systematically determined. The FWHM of the XRD for the AIN thin films was
decreased with increasing sputtering pressure and the FWHM of the XRD for the
ZnO thin films minimized in 0.5 Pa. During the sputtering process, when the
sputtering pressure increased, the number of sputtered molecules increased and
enhanced the deposition rate initially. As the number of molecules continued to
increase, the collisions among molecules also increased and the mean free path of
molecules will be reduced. The average energy of the molecules would be decrease.
Some of the molecules might be deflected by the collision and might never reach the

target. Thus the deposition rate would be decrease with further increase in the
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sputtering pressure.

(c) Substrate temperature

This parameter also strongly affected the surface roughness of the sputtered thin film.
InFigs. 3.4 and 3.10.,, it showed that the substrate temperature enhanced the thin -
film quality and also the surface roughness by the gain in additional energy for the
surface atoms to enable them to diffuse in the horizontal direction. There were some -
differences between AIN and ZnO. For AIN, the increase of substrate temperature
until 400°C is needed to improve the film quality. For ZnO, 1t was believed that
substrate temperature of 100°C was sufficient to result in improved crystallinity. At
substrate temperature above 100°C, the deposition rate of ZnQO films decreased due

to re-evaporation of the material leading to the degradation of the film quality.

{d) Sputtering gas ratio

Ceramics targets were used for rf magnetron sputtering of the materials. During the
sputtering processes, argon gas was used for the plasmas gas. The composition of
sputtered molecules lost in balance and the stoichiometry of the thin film was
_changed as a result. The solution is to add some other gas in the plasma to improve
the stoichiometry by recovering the balance in the plasma reaction and during the
deposition on the substrate surface. This is demonstrated in the following

experiment, in which nitrogen and oxygen gases were introduced in the plasma,
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during the sputtering process of aluminum nitride and zinc oxide, respectively. The
Figs. 3.3 and 3.9 show that the effect of introducing the compensation gas in the
sputtering process. The quality of AIN and ZnO was improved after introducing the
respective gases during the sputtering processes. The reduction in the FWHM of the
XRD of the thin films was obtained as the partial pressure of the gas compensating
gases increased as shown in Fig. 3.4. The excess compensating gas aiso affected the
influence to the composition of the sputtgred films. Therefore the experiment result
was appeared with a minimum value in FWHM with a specific ratio of gas in the
plasma. The optimial partial pressures for the compensating gases corresponded to

the condition for minimum FWHM.

Figs. 3.13, 3.18 and 3.19 illustrated the expenmental results of SEM and AFM of
AIN and ZnO thin films under such optimal growth conditions. From the SEM
picture of the cross-section and the surface morphology of AIN and ZnO films, c-

axis columnar growth and large grain size were observed in both thin films.

In conclusion, we have determined the optimal conditions for the growth of AIN and

ZnO thin film as shown in the following table.
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Substrate temperature 100 °C
Ar/O; ratio 1
Sputtering pressure 1.0Pa
RF Power 100 W
Base pressure 4 x10° Pa
Target to substrate distance Scm
Table 4.1 Optimal sputtering conditions for ZnO
Substrate temperature 400 °C
Ar/N, ratio 1
Based pressure 4x10° Pa .
RF Power 350w
Target to substrate distance Scm
Sputtering pressure 1.0 Pa

Table 42  Optimal sputtering conditions for AIN
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412 The relationship between substrate roughness, crystallinity

and AIN and ZnO SAW filters performance

In this section, we focus on the effects of the sputtering power and the substrate
temperature on device performance. These two parameters are much closely related
to the material quality. For thin film devices, it is believed that the material quality
is closely related to the device performance. For example, high defect density was
shown to be the main cause for the increase in the noise level of device. Material
defects also affected the optical propenies such as the yellow emission in GaN-based
LEDs. Different material qualities of AIN and ZnO based SAW filters were
measured. The measurements included the frequency response, electromechanical
coupling coefficient (k) and phase noise measurement. Frequency response
" measurement can exam three parameters: insertion loss, phase velocity (¥,) and K.
The phase velocity can be célculated by the operation frequency of the SAW filter.
The summary of the phase velocities for the sputtered AIN and ZnO SAW filters are
shown in the Table 3.1. For the AIN / sapphire SAW filters, typical reported value of
the phase velocity is around 5400 ms™ to 5900 ms™'. For ZnO / sapphire SAW filters,
the phase velocity is about 3900 ms” to 4500 ms™'. The acoustic velocities obtained

from the AIN and ZnO SAW filters are similar to the values reported by others.

