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ABSTRACT
Thin films play an important role in the field of materials science and engineering.
There is a need to inspect these films. From the literature it seems like acoustic
microscopy should work. The currently available systems, however, do not work. As a
consequence, a theoretical analysis was carried out to explore what parameters might be
necessary to conduct a successful inspection. Results showed that frequency tuning
should be useful. An acoustic microscope was modified to do a frequency sweep and an
experimental inspection feasibility study was successful.

In particular, the functional characteristics of thin films are in part determined by
their synthesizing and processing procedure. A thin film component is a layered structure
whose proper function depends on the film properties and the film adhesion to the
substrate. Therefore, the evaluation of the integrity of thin film structures is very
necessary and important. Past efforts reported in the literature have been focused on hard
films and coatings on substrate materials. Little or no significant effort, however, has
been reported on low modulus or soft films on hard substrates. This dissertation seeks to
develop a technique to apply acoustic microscopy to the nondestructive, qualitative and
quantitative characterization of thin (micron and submicron) films of low modulus.

Well-established theoretical models are applied to the acoustic wave propagation
in soft on hard layered structures. Using these for simulations the surface wave velocity is
shown to be sensitive to film properties and interface conditions. In the dissertation work
reported here, a broadband acoustic microscopy system is assembled in order to optimize
iii

the experimental measurement through frequency tuning and amplitude modulation.
Using the theoretical models as a guide the experiments on soft film show that its
longitudinal wave velocity can be determined. Similarly, the experiments on Au films
with differing interface conditions suggest that the surface acoustic wave velocity is
sensitive to the interface conditions if the proper frequency range is selected. Comparison
between the experimental results agrees well with theoretical predictions. Mechanical
destructive tests further support the feasibility of the surface acoustic waves being
sensitive to the interface influence. Overall, the study in the dissertation provides a
comprehensive feasibility study for the characterization of low modulus film structures
through the scanning acoustic microscopy techniques.
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Chapter 1
INTRODUCTION

1.1 Coatings and Films
Coatings and films play an important role in the field of materials science and
engineering, because they present a major contribution to the advance in today’s
materials technology. They have broad applications including semiconductor
microelectronic devices and their packages, Micro–Electro–Mechanical-Structures
(MEMS), nanotechnology, flat panel displays, surface coatings on optical components,
surface coatings for biomedical research, decorative coatings, abrasive coatings, etc.
They can also serve for conductive and capacitive effects, biological cell and tissue
elastic properties evaluation, control of optical properties, surface protection of structure
materials in high temperature environments, corrosion resistance, erosion resistance, etc.
Therefore, advances in the study of coatings and films are key to the progress of material
technology.

The functional characteristics of coatings and films depend mainly on their
synthesizing and processing procedure. Until now, various techniques have been
developed for depositing a wide variety of metals, semi-metals and organic materials
(such as oxides, carbides, and pentacene) onto various substrates. These deposition
techniques include Physical Vapor Deposition (PVD) processes, such as vacuum
evaporation, sputtering and pulsed laser deposition; Chemical Vapor Deposition (CVD)

processes, such as thermal CVD, plasma enhanced CVD, laser CVD, and metal-organic
CVD (MOCVD); ion based processes, such as ion plating, ion implantation and ion beam
assisted deposition; electrodeposition and electroless deposition processes, etc. New
techniques are still being developed for improving the quality of existing film structures
and for the development of new film-substrate systems.

1.2 The Importance of the Characterization with Particular Emphasis on Thin
Films
There does not exist a standard to differentiate between coatings (films) and thin
films, however, for the purpose of clarification, in this study, films with a thickness range
from submicron to several microns are referred as thin films.

A thin film component is a layered structure, also called a film-substrate system.
For a film-substrate system, the film property and its adhesion to the substrate are critical
to the film’s functional characteristics. The properties of a film material may be obtained
only by characterizing the film itself, which may be different from the corresponding
bulk material properties. The adhesion of a film to a substrate is of central importance
because the existence of degradations or debonds can affect the function of a film system
or even cause a complete system failure. Properties of thin films and their adhesion to the
substrate depend on the applied deposition technique and are sensitive to the processing
parameters. Therefore, the evaluation of the integrity of thin film structures is an
important and complex problem.
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Over the years, various techniques have been developed for the characterization
of thin film structures such as film density, film grain size and microstructures, film
elastic properties, film/substrate interface conditions (film adhesion to the substrate), etc.
[1], among them, the evaluation of film adhesion to substrate has been of great interest
[2]. In conventional mechanical indentation adhesion test, an indenter is used to introduce
cracks at the film-substrate interface, the adhesion is then evaluated according to the
propagation of the cracks along the interface [3][4]; in laser spallation tests, a high power
laser pulse is applied to the film surface and the adhesion is evaluated by measuring the
delaminations and cracks generated at the interface [5]; in scratch tests, a stylus is pressed
against the film surface and a scratch is made. The adhesion is evaluated by analyzing
how the film–substrate interface reacts to the scratch [6][7][8]; in the so-called pull-off
technique, a normal force is applied to pull the film from the substrate, the adhesion is
then measured by the magnitude of the applied force [9]. In addition to the above
techniques, other methods may also be applied to the evaluation of film–substrate
adhesion [10]. However, most of the techniques, if not all, are empirical in nature and can
only provide indirect measurements, because they do not provide a direct relationship
between the test results and film performance; the interpretations of the testing results are
usually difficult and may have only limited practical applications; furthermore, these
techniques are virtually all destructive techniques, which makes them unsuitable for the
in-situ evaluations.

Generally, there does not exist a perfect method for the evaluation of the integrity
of thin film structures. However, compared to other techniques, nondestructive
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techniques have long been recognized as desirable because they have the potential to
provide nondestructive, quantitative, quick, simple, reproductable information, and are
suitable for in-situ routine inspections.

Acoustic microscopy is a nondestructive technique that utilizes surface acoustic
waves for the evaluation of thin film/substrate structures. Surface acoustic waves
propagate along the sample surface; their energy is confined near the surface and the
energy penetration depth is determined by the wavelength of the surface acoustic waves.
As a result, surface acoustic waves are sensitive to surface and sub–surface properties,
which gives acoustic microscopy the potential for the characterization of thin film
structures.
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Chapter 2
A REVIEW OF NONDESTRUCTIVE EVALUATION OF THIN FILM

Nondestructive Evaluation (NDE) is a broad and interdisciplinary field of study; it
has played an important role in quality control. NDE develops reliable techniques for the
qualitative and quantitative characterization of materials in noninvasive ways because the
materials are evaluated without being damaged, and their future usefulness is not
affected.

A broad variety of NDE techniques have been developed. Among them, five NDT
techniques are mostly used, they are penetrant testing, magnetic particle testing,
electromagnetic or eddy current testing, radiography, and ultrasonic testing. Other NDE
techniques may include visual and optical testing, acoustic emission testing, infrared and
thermal testing, laser ultrasound testing, etc. Different NDE techniques are based on
diffenent physical principles, each technique can give either a direct or an indrect
evaluation of material property and structure integrity including materials density,
acoustic wave velocities, coating thickness, coating/substrate interface conditions, and
defects (delaminations, cracks, inclusions, etc.).

NDE techniques can be applied to various materials and structures and have been
widely utilized for the characterization of bulk materials. However, it has also been
realized that NDE methods developed for bulk materials may not be suitable for film

inspections because of the structural complexity of film structures. As a result, special
NDE techniques may be needed for the characterization of film structures.

In this study, films with a thickness from submicron to several microns are referred
to as thins films, and films with a thickness more than tens of microns are referred to as
coatings. NDE techniques that are suitable for the evaluation of films mainly include
thermal imaging, acoustic emission, laser ultrasound, ultrasound test (low frequency). In
the following discussion, each of these techniques will be explained. Other film
evaluation techniques will be also introduced. The subject of this thesis, acoustic
microscopy, will be studied in detail.

Before further discussion, one thing to be clarified in this study is that ultrasound
(acoustic wave) with a frequency above 100 MHz is referred to as high frequency
ultrasound (acoustic wave), and ultrasound (acoustic wave) with a frequency below 100
MHz is referred to as low frequency ultrasound (acoustic wave). Acoustic microscopy
works mainly with high frequency acoustic waves.

2.1 Thermal Imaging
The thermal imaging technique is a type of infrared imaging technique which
makes use of the infrared band of the electromagnetic spectrum. During thermal imaging,
a heat source such as a pulse of light is used to heat the surface of a sample and then a
thermographic camera is used to detect the heat radiation (which is in the infrared band of
electromagnetic spectrum). Images are made based on this radiation, and the amount of
6

the radiation depends strongly on the sample’s surface temperature. As a result, the
variation of temperature on the sample surface can be meausred. For example, warm
parts on a sample may stand out against cooler areas.

The thermal imaging technique can be applied to film structures. Since the
temperature variation on the sample’s surface is affected by the heat loss rate from the
film, and this heat loss rate depends on the thermal property of the film as well as the
film/substrate bonding (this bonding can influence the thermal conductivity between the
film and substrate). As a result, any change of the physical properties of the film and any
defects, such as disbonds, at the film/substrate interface will change the flow of heat into
the film and will be detected as changes in sample surface temperatures. Thermal
imaging has been applied successfully for the imaging of disbonds or delaminations in
thermal sprayed films [11][12][13].

Conventional thermography techniques can be greatly improved by computerized
thermal imaging techniques. In addition to the high sensitivity and high frame rate
infrared cameras, high-speed imaging processing hardware and software are utilized for
the capture of digitized images and for assistance with image interpretation.

Although temperature is the main factor in thermal imaging, other factors such as
thermal emissivity can also influence the heat radiation. This may limit the accuracy of
thermal imaging technique and may make the thermal images difficult to interpret. For
example, if a coating material has low thermal emissivity, it may become difficult to
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capture good contrast thermal images. Compared to other techniques such as ultrasound,
thermal imaging has comparatively poor image resolution.

2.2 Acoustic Emission
The acoustic emission (AE) technique utilizes transient elastic waves produced by a
sudden redistribution and release of stress within a structure. When a structure is
subjected to external stimulus such as a change in load or temperature, a local source may
release elastic energy that can then propagate in the structure as elastic waves with a
frequency spectrum starting from a few Hz and falling off at several MHz. These elastic
waves can be used for inspections and quality control. Acoustic emission testing typically
works in the frequency range from 10 kHz to 1MHz.

AE techniques are normally used to study how the process or service induced
defects can influence the performance of film structures, such as determining the onset
and growth of cracking at the film/substrat interface or inside the film material. During
AE operation, parts being inpected can remain in-service. Although traditional AE
detects emissions from acoustic sources passively, it usually works actively when it is
applied to film structures, where the acoustic sources are generated by the application of
external stresses such as load, temperature changes, scratches, etc. AE can be used for the
evalution of both film properties and film/substrate interface conditions.

Piotrkowski et al. [14] compared the adhesion of ductile tin coating and brittle CrN
coating by analyzing the AE acoustic waves generated through scratch tests with
8

controlled load. Fregones et al. [15] used AE technique for the detection of polymer
coating damage, they found that acoustic events increased when corrosion occured under
the coatings. Berndt [16] related AE parameters to crack size and population in plasma
sprayed zirconia coatings at high temperatures. Shankar et al. [17] related AE behavior to
coating properties during thermal cycling. Steffens et al. [18] compared the AE responses
between flawed and good coatings during the cooling procedure of coatings after
fabrication.

One limitation of the AE technique is that it can give only qualitative information
about damage, in other words, it is a method where only relative information of coating
properties can be obtained. For this reason, the AE technique itself usually still needs
other NDE methods to provide quantitative information. Another limitation of the AE
technique is that its signals are usually weak and give a low signal-to-noise ratio.
Moreover, when the AE technique is applied for the evaluation of film structures, it is not
a true nondestructive method any more, because stress sources are needed to generate AE
elastic waves during testing.

2.3 Eddy Current
Eddy current testing uses electromagnetic induction to evaluate conductive
structures. In an eddy current test, an electromagnetic coil probe is placed over a test
sample; the probe can generate a primary magnetic field around itself and induce into the
nearby sample this magnetic field, which will in turn produce eddy currents in the
sample. The eddy currents will then generate a secondary magnetic field that can interact
9

with the primary magnetic field. Property changes in a sample may distort the secondary
magnetic field, this distortion will affect the probe impedance and this change of
impedance can be used for the evaluation of samples.

One main application of the eddy current technique is thickness measurements of
both conductive and nonconductive coatings [18][19]. Aside from thickness
measurements, eddy current tests can also be used for assessing the property changes in
film structures or inspecting defects. Lee et al. [20] found that for niobium coatings,
sputtering pressure during coating fabrication and coating impurity could be related to
resistivity; for chromium coatings, cracks and porosity could be measured. Obeid et al.
[21] detected cracks and artificial defects on copper coated silicone wafers and showed
that it was possible to detect surface and subsurface defects on the order of several
microns. Mi et al. [22] tried to characterize the interface quality of thermal spray coatings
with a quad–frequency eddy current probe, and their results showed that the coating bond
strength, which was modified by substrate surface preparation, could be evaluated, but
the resolution was poor.

Overall, except for thickness measurement, the application of eddy current
techniques to film structures is limited. The reasons may include that only electrically
conductive structures can be inspected, flaws such as delaminations that are parallel to
the probe coil or probe scanning directions are very difficult to detect, and the image
resolution is low compared to other techniques.
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2.4 Ultrasonic Testing
Ultrasonic testing uses acoustic energy to perform inspections and make
measurements. In a typical ultrasonic test, a transmitter transducer can generate acoustic
waves, which are then introduced and then propagate in a test sample. The acoustic wave
propagation is a function of material properties and structures, so the acoustic waves,
when received by a receiver transducer, can be used for the evaluation of materials.

Acoustic wave propagation in a film/substrate system can be sensitive to
film/substrate

integrity.

The

relationship

between

acoustic

wave

propagation

characteristics and film/substrate integrity can be theoretically established for a given
film/substrate system. Acoustic wave propagation characteristics such as velocity and
frequency-dependent attenuation can be used to evaluate film properties and interface
bond quality.

In the early 1940s, Firestone and Simons [23][24] first performed pulsed ultrasonic
testing with the pulse-echo technique. Since then, ultrasonic testing techniques have been
continuously improved and have found new applications, so that it has become a widely
used NDE method. When ultrasound travels in solid materials, since solid material
particles can support vibrations in all directions, a number of different types of ultrasound
waves can exist, among them, longitudinal waves, shear waves, and leaky Lamb and
Rayleigh waves are most often used. In longitudinal waves, the particle oscillations
responsible for the wave propagation are parallel to the direction of wave propagation. In
transverse or shear waves, the particle oscillations are at right angles or transverse to the
11

direction of wave propagation. Leaky Lamb waves are plate waves which propagate
along a fluid loaded plate. They are called leaky because they “leak” acoustic energy into
the fluid when it travels along a plate, its particle oscillations directions are complex and
influenced by sample structure.

2.4.1 Longitudinal waves
Longitudinal waves were the first and most widely used ultrasound method applied
for the evaluation of the integrity of films and coatings. In a longitudinal wave ultrasound
test, the acoustic waves usually penetrate into the coat/substrate sample at normal or
small incident angles. The acoustic waves that reflect from or transmit through the
coat/substrate interface are used for sample evaluation or to form an ultrasound C-scan
image that can display any detected defects at the interface or inside the coating (or
substrate).

Longitudinal wave inspection of coatings can be divided into two categories. One
involves directly detecting defects in film structures, especially disbonds at the
coating/substrate interface. Almond et al. [25][26] used longitudinal normal incidence
waves to detect disbonds and characterize Al coatings on steel substrates. In their
experiments, artificial 3 mm wide masks were used to simulate disbonds. Their
experimental results showed that both reflection and transmission C-scan images could
detect the artificial disbonds with the reflection image being clearer. Steffens [27] and
Namba et al. [28] took advantage of multiple reflections within the coatings to study
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coating properties, and high sensitivities were claimed because of the increase of the
coating/substrate interface reflection.

The second category of longitudinal wave inspection involves the evaluation of
bond strength at a coating/substrate interface. Francke and de Gee [29] found that when
they worked on Ni/Cr coating-steel substrate samples with different bond strength, which
were obtained through substrate surface thermal oxidation for different time periods
before coating application; the amplitude of through-transmission ultrasound signals
could be related to the measured interface conditions, but their experimental data were
scattered. Chatellier et al. [30][31] used the multiple reflections in the coating materials
to measure the adhesion of coating to substrate. In their method, ultrasound waves were
sent into the sample from the substrate side. The reflections from the substrate surface
and from the coating formed an echo train, and the ratio of two successive reflections
from the coating/substrate interface could be used as the bonding strength indicator.
There is no theoretical explanation to this method, and because the transducer needs to be
placed on the sample directly, the resolution, which depends on the size of the transducer,
was poor.

From the above discussions, it can be seen that longitudinal wave normal
incidence techniques are easy to use and can detect disbond at film/substrate interfaces;
they also have limited applications in evaluating interface bond strength. Lower
frequency ultrasound (usually less than 10 MHz), which was normally utilized in the
above examples, was suitable for relatively thick coatings. For thin films, however,
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because of the much smaller thickness, low frequency ultrasound is not good any more.
In my later discussions, I will show that higher frequencies such as used in a scanning
acoustic microscope can be used for the evaluation of the integrity of thin film structures,
and I will also show that for a specific coating/substrate systems, an optimized frequency
range can be chosen, which gives a balance between resolution and ultrasound
attenuation.

2.4.2 Shear waves
Shear waves can also be applied for the coating evaluation. Rose et al. [32] used
ultrasound oblique incidence techniques to generate shear waves (broadband frequency 120MHz) to detect disbonds and identify the bond degradation level. In their experiments,
by adjusting the ultrasound oblique incident angles, optimized shear waves for the
evaluation of the interface condition could be found. Results showed that interface
condition could be correlated to the amplitude of the signals.

In ultrasonic inspection, sensitivity and resolution are two important indices that
are used to evaluate a method’s ability to detect defects. Sensitivity is the ability to locate
small defects. Resolution is the ability to differentiate two close discontinuities. They
both become better with shorter wavelengths. Therefore, theoretically, shear waves,
which have shorter acoustic wavelengths than longitudinal waves when at the same
frequency, have higher sensitivity and resolution. However, practical shear wave
applications to coatings are quite limited compared to those of longitudinal waves. The
reason is that shear wave generation needs oblique incidence, which is effective when
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working with the transmission mode but makes it difficult to receive the reflected
acoustic waves when working in the reflection mode. This problem can be lessened if a
focusing transducer is used with the longitudinal wave generation being blocked.

2.4.3 Leaky Lamb and Rayleigh waves
The applications of leaky Lamb and Rayleigh waves for the evaluation of film
structures include film thickness measurement, film elastic property evaluation and
film/substrate interface condition evaluation.

Coste et al. [33] used Rayleigh waves for the measurement of vacuum plasma
sprayed NiCoCrAl coating (on steel substrate) with thickness from 0.19 to 0.33 mm) In
their work, the accurate measurement of the Rayleigh wave velocities in the frequency
range from 2 MHz to 10 MHz was realized by calculating the signal phase change as a
function of the distance between the transducer and the specimen, Rayleigh wave
velocities were correlated to coating thickness according to theoretical dispersion curves.
Their technique could measure coating thickness down to 0.1 mm with fair accuracy.

Xu et al. [34][35] used leaky Lamb waves for the evaluation of coating thickness,
density and elastic properties. Wang et al.[36] then improved Xu’s technique for the
characterization of various coatings on steel substrate and gold coating on glass substrate;
they measured wave velocities with good accuracy but density with a relatively large
error.
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Lee et al. [37] studied Lamb wave dispersion in thin bronze sheets (100 µm)
electrodeposited with nickel coating (20 µm and 45 µm). A broadband (4 to 20 MHz)
PVDF transducer was used for the measurement of the coating elastic constants. They
suggested the potential of this technique for the evaluation of coating/substrate interface
properties but no further explanations or data were given.

Abate et al. [38] used Rayleigh waves to qualitatively measure bond strength. In
their work, a good coating/substrate interface (welded contact) was theoretically
represented by stress and displacement continuity at the coating/substrate interface. On
the other hand, a weak coating/substrate interface (smooth contact) was represented by
only normal stress and normal displacement continuity (shear stress was zero at the
interface). Experimentally, the welded contact was fabricated by electrodeposition of
chromium (0.0035 inches) and then sputtering of tantalum (0.005 inches) on steel. The
smooth contact was realized by applying a very thin layer of epoxy as interface. Their
theoretical results showed that Rayleigh wave dispersion curves were different for
different bond conditions, and their experimental dispersion curves showed the
characteristics of the theoretical curves. They worked at frequencies below 20MHz, and
their experimental results only roughly agreed with theoretical calculations.

It can be seen from the above discussion that Leaky Lamb and Rayleigh waves in
the low frequency range have been successfully applied to the characterization of coating
properties. Their applications for the quantitative evaluation of interface conditions are
still limited because of the limited theoretical study and experimental data.
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2.5 Laser Ultrasound
In the laser ultrasonic technique, lasers are utilized to generate and detect acoustic
waves. A basic laser ultrasonic system usually includes a generation laser, a detection
laser and a detector. A generation laser gives a short laser pulse with high peak power,
and can cause thermal expansion or ablation by heating a small area of the surface of a
sample, which can then generate ultrasound in the sample. This ultrasound will bounce
back and forth between the film/substrate interface and the sample surface, and can be
detected for the characterization of film properties. Interferometric techniques can be
used to detect the material surface pertubation that is caused by the ultrasound
propagation.

Blackshire et al. [39] used laser ultrasound for the inspection of defects under
aircraft coatings (50 to 125 µm), a resolution in the range from 30 to 100 µm was
obtained. Thomsen et al. [40] utilized the laser ultrasound technique for the
nondestructive evaluation of the thickness and homogeneity of silicon and aluminum
films, whose thickness was calculated according to the ultrasound time of flight. Devos et
al. [41] measured simultaneously the thickness and elastic properties of thin dielectric
films on a silicon substrate. The elastic properties were calculated from the ultrasound
velocity which was measured according to the refractive index.

Grahn et al. [42] pointed out that in addition to the measurement of ultrasonic
velocity and attenuation, the film/substrate interface conditions could possibly be
evaluated. Their results on aluminum film/pyrex glass substrate samples showed that the
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reflectivity of a weakly bonded interface was different from a good interface, but there
was no further quantitative evaluation.

Gupta et al. [43][44] used the laser spallation technique to determine the interface
stress of sub-micron aluminum films by measuring film surface wave velocities using a
laser interferometer. In their work, a laser pulse, while reflecting from the free surface of
the film, pulled the interface in tension and spalled it. The interface stresses were
evaluated through elastic wave simulation according to the measured surface velocity.
This quasidestructive technique could estimate the film/substrate interface strength.

Generally, laser ultrasound is a non-contact technique. It can generate high
frequency acoustic waves, such as longitudinal waves, shear waves and Rayleigh waves,
etc. in a film/substrate structure, and this makes the laser ultrasound technique a good
candidate for the characterization of film properties. However, the practical applications
of laser ultrasound are still limited because laser ultrasound is typically expensive and
somewhat fragile compared to other nondestructive methods. A laser ultrasound system
requires sophisticated equipment and the setup procedure is critical and needs
considerable time and experience.

2.6 Other Techniques for Film Characterization
In addition to the above techniques, there are also other techniques that can be
used for the characterization of film/substrate structures.
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A computerized visual imaging technique has been used for bridge coating (lead
based alkyd primer with a green epoxy topcoat on steel girders) inspection [45]. Coating
defects such as cracking, peeling, rusting and blistering could be detected according to
the color analysis of coating pigmentation.

Micro X-ray fluorescence imaging techniques have been used to inspect the
chromium disilicide coating on space shuttle orbiter thrusters [46]. Coating voids could
be detected and the thickness of the remaining coating materials diffused in the C-103
niobium alloy substrate could be quantified.

Microwave and millimeter wave techniques have the potential for the
characterization of dielectric coatings, such as accurate thickness measurement and the
detection of cracks existing in a metal substrate [47].

Ultrasonic bulk wave resonance techniques have been applied on epoxy
coating/aluminum substrates for the measurement of coatings thickness and elastic
modulus [48].

The impedance spectroscopy technique has the potential for the characterization
of thermal barrier coatings on a Ni base super alloy substrate. Coating thickness decrease
could be measured and defects such as delaminations could be evaluated [49].
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Other techniques, including the X-ray thermal imaging techniques, transient
grating characterization methods and modulated stress methods, also have the potential
for the characterization of film/substrate structures [50].

2.7 Acoustic Microscopy for the Characterization of Thin Film
Each NDE technique discussed above has its own advantages. However,
generally, they have the following limitations: low image resolution (thermal imaging
and low frequency ultrasound test), only qualitative experimental data (acoustic
emission), and destructive in nature when applied to thin film structures (thermal
imaging, acoustic emission, and laser ultrasound). On the other hand, the acoustic
microscopy technique does not have such limitations.

Acoustic microscopy can use high frequency acoustic waves, which can provide
high resolution for subsurface inspection and make the acoustic microscopy technique a
very good candidate for thin film evaluations. Acoustic waves that can be utilized by
acoustic microscopy include longitudinal waves, shear waves, and surface acoustic
waves. Acoustic microscopy has been used for the qualitative imaging and inspection of
thin film structures and for the quantitative evaluation of thin film material properties and
film/substrate interface conditions.
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2.7.1 Acoustic microscopy imaging
Acoustic microscopy is a powerful technique for the detection of defects in a
film/substrate system. One important application of acoustic microscopy is the
examination of the bonding to heat sinks in semiconductor integrated circuits. Low
frequency (< 200 MHz) acoustic microscopy can use time-resolved techniques to
separate reflections from different interfaces for the imaging of electrical components and
semiconductor packaging coatings [51][52][53]. Higher frequency (> 200MHz) acoustic
microscopy can take advantage of acoustic surface waves and has the potential for the
imaging and detection of improper bonds in integrated circuits [54][55].

Acoustic microscopy can also detect defects in integrated circuits such as
thickness changes, cracks, subsurface defects, etc. [56][57].

In addition to integrated circuits, acoustic microscopy has also been applied in
other fields. Hirvonen et al. [58] used acoustic microscopy to inspect the integrity of
thermal barrier coatings (alumna and alumna–titanium coating) that were under wear
testing. In their work, a high numerical aperture acoustic lens was used to generate
surface acoustic waves for the detection of surface breaking cracks. Stelwagen et al. [59]
used acoustic microscopy to image surface cracks and artificial delaminations in zirconia
coatings/nickel substrates. James et al. [39] used acoustic microscopy to measure the
coating corrosion on military aircrafts; coating/substrate interface could be imaged by
adjusting focal positions and gating appropriate signals.
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In acoustic microscopy imaging, the image resolution is proportional to
ultrasound wavelength, in other words, the higher the frequency, the better the image
resolution. Acoustic microscopy image resolution is comparable to optical microscopy
when its frequency is above 1 GHz.

In addition to its ability of qualitative evaluation (imaging) of film structures,
acoustic microscopy techniques can also be used for the quantitative measurement of film
structures; and this will be discussed in the following section.

2.7.2 Quantitative characterization of films
The ability of acoustic microscopy to quantitatively characterize film structures
was first discovered by Weglein [60]. In his work, with an acoustic microscope working
in the reflection mode at 370 MHz, he found that “acoustic signatures”, which are plots
of signal amplitude versus the distance of defocus (the distance between acoustic lens and
sample), could be used to determine Rayleigh wave velocities. He then applied his
technique for the measurement of the Rayleigh wave velocity on a gold film/silicon
substrate sample, where gold film thickness could be determined according to the
measured Rayleigh wave velocities. His experimental results were in good agreement
with theoretical predictions. Although his work only gave very basic theoretical analysis
and only film thickness was measured, his research was the first application of acoustic
microscopy for the evaluation of the dispersion curve of surface acoustic waves, and
opened up a new world for the acoustic microscopy techniques.
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Following Weglein’s work, research on film thickness measurement was
continued on other film structures. Kushibiki et al. [61] used a 200 MHz acoustic lens to
evaluate the thickness influence on surface acoustic wave velocities on the SiO2 film on
sapphire substrate system. Tsukahara et al. [62] applied 30-150 MHz ultrasound to
measure gold film thickness (on 42-alloy substrate), and high stability and accuracy was
obtained.

Acoustic microscopy was also applied to evaluate the elastic properties of film
materials [61]. Crean et al. [63] used 339 MHz acoustic waves on co-sputtered tungstensilicide film on silicon substrate samples, they found that the film elastic constants
depended on the annealing temperature which could influence the composition and
structure of the silicide layer. Yu et al. [64] worked with a 200 MHz acoustic lens to
measure the thickness and the properties of an aluminum film (on epoxy substrate) with a
fair accuracy. Kundu et al. [65] showed how to use the inversion technique for the
evaluation of thickness and elastic constants of film structures (chromium film on glass
substrate). Lee et al. [66] used a 225 MHz lens to determine the elastic constants and the
mass density of TiN film on MgO substrate according to the surface wave velocities.
Attenuation coefficients were also measured to verify the velocity results.

From the above discussion, it can be seen that high frequency acoustic
microscopy has been applied for the evaluation of film thickness and elastic constants. In
the next section, the application of acoustic microscopy for the characterization of film
adhesion will be discussed.
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2.8 Film Adhesion Characterization
Acoustic microscopy is a reliable technique for the measurement of film thickness
and elastic constants, but its application for the quantitative evaluation of the interface
integrity of film/substrate structures has been a relatively unexplored field. Bray et al.
[67] were the first to report the potential of acoustic microscopy for the characterization
of film adhesion. They found that when they imaged chromium films (100 nm) on glass
substrate, the brightness of the images was not uniform because of the non-uniform
acoustic reflection at the film/substrate interface. Based on this discovery, they suggested
that the degree of film adhesion was a source of image contrast. But their theoretical
model was too simple (assuming a vacuum interface layer for poor adhesion) to give a
good explanation for the experimental results. However, their research showed
quantitatively that the film adhesion could influence the propagation of surface acoustic
waves and implied that further quantitative characterization was possible.

Following the initial work of Bray et al. [67], Addison et al. [68][69] measured
the Rayleigh velocities at 200 MHz on two films, one was Cr/Au film deposited on soda
lime glass and the other had an additional thin (20-30 nm) Cr film between Cr/Au film
and glass substrate. They found that the measured Rayleigh wave velocities of the two
samples were different, however, although they suggested that the changes of the
Rayleigh wave velocities could be caused by the difference of the interface adhesion,
they could not verify this theoretically and their experimental data was limited. They also
suggested that mechanical indentation technique could be used to correlate the bond
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compliance to the bond fracture energy and that such a correlation might be able to verify
acoustic microscope measurement, but they did not give any data to support this.

Mal and Weglein [70][71] studied the dispersion of Rayleigh wave velocities on
samples of titanium film (0.04 mm) on Beryllium substrates at a frequency range from
22-45 MHz. They fabricated “good” and “bad” adhesion samples by either changing the
film deposition temperature or changing the substrate surface condition before
deposition. Their experimental results showed the influence of the interface adhesion on
the surface wave velocities and suggested that the dispersion of surface wave velocity
could be used for the evaluation of film adhesion. In their theoretical modeling, they
suggested that this surface wave velocity change was because the surface wave in a
“good” sample belongs to the fundamental Rayleigh mode and the surface wave in a
“bad” sample belongs to a higher mode. However, they could not explain why higher
mode surface wave velocities, rather than the fundamental Rayleigh mode, were
measured in “bad” samples, some anomalous experimental data points could not be
explained either. Their work was done at low frequencies (20-45 MHz) on thick films,
and its application to high frequency on thin film was unclear.