To determine how the material quality and the surface morphology of AIN and ZnO
thin films affect the performance of the SAW filters, we first determined the factors

affecting the phase velocity. In our experiments, the units of two sputtering
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parameters — sputtering power and substrate temperature were Watt and Degree
Celsius respectively, which were hard to compare and analyze. Since our samples
were vaned by one parameter each time, it is more convenience to unify them into
FWHM of XRD of AIN and ZnO films. Fig. 4.1 is summarized for both AIN and
ZnO SAW filters. The variation of the phase velocity due to the sputtering power
was larger than that due to substrate temperature. From our experiment results that
both sputtering power and substrate temperature affected the crystallinity of the thin
films. It showed that there is a rapid decrease in the phase velocity with the matenal
quality. The deviation of the phase velocity of the AIN SAW fiiters due to the
variation of the material quality was about 130 ms' leading to the shift of the
operation frequency of the AIN SAW filters shifting by 8.125 MHz. However, the
deviation of the phase velocity and the operation frequency for the AIN SAW filters
due to the variation of the substrate temperature was about 22 ms™ and 1.375 MHz
respectively. For the ZnO SAW filters, the deviation of phase velocity due to the
variation of the mateﬁal quality was about 168 ms™ leading the operation frequency
shifting about 10.5 MHz. And shifting of the phase velocity and the operation
frequency due to the surface morphology was only about 27 ms " and 1.6875 MHz.
It can be concluded that, at the optimal condition, the sputtering power is strongly
affects the phase velocity more than the substrate temperature. The bigger the

difference in the material quality, the larger the deviation in the phase velocity.

The electromechanical coupling coefficient of the AIN and ZnO SAW filter with

different material quality and surface morphology was also examined. Fig. 4.2 was
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a summary o f the experimental results of K of AIN and ZnO SAW filters. Itis
shown that the values of K’ of both AIN and ZnO SAW filter were decreased while
the values of the FWHM both AIN and ZnO SAW filter were increased. For AIN
SAW filter, the deviation of K? caused by the sputtering power was about 6 times
larger than that caused by substrate temperature. For ZnO SAW filter, the deviation
of K caused by sputtering power was about 3 times larger than that caused by the .
substrate temperature. It can be concluded that the sputtering power is the most
important factor to the X” of both AIN and ZnO SAW filter. It is suggested that the
sputtering power directly affected the piezoelectric constant of the thin film

materials [62- 65].

Phase noise of the SAW filter is another indicator to examine the device
pefformance. Just like the above experiment, the influence of sputtering power and
substrate temperature to the phase noise were investigated. In the Fig. 4.3, the result
of phase noise of the AIN and ZnO SAW filters caused by the sputtering power and
substrate temperature were shown. The phase noise of AIN SAW filters due to the
variation of the sputtening power and substrate temperature changed from
-89 dBc / Hz to -70 dBc / Hz that the total change was about 19.6 dBc / Hz. This
‘was much larger than the change in the phase noise due to the variation of the
substrate temperature changing from —77 dBc /Hz to -73 dBc / Hz. The similar
phenomenon was found on the ZnO S AW filters. The phase noise of ZnO SAW
filters due to the variation of the sputtering power changed from -89 dBc / Hz to -72

dBc / Hz whereas the phase noise due to the variation of the sputtering power and
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substrate temperature was changed from -77 dBc / Hz to -74 dBc / Hz. Both the
phase noise of AIN and ZnO SAW filters were mostly affected by the material
quality since the average changes due to the variation of the sputtering power was
about 17 dBc / Hz but the average changes due to the variation of the substrate
temperature was about 3 dBc / Hz. The phase noise of SAW filters can be correlated
with the m_aterial quality. Some report derived that the source of the phase noise in
SAW device came from the bulk material. T.E. Parker e a/. [152] found that the
phase noise was inversely proportional to the device size in quartz SAW oscillators
and SAW filters. It is stated that the shorter the device, the higher the device noise.
T. E. Parker et al.[152] suggested that the source of noises was came from the bulk

effect, rather than surface effect.
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4.2 The relationship between AIN SAW filters grown by rf

sputtering and MBE techniques

421 Comparison between the material quality of AIN thin films

deposition by rf sputtering and MBE techniques

From the above experiments, the crystallinity and surface morphology are the
essential parameter affecting the device performance. The following discussion is
about the material quality with two different growth techniques. It is known that the
overall material quality (crystallinity and surface morphology) deposited by
sputtering is inferior to MBE or MOCVD grown matenals. MBE technique utilizes
evaporation deposition in a ultra high vacuum environment so that the high
crystalline structure of thin film can be achieved. In this experiment, a MBE system
was used to grow AIN thin film on sapphire and investigate the influence of the
further improvement of the cyrstallinity and surface morphology on the device

performance..

The comparison of the material quality of AIN thin films grown by rf sputtering and
MBE technique was made firstly. In the Fig. 3.13, the FWHM value of AIN thin
film grown by MBE technique was about 0.1-0.15 degree. This value was much
lower than that of AIN thin film deposition by rf sputtering technique. Also, the
XRD intensity of the AIN thin film grown by MBE technique was one order higher

than that of the AIN films grown by sputtering technique with the same thickness. It
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is shown that the crystallinity of AIN thin film grown by MBE was better than that

grown by rf sputtering technique.