Richard et al. [72] used a continuous wave scanning acoustic microscope to
characterize interface adhesion at 120-300 MHz. They modeled and experimentally
verified the dispersion curves for a well-bonded 3.2 µm nickel film on an aluminum
substrate and a poorly bonded 6.6 µm aluminum film on glass substrate. But these two
samples were two different film/substrate systems and they could not be compared with
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each other directly. Their theoretical model for poorly bonded sample was a total
disbond, which did not agree to the real situations.

Parthasarathi et al. [73][74] in our lab investigated the interface condition on
diamond-like carbon hard film on silicon coated titanium substrate with ultrasound
frequencies up to 600 MHz. Experimental results and theoretical analysis suggested that
surface wave velocity dispersion could be potentially used to characterize interface
adhesion. But experimental data were limited.

Guo et al. [75][76] studied various film/substrate systems with different interface
adhesion in the 100 to 250 MHz range. They showed that interface condition could
change the dispersion of surface wave velocities. But their model implied that the change
in surface wave velocities involved mode conversion, which had no clear explanations,
and would limit the practical application of their technique because of the complexity of
mode conversions.

Overall, acoustic microscopy has the potential for the evaluation of film interface
conditions, but its study is still quite limited. Some of the above theoretical models are
too simple (Bray’s and Richard’s), where only two extreme cases are assumed: the
interface is either perfect bonded or totally debonded, this does not agree with real
situations, where weak interface conditions may exist; some of the above models suggest
that surface acoustic wave velocity change may be caused by mode conversions (Mal’s
and Guo’s). This needs further explanations and can limit it applications because of the
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complexity (surface wave velocity may increase or decrease depends on modes). In my
study, this problem will be further studied.
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Chapter 3
THEORETICAL ANALYSIS OF ELASTIC WAVE PROPAGATION IN
LAYERED STRUCTURES

3.1 Surface Acoustic Waves
The existence of surface acoustic waves was first theoretically predicted by Lord
Rayleigh about a century ago [77]. The surface acoustic waves, which are also usually
called Rayleigh waves, are two-dimensional elastic waves that can propagate along the
surface of solids. Surface acoustic waves are comprised of two components, a
longitudinal wave component that is parallel to the surface (along the wave propagation
direction), and a shear wave component that is perpendicular to the surface. Surface
acoustic waves play an important role in the field of seismology, in which they were first
observed and recorded during earthquakes. In an earthquake, three sequential events
could be observed: the longitudinal waves come first, the shear waves come second, and
the surface waves arrive last and often cause the most damage. The elastic energy of
surface acoustic waves is confined to the near-surface region and decays quickly as the
depth increases.

The governing equations for the surface wave propagation in an isotropic,
homogeneous, linear elastic semi-space can be derived from the Navier governing
equations, which were first developed for an unbounded elastic isotropic solid as shown
in Equation 3.1 [78]:

(λ + µ )u j ,ij + µui , jj + ρf i = ρu&&i

(i, j = 1,2,3) .

3.1

where λ and µ are Lame’s constants, ρ is material density, f is body force, and ui is the
displacement component as defined by Equation 3.2:

u = (u1 , u 2 , u3 )

3.2

When Equation 3.1 is expressed in a vector field in the absence of body forces, it
can be transformed into Equation 3.3:

(λ + µ )∇∇ • u + µ∇ 2u = ρ

∂ 2u
.
∂t 2

3.3

Applying Helmholtz decomposition to the displacement vector u leads to
Equation 3.4:

u = ∇Φ + ∇ × H ,

∇ • H = 0.

3.4

where Φ and H are the scalar potential and vector potential of displacements,
respectively. Then from Equation 3.3, the following two equations, Equation 3.5 and
Equation 3.6 can be obtained:

∇ 2Φ −

1 ∂ 2Φ
= 0.
cL2 ∂t 2

3.5

∇2 H −

1 ∂2H
= 0.
cT2 ∂t 2

3.6

where cL and cT are the longitudinal and shear wave velocities, respectively, and defined
in the following Equation 3.7:

c L2 =

λ + 2µ
ρ

and
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cT2 =

µ
ρ

3.7

Theoretically, the particle displacement vector of surface acoustic waves has two
components, a longitudinal wave component and a shear wave component. When
traveling along a surface in an isotropic half-space, the displacement can be
schematically shown as in Figure 3-1.

Surface Waves Propagation Direction

Free Surface

X3
Solid

X1

Figure 3-1: Schematic of surface (Rayleigh) wave propagation in an isotropic half-space

In Figure 3-1, the solid medium is semi-infinite with the free surface at x3 = 0.
The particle displacements are along the x1 and x3 direction, whereas the component
along x2 direction is zero. The amplitude of the particle displacement (elliptical)
decreases as depth increases. The expression for displacement can be defined as
Equation 3.8:

u = (u1 ,0, u3 )

3.8

then the displacement potentials Φ and Η can be simplified as Equation 3.9:

Φ = Φ ( x1 , x3 , t )

H = H 2 = H ( x1 , x3 , t )
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3.9

where H1 and H3 are zero because u2 = 0.
For convenience, let x1 = x and x3 = z, and assume the harmonic solutions to
Equation 3.5 and Equation 3.6 are in the form of Equation 3.10:

Φ = D1 ( z )e i ( kx −ωt )
H = D2 ( z )ei ( kx −ωt )

3.10

By substituting Equation 3.10 into Equation 3.5 and Equation 3.6, Equation 3.11
can be obtained [78]:

Φ = A1e − kqz e ik ( x − ct )
H = B1e − ksz e ik ( x −ct )

3.11

where
2

 c
q = 1 −   ,
 cL 

 c
s = 1 − 
 cT

2


 ,


c=

ω
k

Then according to the Lame’ representation of displacement as shown in
Equation 3.12:

u1 = Φ,1 + H ,3 = Φ, x + H , z
u3 = Φ,3 − H ,1 = Φ, z + H , x

3.12

The solutions of displacements can be expressed as Equation 3.13:

u1 = k (iA1e − qz − sB1e − sz )e ik ( x − ct )
u3 = −k (qA1e− qz − isB1e− sz )eik ( x − ct )

3.13

According to Hook’s law, the relationship between stress and strain is as in
Equation 3.14:
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∂u
∂u1 ∂u3
+
) + 2µ 3
∂x1 ∂x3
∂x3
∂u ∂u
σ 13 = µ ( 1 + 3 )
∂x3 ∂x1

σ 33 = λ (

3.14

Then from Equation 3.13, the following Equation 3.15 can be obtained:

σ 33 = k 2G ( rA1e − qz + 2isB1e − sz )e ik ( x −ct )
σ 13 = k 2 G ( −2iqA1e − qz + rB1e − sz )e ik ( x −ct )

3.15

where
r = 2−( c

cT

G=µ

)2 ,

Now since stresses on the free surface are zero, the following boundary conditions
in Equation 3.16 need to be satisfied:

σ 33 = σ 13 = 0

at

z=0

3.16

By substituting the above boundary conditions into Equation 3.15, the following
characteristic Equation 3.17 for surface acoustic wave propagation can be obtained:
r 2 − 4sq = 0

3.17

By further transformation of the above equation, the characteristic equation for
surface wave propagation can be expressed as Equation 3.18:

η 6 − 8η 4 + 8η 2 (3 − 2ζ 2 ) + 16(ζ 2 − 1) = 0
where

η=

c
,
cT

ζ =

cT
cL

Then the solutions of displacements are as in Equation 3.19:
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3.18

u1 = A( re − qz − 2 sqe − sz )e ik ( x − ct )

u 3 = iAq (−re − qz + 2e − sz )e ik ( x − ct )

3.19

where
A = kB1

2q

Through analysis of the characteristic Equation 3.18, only one real and realistic
root for the equation is found and this root is the surface wave velocity CR. CR does not
depend on frequency, therefore, at the surface of an isotropic half-space, a pure nondispersive surface wave exists and its velocity depends only on the density and the elastic
properties of the medium. However, this velocity will become frequency dependent if the
half-space turns into a layered structure. This frequency dependent (dispersive) nature of
the surface waves in layered structures will be discussed in the following sections.

3.2 Acoustic Wave Propagation in Layered Structures
Wave propagation in layered structures has been addressed in numerous
theoretical studies. Seismologists were the first to address the problem by studying the
seismic shock propagation in the earth’s crust. In seismic studies, because of the large
radius of the earth in comparison to the wavelength of seismic waves, the earth crust
could be seen as a set of homogeneous layers on a uniform half-space. Historically, most
of the original theoretical work on elastic wave propagation in layered structures was
done by seismologists.
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The existence of a layer on a half-space can influence the acoustic wave
propagation. Tiersten [79] pointed out that the existence of a thin layer (thickness smaller
than the wavelength of the elastic wave) on a half-space substrate could disturb the
Rayleigh wave velocity. Theoretical analyses found that in such structures the Rayleigh
wave velocity not only depends on the substrate properties, but also on the thickness,
density and the elastic properties of the thin layer. As a result, the Rayleigh waves in such
structures become dispersive (velocity depends on frequency) and are not true Rayleigh
waves any more.

The influence of the thin layer on the Rayleigh wave velocity, or in other words,
the dispersion of the surface waves, depends on the relative properties of the half-space
substrate to the thin layer. If the shear wave velocity of the thin layer material is faster
than that in the half-space substrate, then the layered structure is a fast-on-slow system,
where only one fundamental Rayleigh mode can exist, on the other hand, if the shear
wave velocity of the thin layer material is slower than that in the half-space substrate,
then the layered structure is a slow-on-fast system, where multiple surface acoustic wave
modes can exist [78][80].

For a fast-on-slow layered structure, Figure 3-2 shows an example of the dispersion
characteristics of the fundamental Rayleigh mode [78] (which is also the only mode that
exists). When frequency × thickness = 0, which means that there is actually no layer on
the half-space (thickness = 0), the phase velocity is the Rayleigh velocity of the substrate
(VR). As frequency × thickness increases, the surface wave velocity increases, until the
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velocity reaches the shear velocity of the substrate (VT) at frequency × thickness = 0.74.
When frequency × thickness > 0.74, no surface wave exists. The particle displacement of
this mode is similar to that of the Rayleigh wave in a uniform half-space.
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Figure 3-2: Phase velocity dispersion curve of the fundamental Rayleigh mode for a faston-slow system (Rose [78]) where VL = 4 mm/µsec, VT = 2.5 mm/µsec, VL’ = 6.3
mm/µsec, VT ’= 3.1 mm/µsec, G = 1.5 GPa and G’ = 2.61 GPa

For a slow-on-fast layered structure, the situation is more complex. Figure 3-3
shows such an example [78]. In addition to the fundamental Rayleigh mode, an infinite
number of higher order modes can also exist. At frequency × thickness = 0, only the
fundamental mode exists (phase velocity starts from the Rayleigh velocity of the halfspace substrate). As the frequency × thickness increases, the velocity of this fundamental
mode decreases and asymptotically approaches the Rayleigh velocity of the layer
material (VR’), this can be explained as when frequency × thickness is large enough
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(thickness is very large), this fundamental mode starts to travel at the surface of the top
layer at the layer material’s Rayleigh velocity. All the other higher modes start with a cutoff phase velocity equal to the substrate’s shear wave velocity (VT) and asymptotically
approaches the shear velocity of the layer (VT’) as the frequency × thickness increases.
The particle displacement in such a slow-on-fast system depends on the mode and the
frequency (× thickness). My research here focuses on slow-on-fast layered structures.
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Figure 3-3: Phase velocity dispersion curves for a slow-on-fast system (Rose [78]), where
VL = 8 mm/µsec, VT = 5 mm/µsec, VL’ = 4.7 mm/µsec, VT’ = 3 mm/µsec, G = 7 GPa and
G’ = 3 GPa
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3.3 Theoretical Treatment of Elastic Wave Propagation in Thin Layers

3.3.1 Layered structures: Thomson-Haskell matrix approach
The Thomson-Haskell matrix method, which was first developed by Thomson
[82] and later refined by Haskell [83], is a systematic approach to solve wave propagation
in layered structures. The method has been widely used by seismologists when modeling
the earth as layers on half-space substrate structures, and it has been modified to be
suitable for analyzing higher frequencies [84] (which is important to acoustic
microscopy).

The Thomson-Haskell method will be described in the following [82] [83] [84]
[87].

Figure 3-4 is a schematic of a multilayered structure represented by a stack of
homogeneous layers on a homogeneous half-space, where λ and µ are Lame’s constants,
ρ is density, P and P’ are the amplitudes of downgoing and upgoing longitudinal waves,
respectively, and S and S’ are the amplitudes of downgoing and upgoing shear waves,
respectively.
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Figure 3-4: A schematic representation of layered structures on half-space

3.3.1.1 Motion-stress vector
Assume x is the direction of surface waves propagation and z is the direction of
depth, then seek a solution for the wave motion in the form [87] as Equation 3.20:

u = r1 (k , z , w) exp[i (kx − ωt )]
v=0

3.20

w = ir2 (k , z , w) exp[i (kx − ωt )]
where u, v, w are displacements in x, y and z direction, respectively, k is wavenumber, ω
is angular frequency, t is time, i = (-1)½, and r1 and r2 are the abbreviations of the
amplitude functions r1(k, z, ω) and r2(k, z, ω), respectively.
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By substituting the following strain tensor definition into Equation 3.20:

1  ∂u

∂u j 

 = ε ji
ε ij =  i +
2  ∂x j ∂xi 

3.21

the strain components can be obtained as Equation 3.22:

∂u
∂x
= ikr1 exp[i ( kx − ωt )]

ε xx =

∂v
∂y
=0
∂w
=
∂z
dr
= 2 i exp[i ( kx − ωt )]
dz
1 ∂u ∂w
= ( +
)
2 ∂z ∂x
1 dr
= ( 1 − kr2 ) exp[i ( kx − ωt )]
2 dz
1 ∂v ∂w
)
= ( +
2 ∂z ∂y
=0
1 ∂u ∂v
= ( + )
2 ∂y ∂x
=0

ε yy =

ε zz

ε zx

ε yz

ε xy

3.22

Now if we apply the following stress-strain relationship (Equation 3.23):

τ ij = λδ ij φ + 2µε ij
where λ and µ are Lame’s constants, φ = ε11 + ε22 + ε33 (volumetric strain), and δij
is Kronecker delta function defined in the following Equation 3.24:
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3.23

1 if
0 if

δ ij = 

i= j
i≠ j

3.24

from Equation 3.22, the stress components can then be expressed as
Equation 3.25:

τ xx = λ (ε xx + ε yy + ε zz ) + 2 µε xx
= λ (ikr1 exp[i (kx − ωt )] +

dr2
i exp[i (kx − ωt )]) + 2 µikr1 exp[i (kx − ωt )]
dz

dr2
+ k (λ + 2 µ )r1 ] exp[i (kx − ωt )]
dz
= λ (ε xx + ε yy + ε zz ) + 2 µε yy

= i[λ

τ yy

= λ (ikr1 exp[i (kx − ωt )] +

dr2
i exp[i (kx − ωt )])
dz

τ zz

dr2
+ kλr1 ] exp[i (kx − ωt )]
dz
= λ (ε xx + ε yy + ε zz ) + 2 µε zz

τ xy

dr
dr
= λ (ikr1 exp[i (kx − ωt )] + 2 i exp[i (kx − ωt )]) + 2 µ 2 i exp[i (kx − ωt )]
dz
dz
dr
= i[(λ + 2 µ ) 2 + kλr1 ] exp[i (kx − ωt )]
dz
= 2 µε xy

= i[λ

=0

τ yz = 2µε yz
=0

τ zx = 2 µε zx
= µ(

dr1
− kr2 ) exp[i (kx − ωt )]
dz

Equation 3.25 can be summarized as Equation 3.26:
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3.25

dr2
+ k (λ + 2 µ )r1 ] exp[i (kx − ωt )]
dz
dr
= i[λ 2 + kλr1 ] exp[i (kx − ωt )]
dz
dr
= i[(λ + 2 µ ) 2 + kλr1 ] exp[i (kx − ωt )]
dz
dr
= µ ( 1 − kr2 ) exp[i (kx − ωt )]
dz
=0

τ xx = i[λ
τ yy
τ zz
τ zx
τ yz

3.26

τ xy = 0
where λ and µ are Lame’s constants which are functions of z for layered structures.

In the above discussion, the expressions for displacement and stress have been
obtained. In a layered structure, the general boundary conditions at each interface are the
continuity conditions, in other words, the boundary conditions require that both the
normal and transverse components of displacement and stress are continuous across
interfaces. This means, in our case, normal displacement u, transverse displacement w,
normal stress τzz and transverse stress τzx, need to be continuous across interfaces.

Now if we rewrite u, w (Equation 3.20), τzz and τzx (Equation 3.26) as
Equation 3.27:
u = r1 (k , z , w) exp[i (kx − ωt )]
w = ir2 (k , z , w) exp[i (kx − ωt )]

τ zx = r3 (k , z , ω ) exp[i{kx − ωt )]
τ zz = ir4 (k , z , ω ) exp[i{kx − ωt )]

3.27

then (r1, r2, r3, r4) can be referred to as the motion-stress vector for surface acoustic wave
propagation, where the definition of r3 and r4 are:
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dr1
− kr2 )
dz
dr
r4 = [(λ + 2 µ ) 2 + kλr1 ]
dz
r3 = µ (

3.28

3.3.1.2 Motion-stress vector differential equations

According to Newton’s law, the governing wave propagation equation can also be
defined as Equation 3.29:
∂τ ik
∂ 2u
= ρ 2i
∂x k
∂t

3.29

where ρ is density (as a function of z),

In our case, Equation 3.29 can be expanded into the following Equation 3.30:

∂τ xx ∂τ xy ∂τ xz
∂ 2u
=ρ 2
+
+
∂z
∂y
∂x
∂t
∂τ yx ∂τ yy ∂τ yz
∂ 2v
=ρ 2
+
+
∂z
∂y
∂x
∂t
∂τ zx ∂τ zy ∂τ zz
∂2w
=ρ 2
+
+
∂z
∂y
∂x
∂t

3.30

By substituting Equation 3.26 and Equation 3.27 into Equation 3.30, we have the
following Equation 3.31:

dr
dr2
+ k (λ + 2 µ )r1 ] + 3 = − ρω 2 r1
dz
dz
dr
ikr3 + i 4 = −iρω 2 r2
dz
− k [λ
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3.31

Equation 3.31 can be transformed to Equation 3.32:
dr3
dr
= k[λ 2 + k (λ + 2 µ )r1 ] − ρω 2 r1
dz
dz
dr
= [k 2 (λ + 2 µ ) − ρω 2 ]r1 + kλ 2
dz
kλ
1
= [k 2 (λ + 2 µ ) − ρω 2 ]r1 − kλ (
r1 −
r4 )
λ + 2µ
λ + 2µ
kλ
4 µ (λ + µ )
= [k 2
− ρω 2 ] r1 +
r4
λ + 2µ
λ + 2µ
dr4
= − ρω 2 r2 − kr3
dz

3.32

From Equation 3.28, Equation 3.33 can be obtained:
dr1
1
= kr2 + r3
dz
µ
dr2
kλ
1
r1 +
r4
=−
dz
λ + 2µ
λ + 2µ

3.33

Then Equation 3.32 and Equation 3.33 can be summarized as Equation 3.34:
 r1  
0
  
d  r2  − kλ ( z )[λ ( z ) + 2 µ ( z )] −1
=
dz  r3   k 2ζ ( z ) − ω 2 ρ ( z )
  
r 
0
 4  

k

µ −1 ( z )

0

0

0

0

− ω 2 ρ ( z)

−k

 r1 
 
[λ ( z ) + 2 µ ( z )]
 r2 
kλ ( z )[λ ( z ) + 2 µ ( z )] −1  r3 
 
0
 r4 
0

−1

where ζ ( z ) = 4 µ ( z )[λ ( z ) + µ ( z )] /[λ ( z ) + 2 µ ( z )]

3.3.1.3 Propagator matrix

Equation 3.34 can be rewritten in the following matrix form (Equation 3.35):

dr ( z )
= Α( z )r ( z )
dz
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3.35

3.34

where A(z) is a 4×4 matrix (Equation 3.36) and r(z) is a 4×1 column (Equation 3.37):

0

− kλ ( z )[λ ( z ) + 2 µ ( z )] −1
A( z ) = 
 k 2ζ ( z ) − ω 2 ρ ( z )

0


µ −1 ( z )

k
0

0

0

0

− ω 2 ρ ( z)

−k



[λ ( z ) + 2 µ ( z )]

−1 
kλ ( z )[λ ( z ) + 2 µ ( z )]

0


 r1 
 
r 
r( z) =  2 
r
 3
r 
 4

0

−1

3.36

3.37

Now we define propagator matrix as Equation 3.38:
z

z

ζ1

z0

z0

z0

P( z , z 0 ) = I + ∫ A(ζ 1 )dζ 1 + ∫ A(ζ 1 ) ∫ A(ζ 2 )dζ 2 dζ 1 +...

3.38

where I is the unit matrix.

According to the matrix calculus operation [88], the derivative and integral of a
matrix with respect a scalar can be realized by the operation of each matrix element, as in
Equation 3.39:

d
I=0
dz
d z
A(ζ 1 )dζ 1 = A( z )
dz ∫z0
ζ1
z
d z
A(ζ 1 ) ∫ A(ζ 2 )dζ 2 dζ 1 = A( z ) ∫ A(ζ 1 )dζ 1
∫
z0
z0
dz z0
......

3.39

Then the following Equation 3.40 [87] can be obtained:

d
P( z, z 0 ) = Α( z )P( z , z 0 )
dz
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3.40

By comparing Equation 3.35 to Equation 3.40, motion-stress vector r(z) can be
represented in the form as in Equation 3.41:
r ( z ) = P ( z , z 0 )C

3.41

where C is a 4×1 column constant vector.

Since the boundary condition r(z) = r(z0) at z = z0 needs to be satisfied, we have
C equals to r(z0). Therefore, r(z) can be related to propagator matrix P(z, z0) according to
the following Equation 3.42 [87]:
r ( z ) = P ( z , z 0 )r ( z 0 )

3.42

Equation 3.42 satisfies the differential Equation 3.35 and the boundary condition
(equal to r(z0) when z=z0).

Within a given layer, A(z) is independent of z, so if we suppose z is in layer k, i.e.
zk>z>zk-1, and we choose zk-1 = z0, then according to Equation 3.38, the propagator matrix
can be simplified as Equation 3.43:
1
P ( z , z k −1 ) = I + ( z − z k −1 ) A + ( z − z k −1 ) 2 AA + ...
2
= exp[( z − z k −1 ) A]

3.43

The mathematical expansion of the exponential function of matrix A can be
realized by finding its eigenvalues [89].

For z in layer k, i.e. zk>z>zk-1 and zk-1 = z0, according to Equation 3.42, r(z) can
be expressed as in Equation 3.44:
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r ( z ) = P ( z , z k −1 )r ( z k −1 )

3.44

In turn, we can choose zk-2 = z0 to calculate r(zk-1), and then choose zk-3 = z0 to
calculate r(zk-2), and so on, in this way, the following Equation 3.45 can be obtained:

r ( z ) = P ( z , z k −1 )r ( z k −1 )
= P ( z , z k −1 )P ( z k −1 , z k − 2 )r ( z k − 2 )
= ...
= P ( z , z k −1 )P ( z k −1 , z k − 2 )...P ( z1 , z 0 )r ( z 0 )

3.45

k −1

= exp[( z − z k −1 ) A k ]∏ exp[( z l − z l −1 ) A l ]r ( z 0 )
l =1

From Equation 3.45, it can be seen that the motion-stress vector in a layer can be
calculated from the properties of each above layer and the motion-stress vector at the top
free surface. In practical calculations, the first layer motion-stress vector can be
calculated first, then the second layer motion-stress vector will be calculated based on the
first layer motion-stress vector, and then the third later based on the second layer, and so
on until calculation stops at the substrate.

3.3.2 Finding solutions
Now let us take look at Equation 3.35:

dr ( z )
= Α( z )r ( z )
dz
This is a coupled first order ordinary differential equation, if we use vi represents
an eigenvector of A and λi represents the associated eigenvalue, the solution can be
expressed [87] as Equation 3.46:
r ( z ) = v i exp[λi ( z − z ref )]
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3.46

where zref is phase reference level.

If A is a n × n matrix, there are going to be n eigenvalues and n associated linearly
independent eigenvectors. Then we can form an n × n matrix R whose ith column is
viexp(λi(z-zref)], and use the following linear combination (Equation 3.47) of n
eigenvectors to represent the general solution r(z) to the Equation 3.35:

r ( z ) = Rw

3.47

where w is a vector of constants and a weight factor.

In our case, A is 4 × 4 matrix, it has four eigenvalues [87] as in Equation 3.48:

λ1 = −γ = −(k 2 −
λ = −υ = −(k −
2

2

λ = +γ = ( k −
3

2

λ = +υ = (k −
4

2

ω2
c L2

ω2
cT2

ω2
c L2

ω2
cT2

)
)

1

)2
)
1
2

1
2

3.48

1
2

where cL and cT are longitudinal wave velocity and shear wave velocity (in a layer),
respectively.

If we put these four eigenvalues into Equation 3.46, it can be seen that these four
eigenvalues actually represent four wave components, λ1(-γ) corresponds to downgoing
longitudinal wave component, λ2(-ν) corresponds to downgoing shear wave component,
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λ3(+γ) corresponds to upgoing longitudinal wave component, and λ4(+ν) corresponds to
upgoing shear wave component. Therefore, Equation 3.47 represents the combination of
all four components, vector w gives the amount of each component, in other words,
vector w represents the amplitude of each wave components.

Now we can rewrite Equation 3.47 as Equation 3.49:
 r1 
P
 
 
 r2 
S
 r  = Rw = R  P ' 
 3
 
 S'
r 
 
 4

3.49

where P, S, P’, and S’ represents the amplitudes of downgoing longitudinal wave,
downgoing shear wave, upgoing longitudinal wave, and upgoing shear waves,
respectively.

From Equation 3.46, matrix R can be expressed as Equation 3.50:
e −γz

0
R = E
 0

 0

e

0

0

−υz

0

0

e +γz

0

0

0 

0 
0 

e +υz 

3.50

where E is comprised of the eigenvectors of matrix A.

Displacements can be related to the motion-stress matrix as Equation 3.51:
 r1 
P
 
 
r
S
−1  2 
−1
 P'  = R  r  = R r ( z )
 3
 
 S'
r 
 
 4
48

3.51

By substituting Equation 3.42 and Equation 3.45 into Equation 3.51, we can
express the amplitudes of different wave components in the lower half-space (n + 1 layer)
in terms of the motion-stress factor at the top free surface as Equation 3.52:

w n +1 = R n−1+1 r ( z n ) = R n−1+1 P( z , z 0 )r ( z 0 ) = Br ( z 0 )

3.52

Since in the lower half space (substrate) only downgoing longitudinal and shear
waves components exist, and at the free surface r3(z0) = 0 and r4(z0) = 0, we can have the
following Equation 3.53:

w n +1

 P   B11
  
S  B
=   =  21
B
0
   31
 0 B
   41

B12

B13

B22

B23

B32
B42

B33
B43

B14  r1 ( z 0 ) 


B24  r2 ( z 0 ) 
B34  0 


B44  0 

3.53

where matrix B can be calculated according to Equations 3.42, 3.45 and 3.50.

For Equation 3.53 to have solutions, the following condition needs to be satisfied:

B31

B32

B41

B42

=0

3.54

Theoretically, Equation 3.54 can be used for the calculation of dispersion curves.
For a given ω value, a trial value k can be set as an initial value first and then by iteration,
the final value k that can make the determinant in Equation 3.54 go to zero can be found.
Once the k is determined, the phase velocity can be calculated.
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3.3.3 Problem of loss-of-precision
In the above discussion, it is shown that theoretically, Equation 3.54 can be solved
for the calculation of dispersion curves. However, in practical computations at high
frequencies, there is a problem of numerical loss-of-precision when calculating the
determinant in Equation 3.54 for a trial value of k. In the following, the nature and the
treatment of the problem will be discussed.

If we define matrix Λ as in Equation 3.55 [87]:
e −γz

0
Λ=
 0

 0

0

0

e −υz

0

0

e +γz

0

0

0 

0 
0 

e +υz 

3.55

then based on Equation 3.50 and Equation 3.52, matrix B in Equation 3.52 can be
represented by Equation 3.56:

B = LΛT

3.56

where L and T represent the matrices before and after matrix Λ in the matrix products for
B.

From Equation 3.56, it can be seen that the following terms (Equation 3.57) will
exist in the subdeterminant of B in Equation 3.53:
exp(2γz )(l 33t 31l 43 t 32 − l 43 t 31l 43 t 32 )
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3.57

which is actually identically zero. However, in practical computations, this is not the
case. According to Equation 3.48, at high frequencies, because wavenumber k is large,
the exp(2γz) can become very large, as a consequence, the term in Equation 3.57 is not
zero any more, but a non-zero difference of two large numbers. This will cause the loss of
precision.

In order to avoid the above precision problem [84][87], the matrix formalism can
be modified to ensure that the terms containing zero coefficients do not appear. To
achieve this, a 6 × 6 Delta matrix B∆ (where the superscript ∆ denotes the Delta matrix
operator) can be constructed. Every individual element of the Delta matrix is calculated
from the 2 × 2 subdeterminant of matrix B in Equation 3.53 and this Delta matrix
contains all the 2 × 2 subdeterminants of matrix B, but do not have zero coefficients.

The relationship between matrix B∆ and matrix B are as Equation 3.58:

bij∆ = brspq
where

brspq = b pr bqs − b ps bqr

3.58

the paired indices pq, rs take values 12, 13, 14, 23, 24, 34 corresponding to values i or j is
1, 2, 3, 4, 5, 6.

Through the above Delta matrix operation of matrix B, the solving of the
boundary problem in Equation 3.53 and Equation 3.54 can be replaced by the solving of
the initial problem of Delta matrix B∆, in this way, the loss of precision problem can be
avoided and dispersion curves can be numerically calculated.
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3.4 Theoretical Calculation of Dispersion Curves
The Thomson-Haskell method modified by Kundu and Mal [84], as discussed in
the section 3.3, was used for the surface acoustic wave propagation analysis in thin film
structures in this study. This modified version can be applied to high frequency range
without suffering from precision problems. This version of the Thomson-Haskell method
implemented in a computer program by Mal et al. [85][86] was used for the analysis of
surface wave velocity in thin film structures in this study.

In the following discussion, the analysis of surface acoustic wave velocity in a
perfect bonded thin film structure will be discussed first. Then the analysis will be
followed by thin film structures with various levels of interface conditions.