The surface morphology of AIN thin films grown by two different methods was also
measured. SEM picture of AIN thin film grown by MBE was very smooth and the
grains cannot be found in the SEM picture; however, small AIN grains can be found
in the SEM picture of AIN thin film grown by rf sputtering technique. The columnar
growth of AIN thin film can be found in the cross section SEM picture, whereas,
such column growth can not be found in the cross section SEM picture for the
sample grown by MBE since the grains of AIN thin film grown by MBE technique
was so small over the resolution of the SEM system. Moreover, the roughness of the
AIN thin films grown by tf sputtering technique was about twice that was grown by
MBE technique. From the above comparison, both material quality and the surface
roughness of AIN thin films grown by MBE technique is better than even the best

AIN film grown by tf sputtering technique.
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422 Comparison between crystallinity and SAW filters
performance grown by rf magnetron sputtering and MBE

techniques

From the above analysis, the material quality of the AIN thin film grown by MBE
technique was much better than that grown‘ by rf sputtening technique. The
discussion on the device performance of the AIN thin film grown by two different
methods is the main focus of the section. In Fig. 4.9, the phase velocity of AIN
SAW filter grown by MBE technique was measured and plotted against the FWHM
of itself. The average value of phase velocity was about 5568ms" and it was slightly
higher while comparing to that of AIN SAW filter grown by rf sputtering technique.
From results reported by others, the phase velocity of AIN SAW filters grown by
MOCVD technique can be as high as 5900ms™'. That means, the phase velocity was
shown to be material quality dependent. The K of AlN SAW filter grown by MBE
technique was also measured and plotted against the FWHM of the thin film
showing in the Fig. 4.10. The value of K? of AIN SAW filter grown by MBE
technique was nearly two times higher than that of AIN SAW filter grown by rf
sputtering technique, even higher than that of ZnO SAW filter grown by rf sputtering
technique. It is suggested that the high crystallinity of a piezoelectric thin film
results with a high performance in piezoelectricity. The plot of the phase noise of
AIN SAW filter grown by MBE technique against the FWHM of the AIN thin film is
shown in the Fig. 4.11. The value was found to be lower about 5 dBc / Hz than that

of AIN and ZnO SAW filter grown by rf sputtering technique. The insertion loss of
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AIN SAW filter grown by MBE technique was plotted against the FWHM of the
AIN thin film in the Fig. 4.12. The insertion loss of AIN SAW filter grown by MBE
technique was the lowest in this experiment. This is a strong evidence showing that
the further improvement of the quality of the thin film quality and the surface

roughness will result with level up all the SAW device performance.
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5. Conclusion

In this thesis explores the relationship of the influence of the thin film quality on the
SAW filters performance. A ny device p erformance can be directly related to the
material quality. For this reason, material quality is still an attractive research topic
in nowadays. This thesis is divided into two parts. The first part is used to
investigate the thin film quality under different deposition parameters. Different
deposition results in different thin film quality. The rf magnetron sputtering
technique was used to investigate the thin film quality using different sputtering
conditions. There were 4 parameters selected to investigate the influence on the AIN
and ZnO thin film quality: sputtering power, the composition of gas mixture,
substrate temperature and sputtering pressure. SEM, XRD and AFM were used to
examine the thin film quality. Amongst those parameters, it was shown that the
variation of the sputtering power and the substrate temperature bought about the
most 1nfluence to the thin film quality and the surface roughness respectively. The
optimal conditions for sputtering of AIN was under sputtering power 350W,
substrate temperature 400°C, 50% gas ratio of nitrogen to argon and substrate and
the sputtering pressure was 0.5 Pa. For Zn0O, the conditions were that the sputtering
power 100 W, 1.5 Pa sputtering pressure, 100°C substrate temperature, 50% gas

muxture for plasma.

In this thesis, AIN and ZnO thin film were selected for the substrate of the SAW

filter according to their own advantages, therefore the influence of the quality of the
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AIN and ZnO thin films on the performance of the SAW filter was found out. From
the first part of this thesis, the conclusion was drawn that the crystallinity and
surface roughness of the thin film were affected by the sputiening power and' the
substrate temperature. The samples with different crystallinity and roughness were
fabricated into SAW filter to be characterized. Four parameters of the SAW filter
were measured, and few points can be concluded from the experimept result. Firstly,
the phase velocity, K’ and phase noise of the SAW filter was corresponded with the
material quality of thin fitm. The insertion loss of the SAW filter was linked with
the surface roughness of the thin film only. All the measurement results were
showed the same trend: the better the quality of the thin film, the better the
performance of the device. To further prove this statement, some AIN thin film
grown by MBE technique was employed and fabricated into devices. The results of
the XRD, SEM and AFM revealed that the material quality of AIN thin film grown
by MBE technique was higher than that grown by the rf magnetron sputtering,
furthermore, the growing condition of AIN thin film by MBE technique was still not
optimized. Amongst the samples, the filter performance of the AIN SAW filter
grown by MBE technique was the best and this is a strong evidence proving that

there is still room for the improvement of the material.
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