3.4.1 Dispersion curves of perfectly bonded interface
As an example of a low modulus film, gold film/glass substrate system with
perfectly bonded interface condition will be studied in the following. The properties of
each material are defined in Table 3-1. The glass (Corning 7059) substrate can be
considered as a half-space compared to the wavelength of the acoustic waves in the
frequency range of interest. Gold film is assumed to be perfectly bonded to the glass
substrate. The calculated dispersion curves of surface acoustic wave velocities in such a
system are shown in Figure 3-5 and Figure 3-6.
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Table 3-1: Properties of Au/glass component materials

Material

Thickness (µm)

Longitudinal

Shear

velocity

Velocity

(mm/µsec)

(mm/µsec)

Density
(g/cm3)

Gold

0.500

3.24

1.20

19.7

Glass

1000

5.13

3.02

2.76

Figure 3-5 and Figure 3-6 show that the surface wave velocities are dispersive. As
the frequency increases, the surface acoustic wave velocities decrease. This is because as
the frequency increases, the acoustic energy is more and more confined to the upper part
of the film/substrate structure; as a result, the influence of the soft film (with a lower
acoustic shear velocity than substrate) on surface wave propagation increases. Figure 3-5
and Figure 3-6 also show that there are multiple modes existing in the film system. The
fundamental mode R1 starts (at zero frequency) at the Rayleigh velocity VR of the
substrate glass with a negative slope and then decreases asymptotically to the Rayleigh
velocity VR’ of the gold layer as frequency increases. Each of the other higher modes has
a low frequency cut-off at which the phase velocity is equal to the substrate shear
velocity VT, and all these higher modes asymptote to the shear velocity VT’ of the gold
film. These results agree with those discussed in section 3.2.
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VT

Velocity (mm/µsec)

VR

R5

R6

R4

R3
R2

V’T
R1
V’R

Frequency × thickness (MHz × µm)

Figure 3-5: Calculated phase velocity dispersion curves for gold/glass with perfect
interface, where vL = 5.13 mm/µsec, vT = 3.02 mm/µsec, v’L = 3.24 mm/µsec, v’T = 1.2
mm/µsec

VT

VR

Velocity (mm/µsec)

R3
R2
V’T

R1

V’R

Frequency × thickness (MHz × µm)

Figure 3-6: 7 Calculated phase velocity dispersion curves for gold/glass with perfect
interface, where vL = 5.13 mm/µsec, vT = 3.02 mm/µsec, v’L = 3.24 mm/µsec, v’T = 1.2
mm/µsec (zoomed in)
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3.4.2 Weak interface modeling
It is easy to see that the interface conditions of a film/substrate structure have two
extreme cases: a perfectly bonded interface and a complete disbond. However, this may
not be true practically since a wide range of interface conditions may exist and such
conditions (weak interface) need to be characterized.

A weak interface could have a boundary condition for displacement across the
interface that may not be continuous. Various interface conditions can be modeled by
assuming a finite value of bond rigidity. The discontinuity of displacement at an
imperfect interface ∆U caused by stress (which is assumed to be continuous across the
interface) may be expressed as Equation 3.59 [90][91][92]:
σ = K∆U

3.59

where K is the boundary stiffness matrix expressed as Equation 3.60:
K
K= T
 0

0 
K N 

3.60

where KT and KN are tangential and normal stiffness constants, respectively.

For the purpose of modeling, we assume that the imperfect interface can be
modeled as a very thin (compared to the wavelength and film thickness) interface layer,
whose density is much smaller than the film and substrate. The longitudinal velocity, cLi,
and shear velocity, cTi, in the interface layer can be expressed as Equation 3.61:
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c Li =

K N di

cTi =

KT di

ρi

3.61

ρi

where ρi and di are the thickness and density of the interface layer, respectively.

The above weak interface simulation assumes a uniform weak interface.
Practically speaking there are probably locally well-bonded and debonded areas in a
film/substrate system. The whole interface (weak interface) may be represented by an
equivalent interfacial layer whose properties are related to the interface conditions.

3.4.3 Dispersion curves of weak interface

In this section, the weak interface between the gold film and the glass substrate is
modeled according to the method in section 3.4.2. The density of the effective interfacial
layer is 0.3 g/cm3, which is less than 11% of the lowest density in the film substrate
system. The thickness of the interface layer is 0.02 µm, which is 4% of the film
thickness. A schematic of the weak interface is shown in Figure 3-7. Different levels of
interface conditions are represented by different interface stiffness constants. As shown in
Table 3-2, five levels of interface weakness are assumed. The ratio of KT to KN is kept
constant while assuming various interface conditions.
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0.5 µm

0.02 µm

Gold film

Effective interfacial layer

Glass substrate

Figure 3-7: Schematic of film structure with an effective interfacial layer

Figure 3-8 shows the calculated phase velocity dispersion curves with five levels
of interface weakness as well as the perfectly bonded interface. It can be seen that the
wave velocities are affected by the interface conditions. Since the acoustic lens in
experiments has a half aperture angle 600, which corresponds to a maximum measurable
surface acoustic wave velocity of about 1.8 mm/µsec when the couplant is water, in the
following discussion, different regions of the dispersion curves in Figure 3-8 will be
discussed.
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Table 3-2: Properties of effective interfacial layer at different levels of weakness
Longitudinal

Shear

Interface

Boundary Stiffness

Condition

Constants (1016 N/m3)

Perfect Bond

Boundary continuity

~

~

Complete Debond

KT=KN=0

0

0

Weakness 1

KN=216.0, KT=61.44

12

6.4

Weakness 2

KN=54.0, KT=15.36

6.0

3.2

Weakness 3

KN=13.5, KT=3.84

3.0

1.6

Weakness 4

KN=3.38, KT=0.69

1.5

0.8

Weakness 5

KN=0.84, KT=0.24

0.75

0.4

Velocity (mm/µsec) Velocity (mm/µsec)

a1

54321
_____
_____
_____
_____
_____
_____

Velocity (mm/µsec)

s0

a0

Perfect
Weak 1
Weak 2
Weak 3
Weak 4
Weak 5

54321

Frequency × thickness (MHz × µm)

Figure 3-8: Calculated phase velocity dispersion curves for various Au/glass interface
conditions
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The first region has phase velocities of less than 1.8 mm/µsec, as shown in
Figure 3-9. This region mainly includes the first group of the dispersion curves
(corresponding to the fundamental mode R1 in Figure 3-5). It can be seen that velocity is
sensitive to the interface condition, and the sensitivities are different for various
frequencies. The perfect interface dispersive curve is the fundamental mode dispersive
curve as in Figure 3-5. As the interface becomes weaker and weaker (interface stiffness
decreases), the velocity decreases until the interface is complete debonded. When the
interface is complete debonded, the acoustic energy is totally confined inside the film,
and the acoustic waves propagate only in the film and the surface acoustic wave becomes
the a0 mode of Lamb waves in gold plate. This region has a phase velocity of less than
1.8 mm/µsec. Since the acoustic lenses used in this study cannot generate such low
velocities (numerical angle is less than the critical angles for such velocities), it cannot be
applied in our experiments for the measurement of surface acoustic velocities.
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Figure 3-9: Calculated phase velocity dispersion curves for velocity under 1.8 mm/µsec

The second region has phase velocities higher than 1.8 mm/µsec as shown in
Figure 3-10. This region is mainly represented by the second group of the dispersion
curves (corresponding to mode R2 in Figure 3-5). This second group is also sensitive to
the interface condition, frequency (× thickness) from 150 to 500 MHz (× µm) is a
preferable range as shown in Figure 3-11. The perfect interface dispersive curve is the R2
mode dispersive curve as in Figure 3-5. Then as the interface becomes weaker and
weaker (interface stiffness decreases), the velocity decreases until the interface is
completely debonded and the dispersion curve becomes the s0 mode of Lamb wave in
gold plate (as explained above). This second group of surface acoustic waves is going to
be utilized in our experimental evaluation of interface conditions because of its
appropriate velocity range and sensitivity.
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Figure 3-10: Calculated phase velocity dispersion curves for velocity above 1.8 mm/µsec
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Figure 3-11: Calculated phase velocity dispersion curves for velocity above 1.8 mm/µsec
(zoomed in)
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The third group of dispersion curves is complex as shown in Figure 3-12. The
perfect interface dispersive curve is the R3 mode dispersive curve as in Figure 3-5, the
complete debond dispersion curve becomes the a1 mode of Lamb wave in gold plate.
These two extreme dispersive curves cross each other at about 870 MHz (× µm) as shown
in Figure 3-13, so the relationship between interface condition and velocity is not as
simple as that of the first two groups (R1 and R2). It is also difficult to find an
appropriate frequency range for this group because frequency above about 940 MHz (×
µm) is too high and has low sensitivity; frequencies below 940 MHz (× µm) are near the

cut-off frequency and do not have an applicable velocity range (since the a1 mode crosses
other dispersion curves).
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R
3
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Figure 3-12: Calculated phase velocity dispersion curves for third group
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Figure 3-13: Calculated phase velocity dispersion curves for third group (zoomed in)

The above results show that the sensitivity of the surface wave velocity to
interface conditions depends on both mode and frequency. For specific film structures,
appropriate modes and frequency ranges need to be selected for the evaluation of
film/substrate integrity. In our experiments, the second group (R2) of the dispersive
curves at appropriate frequency range will be used.

3.5 Film Material with Very Low Shear Modulus

Films with very low (near zero) shear modulus have broad applications; for
example, organic coatings have been used for anticorrosion protections [93], and organic
thin film transistors have been applied to glass substrates [94][95]. When acoustic
microscopy is applied for the evaluation of longitudinal velocity of biological cells or
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tissues, some biological materials can also be treated as films with near zero shear
modulus [96]. However, when the technique in section 3.3 is applied to the measurement
of longitudinal velocity of such film materials, the technique has mathematical
difficulties. To solve this problem, a new algorithm will be developed in the following.
This algorithm involves the calculation of reflectance functions for layered structures.

Figure 3-14 shows the configuration of such a film/substrate structure. The
organic material is assumed to have zero shear velocity. The whole structure is similar to
a liquid-liquid-solid system.

0
d

I

Coupling Medium (Water)

II

Organic Film

III

Substrate (Fused Quartz)

z

Figure 3-14: Schematic configuration of an organic thin film/substrate structure.

Now let us assume that the potential of the acoustic waves are expressed as in
Equation 3.62 [97]:
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3.62

where Φ is the potential of the longitudinal wave; Ψ is the potential of the shear wave;
A is the amplitude of the potential of the longitudinal wave; B is the amplitude of the
potential of the shear wave; the superscript + shows waves propagating in the positive
direction of z axis; the superscript - shows waves propagating in the negative direction of
z axis; k is the wavenumber; ω is the angular frequency and Roman numerals I, II, and III
indicate media for wave propagation.

According to Snell’s law, we have k xI = k xII = k xIII = k xIIIB = s , so if we let
k z = α , k zIIIB = β , then Equation 3.62 can be simplified as Equation 3.63:
 
I 
I+
I+
Φ = A expi  wt − sx − α z  
 
I 
I−
I−
Φ = A expi  wt − sx + α z  

Φ

II +

= AII + exp i  wt − sx − α II  z − d   
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Φ
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Ψ

III +
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Boundary conditions for the system are as in Equation 3.64:
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3.63

σ zI | z =0 = σ zII | z =0 , and v zI | z =0 = v zII | z =0
σ zII | z = d = σ zIII | z = d , τ xzIII | z = d = 0, and v zII | z = d = v zIII | z = d

3.64

where σz is the normal stress along z direction; τxz is the horizontal shear stress; and vz is
the particle velocity component along z direction.

From Equation 3.63, particle velocity and stress in each medium can be calculated
and substituted into Equation 3.64 to satisfy the boundary conditions, and by solving
boundary equations, Equation 3.65 can be obtained:
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)

)

2 sα III A III + + s 2 − β 2 B III + = 0

where λ and µ are Lame’s constants of each media. Then, by solving the linear
Equation 3.65, the reflectance function can be expressed as Equation 3.66:
AI

−

AI

+

=

(C1 − γC2 ) cos α II d − i(γC1 − C2 )sin α II d
(C1 + γC2 ) cos α II d + i(γC1 + C2 )sin α II d

where γ, C1, and C2 are given by Equation 3.67:
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3.66

γ=

ρ Iα II
ρ IIα I

(

2

)

2

C1 = k sIII − 2s 2 + 4s 2α III β
C2 =

ρ II α III III
ks
ρ III α II

3.67

4

where ρ is density of each media.

Once the reflectance is calculated, the V(z) response (to be discussed later) of the
sample can then be simulated for the determination of the longitudinal velocity of the
film materials.
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Chapter 4
SCANNING ACOUSTIC MICROSCOPY

4.1 Background of Scanning Acoustic Microscopy
Scanning acoustic microscopy is a relatively new technique that can image surface
and subsurface features by the use of high frequency acoustic waves. Historically, the
idea of acoustic microscopy can trace back to 1936, when Russian scientist Sokolov [98]
first put forward the idea that an acoustic microscope with resolution comparable to an
optical microscope could be constructed if the acoustic wave frequency was high enough.
However, the technology necessary to generate such high frequency acoustic waves was
not available until the early 1960’s, during which period several research groups had tried
to explore the potential of scanning acoustic microscopy (with relatively low frequencies)
[99][100]. The first successful construction of a Scanning Acoustic Microscope (SAM)
came in 1974 at Stanford University by Lemons and Quate [101]; their system was
operated in a transmission mode at a frequency of 160 MHz and could provide a
resolution of 10 µm. Since then, higher and higher frequencies up to the GHz range have
been realized [102][103] to obtain higher resolutions. A reflection mode SAM [54][104]
was developed, which is more suitable for the study of materials such as integrated
circuits and biological specimens.

Since the invention of SAM, higher image resolution has been pursued
continuously. Acoustically, the resolution of the acoustic microscope is determined by

the acoustic wavelength, which is a function of acoustic wave velocity and frequency. In
water, which is until now the most popular coupling medium, frequencies higher than 1
GHz can give sub micron resolution. Theoretically, a higher frequency can give a better
image resolution, however, in practical applications, it is the attenuation of acoustic
waves that determines the resolution limit of an acoustic microscope. In water, the
attenuation of acoustic waves increases proportionally to the square of frequency, as a
result, frequencies higher than 1 GHz are difficult to realize in water. To solve this
problem, cryogenic fluids such as liquid argon and liquid helium have been tried as
coupling media to take advantage of their much lower absorption compared to water.
Resolution up to 15 nm at 15.4 GHz frequency was reported by using pressurized
superfluid helium at the temperature 0.4 K [105]. However, because of the necessity of
special equipment for the handling of cryogenic fluids, cryogenic acoustic microscopy
has been so far limited to university laboratories and research institutions.

With the improvement and progress of the scanning acoustic microscopy
techniques, commercial scanning acoustic microscopes have become available. Most
commercial systems work with water in the reflection mode. Systems working below 200
MHz are considered low frequency SAMs and are mainly used for subsurface imaging.
On the other hand, systems working above 200 MHz are considered high frequency
SAMs and are mainly used for high resolution surface or near surface imaging.

SAM may not seem impressive when compared with other microscopy
techniques, which may be more user-friendly or can offer higher resolution (such as laser
69

microscopy, scanning electronic microscopy, scanning optical microscopy, etc.).
However, SAM has its own unique features and is an important complement to these
techniques. By using acoustic waves, SAM is capable of imaging optically opaque
subsurface features; SAM can provide qualitative and quantitative information about
material mechanical properties (such as density, stiffness, adhesion, topography, etc.);
and most importantly, SAM is a nondestructive technique. The significance of these
features gives SAM an important role in the fields of material science, integrated circuits,
and cell biology [55].

4.2 Introduction to Scanning Acoustic Microscopy

4.2.1 Acoustic lens
SAM can utilize high frequency acoustic waves for the inspection of materials,
the imaging principle of SAM is similar to an optical microscope. For an optical
microscope, the image contrast is due to the discontinuity of light wave velocities, which
can be represented by optical refractive index; on the other hand, SAM image contrast
comes from the scattering of acoustic waves at material discontinuities whose acoustic
impedance (which is defined as the product of density and acoustic wave velocity) are
different from the surrounding materials. Compared to optical microscope, SAM has an
unique feature: SAM does not need the material to be optically transparent (because
acoustic waves are elastic waves), this give SAM the ability to make near surface and
sub-surface images in opaque materials.
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An acoustic lens in SAM is used for the generation and reception of high
frequency acoustic waves. A schematic of the acoustic lens is shown in Figure 4-1. The
acoustic lens is made of single crystal sapphire. Sapphire is chosen because of its low
acoustic attenuation, high acoustic impedance and velocity. Low attenuation allows high
frequency acoustic waves traveling inside the lens without too much energy loss.
Sapphire has a comparatively high acoustic velocity (11000 m/sec) compared to water
(1500 m/sec), this high refractive index (7.4) makes it possible for the acoustic waves to
be focused sharply with negligible spherical aberration [106] in high numerical aperture
lenses (spherical aberration is inversely proportional to the square of the refractive
index). As a comparison, an optical microscope has a refractive index usually less than
1.5.

Figure 4-1: Schematic of an acoustic lens
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As shown in Figure 4-1, the top of the sapphire lens is a piezoelectric ZnO
transducer, which consists of three layers: a deposited thin gold layer serving as the
ground electrode, an epiaxially zinc oxide piezoelectric film and another gold layer
serving as the other electrode. At the bottom of the sapphire is a small ground spherical
or cylindrical refractive cavity, which can focus the acoustic waves. Although the big
acoustic velocity difference between the sapphire and water is good for negligible
spherical aberration, the high impedance mismatch between them is a disadvantage: it
allows only a very small percentage of the acoustic energy to pass through the cavity
interface. To solve this problem, a matching layer is typically deposited onto the cavity
surface. This matching layer has a thickness of a quarter-wave length and an impedance
much smaller than that of the sapphire. The radius and aperture angle of the cavity are
determined according to the frequency and applications.

During SAM operation, usually a pulse or tone-burst RF electrical signal is sent to
excite the ZnO transducer (Figure 4-1), the transducer then converts this RF electrical
signal into acoustic plane waves, which propagate in the sapphire lens. At the bottom
concave spherical cavity, these plane waves will then be refracted into a highly focused
diffraction-limited spherical acoustic beam. This focused acoustic beam passes through
coupling medium (usually water) and focuses at the focal plane of the lens. If a sample is
placed near the focal plane, acoustic waves will be reflected by the sample. The reflected
acoustic wave will return to the transducer following the same path as the incident wave
and can be used for imaging or other measurements.
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4.2.2 Coupling medium

Because acoustic waves are elastic waves, a coupling medium is necessary in
scanning acoustic microscopy. Air is not a good medium for the propagation of high
frequency acoustic waves because of its high attenuation. Solid media are not good either
for scanning acoustic microscopy because it cannot support the easy mechanical scanning
of the acoustic beam. As a result, fluid is usually used as a coupling medium for scanning
acoustic microscopy. Until now, the best and most extensively used coupling medium is
water, which can offer good wettability, comparatively low acoustic attenuation, and
chemical inertness. The acoustic wave attenuation in water is proportional to the square
of the frequency, and this makes it difficult for water to be used in high frequency
operations. However, the attenuation in water can be improved by elevating the water
temperature. Usually, for frequencies below 400 MHz, water at room temperature (250C)
is acceptable, but for frequencies above 400 MHz, the temperature of the water needs to
be increased up to 600C to lessen attenuation.

For operations above 1.5 GHz, even water at elevated temperature leads to too
much attenuation, and this has led researchers to look for other coupling fluids.
Cryogenic couplants such as liquid argon and liquid helium [107] have been applied
because of their much lower attenuation and lower velocity. For example, the attenuation
of acoustic waves in the liquid phase of the isotope helium 4 is negligible and its acoustic
velocity is only one-eighth of that of water [108]. In addition to cryogenic couplants,
other noncryogenic, low-attenuation couplants such as gallium and mercury have also
been tried for the operation of SAM at room temperature. However, because of the
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specific equipment for the handling of these couplants and their toxic nature, their
applications are quite limited.

4.2.3 Imaging procedure

SAM can form a two dimensional image by mechanically scanning the acoustic
lens and the specimen in a raster pattern. When working at high frequency, the acoustic
lens scans in one direction at high speed and the stage moves in the other (perpendicular)
direction. The signals received by the lens are amplified and displayed onto a TV monitor
via a frame storage memory. The gray value of each pixel on the image corresponds to
the received signal amplitude. To achieve high resolution, a high frequency SAM has a
very accurate small field mechanical scanner, which can typically provide magnifications
from 100 to 2000. For a typical 512-line image, imaging time can take from 10 to 20
seconds. Actual scanning and imaging mechanisms may vary from microscope to
microscope.

4.3 The Olympus UH-3 Scanning Acoustic Microscope

An example of a commercial acoustic microscope is the Olympus UH-3 Scanning
Acoustic Microscope system, which is manufactured by the Olympus Optical Company,
Japan. Pictures of the system are shown in Figure 4-2 and Figure 4-3. The Olympus UH3 is a type of reflection SAM that can be operated in qualitative imaging (scanning) mode
and quantitative (non scanning) mode.
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Figure 4-2: The Olympus UH-3 Scanning Acoustic Microscope

Figure 4-3: The Olympus UH-3 SAM sample stage
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The Olympus UH-3 SAM has three main features: surface imaging, subsurface
and internal imaging, and quantitative evaluation of surface acoustic wave velocity. The
Olympus UH-3 SAM can operate in two modes, tone burst mode and pulse mode, the
difference between these two modes is the excitation signal applied to the acoustic lens,
as shown in Figure 4-4, tone burst mode uses a long duration (narrow band frequency)
excitation signal and pulse mode uses a short spike pulse (broad band frequency)
excitation signal.

(b)

(a)

Figure 4-4: The Olympus UH-3 SAM excitation signal: (a) tone burst mode and (b) pulse
mode

4.3.1 Imaging principle of the UH-3 Scanning Acoustic Microscope

A schematic system block diagram of the Olympus UH-3 is shown in Figure 4-5
[109]. The basic imaging procedure is as that introduced in section 4.2, in addition to the
basic procedure, more information will be introduced in the following.
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Microscope unit

Control unit

Computer unit

Figure 4-5: Schematic system block diagram of the Olympus UH-3 (Manual [109])

The output from the acoustic lens is sent to and processed at the video processor,
then the signal is converted by digital scan converter into a digital color signal that has
256 tints. This digital signal is then input to a frame memory and converted into an
analog signal and finally displayed on a CRT monitor.

4.3.2 Specifications of the Olympus UH-3

Some important specifications of the Olympus-3 are as follows:
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Operating Frequency: 100 MHz, 200 MHz, 400 MHz, 600 MHz, 800 MHz and 1
GHz in tone burst mode, 30 MHz, 50 MHz, and 100 MHz in pulse mode.
Scanning size: 0.1 mm to 2.00 mm in tone burst mode, 4 mm to 40 mm in pulse
mode.
XY stage maximum travel distance and resolution: 150 mm and 0.5 µm.
Z (vertical) stage maximum travel distance and resolution: 140 mm and 0.1 µm.
Scanning Time: 13 seconds in normal speed and 5 seconds in fast speed when
operated in tone burst mode, scanning time depends on image size when operated in
pulse mode.
Image memory: 640 × 512 × 8 bits
Attenuation: 0 to 63 dB in 3 dB steps

4.3.3 Types of acoustic lenses of the Olympus UH-3

There are three types of acoustic lenses available for the Olympus UH-3. They are
surface examination lenses, internal examination lenses and deep level examination
lenses. Surface examination lenses, as shown in Table 4-1, are tone burst lenses, they
have a high aperture angle of 1200 and can generate high frequency surface waves for
making high resolution images and measuring surface wave velocities.
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Table 4-1: Surface examination lenses for the SAM
Frequency
(MHz)

Lens

Spatial
Resolution (µm)

Working
Distance (mm)

200

AL2M631

5.0

0.31

400

AL4M631

2.5

0.31

600

AL6M631

1.7

0.15

800

AL8M607

1.3

0.07

1000

AL1G607

1.0

0.07

Internal examination lenses are summarized in Table 4-2. They are also tone burst
lenses but have a smaller aperture angle of 600. This smaller aperture angle can minimize
the generation of surface acoustic wave, which can become a source of noise when
internal examination is needed. The spatial resolution of internal examination lenses is
lower than that of surface examination lenses, but they have a longer working distance
(the distance between an acoustic lens and its focal plane).
Table 4-2: Internal examination lenses for the SAM
Frequency
(MHz)

Lens

Spatial
Resolution (µm)

Working
Distance (mm)

200

AL2M350

15.0

0.5

200

AL2M3125

15.0

1.25

400

AL4M350

7.5

0.5

Deep level examination lenses are low frequency (< 100 MHz) pulse lenses with
small aperture angles. They have longer working distance for deep level examinations.
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It is important to point out that high numerical aperture angle lenses can also
serve as V(z) response measurement lenses, so they can be used for the measurement of
the characteristic acoustic material signature, which will be discussed in detail later. Both
point focus and line focus (cylindrical) high numerical aperture angle lenses are available
for the Olympus UH-3. Point focus lenses are suitable for imaging and for measuring the
V(z) response of isotropic materials, whereas line focus lenses are very useful for the
V(z) response measurement of anisotropic materials.

4.4 SAM Applications in Pulse Mode

As discussed in section 4.3, SAM can operate in two modes: pulse mode and tone
burst mode. Both modes can be utilized for imaging and the quantitative measurement of
material acoustic properties.

When working in pulse mode, SAM is also called time-resolved acoustic
microscopy [110]. Time-resolved acoustic microscopy usually uses bulk waves (either
longitudinal waves or shear waves), it can be used for both imaging and acoustic
properties measurements. In time-resolved acoustic microscopy, a very short excitation
pulse is applied in order to resolve echoes from different interfaces. For an example as
shown in Figure 4-6 [111] for a film structure, acoustic signal 1 which is reflected from
the film surface can be separated from the acoustic signal 2 which is reflected from the
film/substrate interface. Signal 2 can be utilized for the imaging of film/substrate
interface; the difference between signal 1 and signal 2 can be used for the evaluation of
film material properties.
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Figure 4-6: Schematic of SAM operation in pulse mode (after Sinton et al. [111])

The time-resolved acoustic microscopy technique has been used for the
measurement of longitudinal velocities of various waterborne epoxy coatings (30-100 µm
on steel substrate) in my research work [93]. When compared to traditional epoxy
coatings, waterborne epoxy coatings have the advantages of easier applied, little odor,
longer lasting, and better resistance to abrasion and chemical attack; these advantages
make waterborne epoxy coatings very attractive for industrial applications. During
waterborne epoxy coating fabrications, reinforced additives such as clay, boehmite,
nanoparticles, etc. are usually added in order to improve waterborne epoxy coating
performance. My results showed that waterborne epoxy coatings have lower longitudinal
velocity and Young’s modulus compared to traditional epoxy coatings. Reinforcing
additives can increase the longitudinal velocities of the waterborne epoxy coatings.
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Sinton et al.[111] used time-resolved acoustic microscopy technique to
characterize polypropylene and polyethylene teraphthalate polymer coatings on a steel
substrate. The thickness of the coating (15-40 µm) was measured and the existence of
disbonds at the coating/substrate interface could be detected.

Christopher et al. [112] and Daft et al. [113] have used this technique for the
characterization of tissue sections with a thickness between 10 and 15 µm. A resolution
of about 8 µm (along thickness direction) was achieved. Acoustic wave velocity, acoustic
impedance, section thickness and frequency dependent acoustic attenuation (100500MHz) were measured with the application of FFT and inverse FFT techniques.

4.5 SAM in Tone Burst Mode-V(z) Technique

SAM in the tone burst mode can image sample surface and subsurface features with
high resolution, but the most important application of tone burst mode is V(z) technique.
Weglein and Wilson [114] first observed the V(z) phenomena [114]. When working with
SAM on a variety of planar samples at 375 MHz, they found that the highest peak of the
received signals always occurred when the acoustic lens was focused at the sample
surface (focal distance of the acoustic lens). However, as the distance between the lens
and the sample surface decreased, the signal amplitude would undergo a series of
oscillations on some samples but no such oscillations on other samples. They attributed
these oscillations to the generation of leaky Rayleigh waves. They explained that if the
acoustic lens half aperture angle was larger than the critical angle for the Rayleigh wave
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generation, signal oscillations would occur, otherwise, there were no oscillations. They
used the term acoustic material signature (a.m.s.) to describe this behavior to emphasize
that it was uniquely material dependent. Weglein [115] also used a preliminary model
based on acoustic ray theory to give an explanation of this acoustic material signature
phenomena. He applied the model to various materials and established a relationship
between the acoustic material signature and material properties.

The above acoustic material signature effect is also called V(z) response where “V”
represents the amplitude of the received signal and is a function of “z”, which represents
the distance between the sample and the acoustic lens. Traditionally, the z value is 0
when the acoustic lens is focused at the samples surface and negative when the acoustic
lens is defocused (moves closer to the sample). Figure 4-7 is a representation of
simulated V(z) curve on fused quartz at 400 MHz.
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Figure 4-7: A representation of simulated V(z) curve for fused quartz at 400 MHz

In theory, the oscillations of the received signal can be explained by the
interference between the specularly reflected acoustic waves and leaky surface waves.
Leaky surface waves can be generated at a liquid-solid interface if the half aperture angle
of the acoustic lens is larger than the critical angle for the surface wave generation. Leaky
surface waves can propagate along the sample surface and in the mean time radiate
energy into the liquid at critical angles (this is why it is called ‘leaky’ surface waves).
The received leaky surface waves can interfere with the received specularly reflected
acoustic waves, and this interference will produce alternating maxima and minima
depending on the distance between the acoustic lens and the sample.
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4.6 Theoretical Models of V(z) Response

After the discovery of V(z) phenomena, various theoretical models have been
developed for the explanation of V(z) curves. These models can be divided into two
categories: ray models and wave theory models.

Ray models are based on ray interference theory and Weglein [115] first gave an
approximate expression of the null spacing in terms of Rayleigh wavelength and
Rayleigh critical angle. Even though Weglein’s model is simple and not accurate, it is the
first model that related acoustic materials signatures to the leaky surface wave velocities.
Based on Weglein’s work, Parmon and Bertoni [117] derived a more accurate expression
for the V(z) curve by considering interference between the specularly reflected ray and
leaky surface wave ray. Compared to Weglein’s model, Parmon and Bertoni’s model
gave a better fit to the experimental data and agreed better with the ray properties of the
acoustic lens. Bertoni [118] later further improved Parmon and Bertoni’s model by using
a more rigorous approach which could be used not only to calculate the null spacing but
also to predict the shape of V(z) curves. In the following discussion, each of the above
models will be explained.

4.6.1 Weglein’s ray model and Parmon and Bertoni’s ray model

In Weglein’s model [115], the acoustic material signatures (V(z) phenomena) are
caused by the interference of two acoustic rays near the Rayleigh critical angle. The null
spacing of a V(z) curve can be empirically expressed in terms of the Rayleigh wave

85

velocity and the Rayleigh critical angle. The physical mechanism can be explained as
shown in Figure 4-8. When the acoustic lens defocuses a distance δz, two acoustic rays
send energy into the liquid near the Rayleigh critical angle θR. One ray (shown as (-)) is
specularly reflected from the sample surface with an incident angle very close to the
critical Rayleigh angle. The other ray (shown as (+)) is a leaky Rayleigh wave whose
incident angle equals the Rayleigh critical angle. While propagating along the sample
surface, this leaky Rayleigh wave reradiates energy (in the form of longitudinal waves)
into the fluid at the Rayleigh angle θR. Compared to the specularly reflected acoustic ray
(-), this reradiated ray (+) undergoes a lateral shift r. It is assumed that except for this
lateral shift, the two acoustic rays experience the same (to first order approximation)
propagation delays.

θR
Lens

Liquid

r

Sample

δz

Focal Plane

Figure 4-8: Reflections near the Rayleigh angle: specularly reflected ray (-) and leaky
Rayleigh ray (+) (after Weglein [115])
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Therefore, the phase difference between the specularly reflected (-) acoustic wave
and the laterally shifted (+) acoustic wave is as Equation 4.1:
 δz tan θ R 

 λR 

φ = 2π 

4.1

where λR is the Rayleigh wavelength. As a result, the variation of the transducer output
caused by this phase difference can be expressed as Equation 4.2:
 πδz tan θ R
Vout = V0 sin 
λR






4.2

The periodic null spacing ‘∆ZN’ is then determined according to Equation 4.3:

∆Z N =

λR
tan θ R

4.3

Parmon and Bertoni’s model

Parmon and Bertoni [117] derived a more accurate expression for the null spacing
in a V(z) curve based on the interference between the specularly reflected axial ray
(compared to specularly reflected ray near Rayleigh critical angle in Weglein’s model)
and the leaky wave ray. Their model gives the following expression for the surface wave
velocity (Equation 4.4):

VR =

Vw
Vw 2 12
(1 − (1 −
) )
2 f ∆z
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4.4

where VR is the surface wave velocity, Vw is the velocity in water, f is frequency and ∆z
is the periodic null spacing. The detailed derivation of Equation 4.4 is discussed in
appendix A.

4.6.2 Bertoni’s approach

Both Weglein’s [115] model and Parmon and Bertoni’s [117] model gave the
direct relationship between the null spacing and the Rayleigh wave velocity, but neither
of them could give information about the shape of a V(z) curve, which is affected by
various attenuation factors. Bertoni [118] developed a more rigorous approach which can
calculate the absolute phase and amplitude of the received signal of a point focus lens,
and thus is able to predict the shape of a V(z) curve.

Bertoni’s [118] model starts with the reflectance function at the interface between
the liquid and the solid sample. After some derivations and approximations, the reflected
acoustic field was separated into two parts: a geometrically reflected acoustic field at the
sample surface and an acoustic field generated from the excitation and radiation of the
leaky Rayleigh waves. Based on ray-optical theory, formulas were derived for the
calculation of the transducer outputs.

There are mainly two advantages in Bertoni’s model, one is the separation of
acoustic fields, and the other is the consideration of attenuation factors. The separation of
the acoustic fields showed that the minima on a V(z) curve occurred when the two
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acoustic fields were out of phase. The attenuation factors include attenuation in water, the
attenuation caused by the radiation of leaky Rayleigh waves, and the attenuation caused
by the damping of the leaky Rayleigh waves. Bertoni explained how each attenuation
factor could influence the shape of a V(z) curve.

Bertoni’s ray-optical approach was in good agreement with experiments when
used to predict the shape of V(z) curves. His calculations showed that the geometry and
acoustic parameters of the acoustic lens and sample could influence the shape of a V(z)
curve, which can be used in acoustic lens design or selection. He derived the same
expression as in the previous section for the relationship between the null spacing and the
Rayleigh wave velocity.

4.6.3 Wave theory model

The wave theory model was first developed by Atalar [119] through the angular
spectrum approach. As shown in Figure 4-9, Atalar started from the incident acoustic
field at the acoustic lens’s back focal plane, then by applying Fourier transformations, the
acoustic field at each following position (including incident acoustic field at front focal
plane, incident acoustic field at sample surface, reflected acoustic field at sample surface,
reflected acoustic field at front focal plane, reflected acoustic field at back focal plane,
and reflected acoustic field at transducer, in turn) were derived.
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Figure 4-9: Schematic of acoustic fields for wave theory model (after Atalar [119])

In Atalar’s analysis, the expression for V(z) is as in Equation 4.5 [119]:


∞
 r 
r 2 
V ( z ) = ∫ u 2 (r )P 2 (r )R  exp− jkz 2 rdr
0

f d 
 fd 

4.5

where u is the acoustic field at the lens back focal plane, P() is the lens pupil function;
R() is the reflectance function, k is the wavenumber in coupling medium, fd is the focal
length, and z is the distance between the sample surface and the lens front focal plane (z
= 0 if the lens is focused at the sample surface).
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The lens pupil function is determined from the acoustic lens properties and can be
represented by approximate expressions [119]. The reflectance function R() in
Equation 4.5 is determined from the sample acoustic properties and can be extracted from
the V(z) data provided the pupil function is known. Atalar’s approach gives an explicit
expression for the V(z) response in terms of the reflectance function.

Atalar’s approach has been widely used in the theoretical analysis and simulation
of V(z) curves. Based on his work, different algorithms have been developed for the
reconstruction of the reflectance function or V(z) curves from experimental data
[64][120][121].

Atalar’s model was further refined later. Sheppard and Wilson [122] tried to
analyze the effects of high angle of convergence on V(z) response by using an aplanatic
system instead of the normal paraxial method. They implied that for accurate
determination of material properties the effects of the high angle of convergence may
need to be considered, but they gave no further analysis and no experimental results were
reported. Liang et al. [123] combined the angular spectrum model and ray optic model
and derived a new expression for the V(z) curve. Liang’s algorithm was used to obtain
the reflectance function at a liquid-solid interface by converting the experimental
complex V(z) data. Liang’s approach gave theoretical calculation results similar to
Atalar’s. Achenbach et al. [124] developed a modified model for the calculation of V(z)
response of a line focus lens, his model worked well on both isotropic and anisotropic
material samples.
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In addition to the study on the whole V(z) curve as discussed above, research has
also been carried out on other special V(z) features. Kanai et al. [125] used a
microdefocusing method to analyze the V(z) curve in the microdefocusing region (part
of a V(z) curve) which is within an interference period near the focal plane. In Kanai’s
study, a new type of transducer, called a butterfly transducer was developed; this new
transducer used two sets of electrodes to separate longitudinal waves from leaky surface
waves. Kundu and Jorgensen [126] analyzed the higher order interferences, which were
generated by the acoustic waves that travel through the coupling medium multiple times.
They showed that the higher order interferences, although weaker, might give more
accurate results. Weaver et al. [127] used the impulse-excited mode to separate the
Rayleigh wave from the specularly reflected longitudinal waves and to measure directly
the Rayleigh wave velocities. The technique was applied for the evaluation of cracks.
Liang et al. [128] also tried the separation of the Rayleigh wave from the longitudinal
waves through deep defocusing and applied the technique to evaluate film thickness.

Attenuation of a V(z) curve can also be used for the characterization of material
properties. Weglein [129] first tried to explain the attenuation of the leaky Rayleigh
waves by using a simple ray model. Yamalaka [130] proposed a computer model, which
took into account the attenuation factors to predict V(z) curves. His prediction agreed
well with experimental results. Yamanaka also pointed out that the attenuation
measurement of V(z) curves had limited measurable range and was almost impossible for
materials like copper. Smith and Wickramasinghe [131] used an annular lens to exclude
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the longitudinal specularly reflected waves in order to measure the surface acoustic wave
attenuation directly. However, their lens could not measure the surface wave velocity.
Kushibiki and Chubachi [61] utilized a line focus beam to measure the surface acoustic
wave attenuation factor with an error from a few percent to as high as 20 percent.
Overall, attenuation measurements and applications are quite limited.

4.6.4 Comparison between ray model and wave theory model

From the above discussion, it can be seen that both the ray model and the wave
theory model can be used for the V(z) curve measurement. The ray model is a powerful
approach which directly gives the relationship between the null spacings in a V(z) curve
and the surface wave velocities. But the ray model does not consider the fluid loading
influence on the Rayleigh wave propagation and cannot generate the reflectance function
from a experimental V(z) curve. On the other hand, although the wave theory model
cannot give a direct expression for the calculation of surface wave velocities, it can be
used for the extraction of reflectance functions, which can be used in the simulation of
V(z) curves. Surface wave velocities can also be derived from the reflectance functions
indirectly.

Overall, the most important application of the V(z) technique is the calculation of
surface wave velocities, which are determined by the sample properties and structures.
Although the V(z) technique can also be used for the evaluation of surface wave
attenuation, this application is quite limited.
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Chapter 5
EXPERIMENTAL PROCEDURE OF THE MEASUREMENT OF V(Z) CURVES

The theoretical analysis in Chapter 3 showed that the surface acoustic waves can
be applied for the characterization of the integrity of film structures. And it is
demonstrated in Chapter 4 that the scanning acoustic microscopy technique is suitable for
such characterizations through the V(z) curve analysis. In the following, the experimental
procedure for the measurement of V(z) curves will be discussed.

5.1 Influence Factors on V(z) Curves

As discussed in section 4.5 and section 4.6, the virtue of V(z) curves is the
interference between the specularly reflected acoustic waves and the leaky surface
acoustic waves. There are two important factors that can affect the shape of V(z) curves:
the surface acoustic wave velocity and attenuation.

To generate surface acoustic waves, the acoustic lens’s half aperture angle has to
be larger than the critical angle of the surface acoustic waves. Kushibiki [61] showed that
theoretically leaky surface acoustic wave velocity in the range of about 1800 to 11000
m/sec could be effectively measured. For an acoustic lens with a half aperture angle of
600, the surface wave velocity from 2000 to 6000 m/sec could be accurately measured.
Chou et al. [132] suggested that the closer an acoustic lens’s half aperture angle is to the

critical angle of the surface acoustic waves, the more efficiently the lens can generate
surface waves. Otherwise, the incident angles of most acoustic beams would be well
beyond the critical angle and they would contribute little to the surface wave generation.
According to Equation 4.4, the null spacing in a V(z) curve increases if the surface wave
velocity increases or the frequency decreases, so in order to have sufficient number of
nulls for the evaluation of a V(z) curve, higher frequencies are preferred if possible. In
my research work (water as the coupling medium), an acoustic lens with a half aperture
angle of 600 was utilized.

The attenuation of the leaky surface acoustic waves can also influence the shape
of a V(z) curve. The attenuation is due to two factors: the acoustic dissipation in the solid
(acoustic damping of the solid) and the reradiation (leaky) of the wave energy into the
water. Bertoni et al. [118] pointed out that materials with smaller acoustic damping had
higher amplitude peak-to-valley ratio which might help the V(z) curve analysis.
Kushibiki et al. [133] showed that the increase of the surface wave velocity and the total
surface wave attenuation would increase the amplitude peak-to-valley ratio. The total
surface wave attenuation factor (normalized) should be in the range of 0.0005 to 0.08
(water as coupling media) for the accurate extraction of surface wave velocities.

5.2 General Measuring Procedures of V(z) Curves

In our study, the upgraded Olympus UH-3 scanning acoustic microscope (will be
discussed later) was used for the measurement of V(z) curves. The system was operated

95

in tone burst mode, and high numerical acoustic lenses (half aperture angle 600) were
used. The general V(z) curve measurement procedure is as follows.

Cleaning of the acoustic lens

Before a V(z) measurement it is very important to clean the acoustic lens. Any
contaminant on the refractive cavity of lens can drastically decrease the received signal
amplitude and thus may cause a large error in a V(z) measurement. The acoustic lens is
first examined under an optical microscope while its refractive cavity is being gently
polished by rubbing it with a toothpick (made of wood). Then the lens cavity is sprayed
with a short burst of compressed air to remove any debris (such as dust particles, sample
residue, etc.). The lens is then examined under the optical microscope again to make sure
that it is clean. If not, the above cleaning procedure needs to be repeated. The sample also
needs to be cleaned appropriately if necessary.

Amplitude adjustment of the received signal

High purity water should be used as the coupling medium. A droplet of water
should be carefully placed on the lens and the sample and no air bubbles should exist in
the water. The sample stage may be heated in order to reduce the attenuation of water
when working with high frequencies (this procedure will be discussed in detail later).
After the sample has been placed under the lens, the lens is moved toward the sample to
find the maximum of the received signal. Because of the V(z) response, the received
signal may have many local maxima, care should be taken to find the absolute maximum
of the signal. The tilt of the sample stage may be adjusted to ensure that the lens is
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perpendicular to the sample surface (this will be discussed in detail later). Attenuation,
brightness and contrast settings need to be adjusted in order to optimize the dynamic
range of the signal when the lens travels along the “z” direction.

“z” travel distance

The lens “z” travel distance during V(z) measurement depends on the frequency
of the lens. The travel distance is 400 µm for the 200 MHz and 400 MHz lenses, and is
200 µm for the 600 MHz lens. After the absolute maximum of the signal is found (this
position is set as reference - z equals to zero), the lens is moved about ¾ of the travel
distance towards the sample. Then from the Olympus UH-3 computer software menu, the
V(z) measurement function should be executed. The lens will be automatically moved
away from the sample in small intervals (0.8 µm for 200, 400 MHz and 0.4 µm for 600
MHz) and the signal amplitude will be measured and recorded at each interval. The raw
data is stored on a floppy disk and can be transferred to other computers for further
analysis.

The temperature of the water droplet should be monitored during the whole
procedure with a resolution of 0.10C.

5.3 Key Factors for the Accurate Measurement of V(z) Curves

The V(z) response measurement at high frequencies may be difficult because of
the low signal to noise ratio which may be caused by the high attenuation of the water
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and the testing material. Precautions and special techniques are necessary for the reliable
measurement of V(z) curves.

5.3.1 Tilt adjustment

Since acoustic waves at high frequencies are very sensitive to sample surface
conditions, the tilt adjustment is important in order to obtain accurate V(z) curves. The
sample tilt adjustment should be performed in both X and Y directions. For X direction
tilt adjustment, the X-scan width can be set to 0.5 mm or 1.0 mm, then the lens is turned
on to scan in the X-direction. Then the acoustic lens is focused on the surface of the
sample by finding the absolute maximum of the signal. The attenuation, brightness and
contrast are adjusted so that the maximum signal level can be observed on the waveform
monitor. The lens is then moved up and down, if the entire signal on the waveform
monitor moves vertically, tilt adjustment in the X-direction is not necessary, otherwise, if
the signal moves horizontally, the tilt adjustment in the X-direction is required, this can
be done by using the X-direction tilt adjustment knob. The Y-direction tilt adjustment is
similar to X-direction, the stage is moved forward and backward, and in the mean time,
the Y-direction tilt is adjusted. The above X- and Y-direction manual tilt adjustment
procedure can be repeated several times until the signal level on the waveform monitor
remains still horizontally. Finally, the Olympus UH-3 tilt adjustment software can be
used for the final fine tilt adjustment.
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5.3.2 Water quality and temperature

Generally, ordinary distilled water can be used for acoustic microscopy. However,
when working at high frequency on thin film samples with highly smooth surfaces,
sediments from the evaporation of ordinary distilled water may affect the measurements.
To solve this problem, high purity deionized (DI) water should be used.

As it has been mentioned earlier, one main reason of the limitation of the
application of acoustic microscopy at high frequencies is the attenuation of acoustic
waves. Because attenuation in water is proportional to the square of the frequency, this
makes measurement at high frequencies very difficult. However, the situation can be
improved by increasing the temperature of water. As shown Figure 5-1, the attenuation
factor of water decreases as water temperature increases, the rate of this decrease is
smaller at high temperatures [134]. It has been found that increasing the water
temperature to about 50 to 600C can greatly reduce the attenuation, SAM being operated
in this temperature range can make good images up to 1 GHz.

The acoustic wave velocity in water is also a very important factor in V(z)
measurement, it can directly affect the accuracy of the surface wave velocity
measurement according to Equation 4.4. The acoustic wave velocity in water also
depends on temperature as shown in Table 5-1 and Figure 5-2 [135]. It can be seen that
the velocity increases rapidly when temperature is below 550C, but increases at a much
slower rate from 55 to 800C. During experiments, the water temperature can be kept at
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around 600C (the velocity in water changes little around this temperature) so as to reduce
the temperature error.

In experiments, the sample stage can be heated to a preset temperature to keep the
water droplet warm during measurements, a high-resolution thermometer should be used
to monitor the water temperature (because the sample stage preset temperature is not the
same as the water temperature). Our tests showed that if the samples stage temperature is
preset at 750C and the water is pre-heated to 750C before the V(z) measurement, the
temperature of the water droplet can be maintained above 500C for a reasonably long
period.

60

Attemuation

50
40
30
20
10
0
0

20

40

60

80

100

120

Temperature (C)

Figure 5-1: Attenuation in water at different temperatures (after Kaye et al. [134])
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Figure 5-2: Acoustic wave velocity in water at different temperatures (after Greenspan et
al. [135])
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Table 5-1: Acoustic wave velocity in water [135]
Temperature
0

Velocity

Temperature
0

Velocity

Temperature
0

Velocity

( C)

(m/s)

( C)

(m/s)

( C)

(m/s)

0

1402

30

1509

60

1551

1

1407

31

1511

61

1551

2

1412

32

1513

62

1552

3

1417

33

1516

63

1552

4

1421

34

1518

64

1553

5

1426

35

1520

65

1553

6

1430

36

1522

66

1554

7

1435

37

1523

67

1554

8

1439

38

1525

68

1554

9

1443

39

1527

69

1554

10

1447

40

1529

70

1555

11

1451

41

1530

71

1555

12

1455

42

1532

72

1555

13

1459

43

1533

73

1555

14

1462

44

1535

74

1555

15

1466

45

1536

75

1555

16

1469

46

1538

76

1555

17

1473

47

1539

77

1555

18

1476

48

1540

78

1555

19

1479

49

1541

79

1555

20

1482

50

1542

80

1554

21

1485

51

1543

81

1554

22

1488

52

1544

82

1554

23

1491

53

1545

83

1553

24

1494

54

1546

84

1553

25

1497

55

1547

85

1552

26

1499

56

1548

86

1552

27

1502

57

1549

87

1551

28

1504

58

1550

88

1551

29

1507

59

1550

89

1550
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5.4 V(z) Curve Analysis

It is shown in section 4.6 that the V(z) response is caused by the interference
between the specularly reflected acoustic waves and the leaky surface acoustic waves.
The leaky surface wave velocities can be calculated from the null spacing according to
Equation 4.4. In the following, the experimental procedures for the analysis of V(z)
curves will be discussed.

A V(z) response consists of two components: VL(z) and VR(z) as shown in
Figure 5-3, VL(z) is the characteristic lens response where the leaky surface wave effects
are excluded. On the other hand, VR(z) depends on the propagation of surface acoustic
waves. It describes the interference between specularly reflected acoustic waves and
leaky surface acoustic waves. The VR(z) can be used for the extraction of the surface
wave velocities.
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V(z)

(a) V(z) curve

V L (z)

(b) Characteristic lens response V L(z)

V R (z)

(c) Surface acoustic wave response V R (z)

Figure 5-3: Schematic analysis of a V(z) curve (Kushibiki et al. [61]). (a) V(z) curve, (b)
characteristic lens response VL(z), (c) leaky surface acoustic wave response VR(z)
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The characteristic lens response VL(z) plays an important role for the process of
V(z) curves. VL(z) can be obtained in two ways, one is experimentally measured from
samples on which there is no surface wave activated efficiently. Materials whose surface
wave velocities are slower than the longitudinal wave velocity in water can be used. For
example, Pb, which has a relatively low surface wave velocity, is a good candidate.
Alternately, VL(z) can also be synthesized directly from the measured V(z) curves on real
samples, filtering techniques can be applied. In our research, the second method (the
synthesis method) is applied.

The procedure of processing the raw V(z) data obtained from the Olympus UH-3
consists of three main steps [61], the subtraction of the characteristic response of the
acoustic lens VL(z), the application of digital low-pass filtering to get rid of high
frequency noise, and the application of Fast Fourier Transform (FFT) techniques for the
accurate calculation of the null spacing. In the following, raw V(z) data measured at 400
MHz on a glass slide will be used to demonstrate the processing procedure step by step.

1. Obtain raw V(z) response raw data experimentally from the Olympus UH-3.
There are totally 512 raw data points.
2. Allocate “z” values to each raw data. The “z” values corresponding to each raw
data point are calculated according to the starting “z” value and the increment
value, which depends on the type of the acoustic lens. The raw V(z) curve after
this step is shown in Figure 5-4.
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3. Select a suitable region (with good peak to valley ratio) for analysis. The V(z)

curve after this windowing operation is shown in Figure 5-5.
4. Subtract VL(z) from V(z) to obtain the VR(z) curve. VL(z) is synthesized from the
measured V(z) curve. VR(z) is shown in Figure 5-6.
5. Apply a digital low-pass filter (such as moving average filtering) to reduce the
effects of high frequency noise. The resulting waveform is the final VR(z) curve
which will be used for the FFT analysis. The filtered waveform is shown in
Figure 5-7.
6. Provide additional dummy points both in front of and at the end of the VR(z) data,
this procedure can help to obtain sufficient frequency resolution in the spatial
domain and thus improve the velocity resolution. Then apply FFT. The FFT
results are shown in Figure 5-8.
7. Find the sampling index (frequency) of the peak amplitude. Then calculate kpeak =
(2πn)/(N∆zs), where N is the number of sampling points, n is the sampling index
of the peak amplitude and ∆zs is the sampling interval. Null spacing ∆z can be
calculated as ∆z = 2π/ kpeak.
8. Input water velocity according to measured water temperature (Table 5-1).
9. Calculate VR according to Equation 4.4.

The V(z) data processing procedure has been proven to be suitable for the
calculation of surface acoustic wave velocities with good accuracy [61]. In our
experiments, experimental surface wave velocities of glass samples are close to the
theoretical values.
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Figure 5-4: V(z) raw data for a glass slide at 400 MHz
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Figure 5-5: V(z) data after windowing selection of nulls for surface wave velocity
extraction

z (µm)
Figure 5-6: VR(z) data with the subtraction of the lens characteristic response from V(z)
data
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Figure 5-7: VR(z) data after low-pass filtering to get rid of high frequency noise

Frequency (µm -1)
Figure 5-8: FFT results of VR(z) data for surface wave phase velocity calculation
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5.5 Error Analysis of Surface Acoustic Wave Velocity Measurement

It has been shown that the following Equation 5.1 (i.e. Equation 4.4) can be used
for the calculation of surface wave velocities [117]:

VR =

Vw
Vw 2 12
(1 − (1 −
) )
2 f ∆z

5.1

According to the above equation, the accuracy of the calculated surface wave
velocity depends on the water velocity Vw, applied frequency f, and the null spacing ∆z.

In our experiments, frequency is controlled by a highly accurate synthesized
frequency generator, its error is very small and can be neglected. The water velocity is
measured indirectly (from the water temperature). Its error is caused by human factors
and can cause error in surface acoustic velocity calculation. By controlling the purity of
the water (using high purity DI waters) and using the high accuracy digital thermometer,
the error in the absolute value of the measured water velocity should be less than 0.2%.

The factors that can influence the error of the null spacing include: the z stage
(vertical) resolution, the digitization of analog signals, the alignment of the sample stage
to the lens, and the V(z) data processing procedure. The first two factors are determined
by the SAM system, the third factor (the alignment of the sample stage to the lens) can be
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optimized according to section 5.3.1, the fourth factor is the error in the null spacing
calculation during V(z) data processing. Overall, the total accuracy of the null spacing
should be better than 0.1 µm.

In the following, the total error for the calculation of surface wave velocities will
be estimated.

First, let’s rewrite Equation 5.1 as Equation 5.2:

1
1  1
1 


=
−
−
VR2 Vw2  Vw 2 f∆z 

2

5.2

Equation 5.2 can then be further simplified as Equation 5.3:

1
1
1
=
−
2
VR Vw f∆z 4( f∆z ) 2

5.3

In our calculation, if we assume a frequency 400 MHz, a ∆z about 20 µm, the
velocity in water approximate 1500 m/sec, then the ratio Vw/(4f∆z) ≈ 0.047 << 1, so the
2nd term on the right of Equation 5.3 is much smaller compared to the 1st term. Therefore,
to first order approximation, the 2nd term can be neglected and the equation can be
expressed as Equation 5.4:

1
1
≈
2
VR Vw f∆z

5.4

or expressed in a more convenient form as Equation 5.5:

V R = V w f ∆z
Now by differentiating Equation 5.5, Equation 5.6 can be obtained:
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5.5

dV R =

1
1
(V wfd∆z + Vw ∆zdf + f∆zdVw )
2 V w f ∆z

5.6

By substituting Equation 5.5 into Equation 5.6, Equation 5.7 can be obtained:

dV R 1 d∆z df dVw
+
+
)
= (
f
Vw
2 ∆z
VR

5.7

Then the fractional measurement error in VR is then can be expressed as
Equation 5.8:
2

dV R 1  d∆z   df
=

 +
VR
2  ∆z   f

2

  dVw 

 + 
  Vw 

2

5.8

From Equation 5.8, based on the error estimations of frequency, water velocity,
and null spacing, the fractional error of the measured surface wave velocity is about
0.003, which means a total absolute percentage error less than 0.5%. The relative
measurement accuracy should be even higher.
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Chapter 6
NEW SAM SYSTEM DEVELOPMENT

Tuning frequency is an important factor in acoustic evaluation [136] [137]. It is
also concluded from my study that the sensitivity of the surface acoustic wave velocity to
the integrity of film structures depends on frequency. However, although the Olympus
UH-3 is an excellent SAM system that can make high resolution acoustic images and take
V(z) measurements, it can operate only at a series of fixed frequencies (100 MHz, 200
MHz, 400 MHz, 600 MHz, 800 MHz and 1000 MHz when working in a tone burst
mode). To solve this problem, a new SAM system (based on the Olympus UH-3) with a
frequency tuning ability was developed. The new SAM system can not only improves the
comparison of the experimental results to theoretical simulations and increases the
accuracy and repeatability of experiments, but also optimizes the frequency during
experiments by choosing the most sensitive frequency range for the evaluation of film
structures.

Figure 6-1 is a schematic of the new SAM system setup. In the new system, the
waveform generator and signal generator are used to generate tone burst excitation
signals, which are then sent to the Olympus UH-3 for the activation of the acoustic lens.
The Olympus UH-3 peak detector and Z stage controller are utilized for the V(z)
response measurement.

In the following sections, the new SAM system setup is going to be discussed in
detail.

Arbitrary
Waveform
Generator
(100MHz)

Signal
Generator

Peak Detector

Circulator
Z Stage Controller

ZnO Transducer
Sapphire lens
Acoustic
Anti-reflection Coating
Couplant (water)
Sample
Surface Waves

Figure 6-1: Schematic of the new SAM system setup with a frequency tuning ability

6.1 Waveform Generator

In the new system, a Synthesized Arbitrary Waveform Generator (model 395)
manufactured by WAVETEK, Inc. is used to generate the gate signal that can control the
delay and width of the excitation tone burst signal. The waveform generator is set in
external trigger mode, so that it can accept the synchronized trigger signals from the
Olympus UH-3 (the whole new SAM system is synchronized by this trigger signal) to
generate the corresponding gate signals. The waveform generator setup can be
summarized as follows:
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Trig in:

Source - external (from the Olympus UH-3)
Slope - positive
Level - 1.5 V

Mode:

Gated

Waveform:

Pulse
Period - determined according to the external trigger signal (2.00 µsec in
our experiments)
Edge - fixed
Width - adjusted as needed (0.13 µsec in our experiments)
Delay - adjusted as needed (4.12 µsec in our experiments)
Amplitude - 2.5 V
Offset - 0 V

Figure 6-2 shows an example of the generated gate signal. Figure 6-2 (a) is the
synchronized signals from the Olympus UH-3, and Figure 6-2 (b) shows the
corresponding generated gate signals, whose width ∆d and delay ∆t can be adjusted to
optimize the position and energy of the tone burst excitation signal.
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Figure 6-2: Gate signal generation from the waveform generator. (a) the synchronized
signals from the Olympus UH-3 and (b) the corresponding gate signals from the
waveform generator

6.2 Signal Generator

A Signal Generator (model 8648D) manufactured by Agilent Technologies, Inc. is
utilized for the high frequency tone burst excitation signal generation. The generator has
a frequency range from 9 kHz to 4000MHz (high enough for the Olympus UH-3). The
generator works in pulse modulation (external trigger) mode, in which the continuous
high frequency signal is modulated by a pulse (the gate signal from waveform generator)
to give the necessary tone burst signal. The signal generator setup can be summarized as
follows:

MOD:

On
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Frequency:

adjusted as needed (370 ~ 430 MHz in our experiments)

Amplitude:

adjusted as needed (1.4 volts in our experiments)

AM:

rear in
pulse

Figure 6-3 shows an example of the tone burst signal (100 MHz) generated by the
signal generator. Figure 6-3 (a) is the gate signal (pulse) from the waveform generator,
Figure 6-3 (b) is the 100 MHz continuous signal generated by the signal generator, and
Figure 6-3 (c) shows the modulated signal (100 MHz tone burst signal) output from the
signal generator. It can be noticed that there is a small delay between the Figure 6-3 (a)
gate signal and the Figure 6-3 (c) output tone burst signal. This is due to the system delay
of the signal generator, which is a fixed value and can be compensated for by the
adjustment of the delay of the gate signal from the waveform generator, so it will not
influence the measurement.
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Figure 6-3: Tone burst signal generation from the signal generator. (a) the gate signal
from the waveform generator, (b) the continuous signal, and (c) the tone burst signal from
the signal generator

In summary, as shown in Figure 6-4, the Olympus UH-3 provides the
synchronized signal for the whole system (Figure 6-4 (a)), the waveform generator
produces the gate signal with control of signal delay and width (Figure 6-4 (b)), and the
signal generator develops the necessary high frequency continuous signal (Figure 6-4
(c)). The final output is a tone burst signal (Figure 6-4 (d)) with control of the signal
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frequency and amplitude. For a tone burst signal, the energy is determined by its signal
duration (width) and amplitude.
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Figure 6-4: Tone burst signal generating procedure: (a) the synchronized signals from the
Olympus UH-3, (b) the gate signals from waveform generator, (c) the high frequency
continuous signal in the signal generator (zoomed in along time axis), (d) the tone burst
signals from the signal generator
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6.3 The Olympus UH-3 SAM Modification

The Olympus UH-3 activation module is modified to accept the tone burst signal
from the signal generator output. A schematic of the activation module (before
modification) is shown in Figure 6-5. The transmitter sends out the activation signal,
which then passes through the attenuator and the circulator to activate the acoustic lens.
The reflected signal from the acoustic lens passes through the circulator again and goes
into the receiver, and then goes to the processor module for signal processing.

The labels TO1, TO2, etc. represent the connectors at the front panel of the
activation module (refer to Figure 6-6). Figure 6-5 shows that the Olympus UH-3 (before
modification) internal tone burst activation signal comes from the transmitter. In the new
SAM system, in order to replace this internal activation signal (fixed frequency) with the
external tone burst activation signal (tunable frequency) coming from the signal
generator, the connection between connector “TI2” and connector “TI1” needs to be
disconnected (refer to Figure 6-6)) so that “TI2” can be connected to the output of the
signal generator to accept the external tone burst signal. Since both the waveform
generator and the signal generator are synchronized by the trigger signal from the
Olympus UH-3, as a result, the whole new system is synchronized to the same trigger
signal. Figure 6-7 is a picture of the new system setup.
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Figure 6-5: Schematic of the Olympus UH-3 SAM activation module before modification
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Figure 6-6: The Olympus UH-3 SAM activation module (a) connector definition (b)
picture
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Figure 6-7: The picture of the new SAM system
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Chapter 7
EXPERIMENTS AND RESULTS

In Chapter 3, it has been theoretically shown that the propagation of acoustic
waves in layered structures can be used for the characterization of film structures.
Sections 3.5 showed how to characterize the longitudinal velocity of thin film with very
low (near zero) shear modulus. Section 3.3 through section 3.4 analyzed how to
characterize the interface condition of thin film structures. In the following discussion,
experiments will be described on two groups of samples. One group corresponds to
sections 3.5 and the experiments will involve the longitudinal velocity evaluation of
organic thin film (with near zero shear modulus), the other group corresponds to section
3.3 and section 3.4 and the experiments will involve the characterization of interface
conditions on Au film samples.

7.1 Characterization of Organic Thin Film

7.1.1 Specimen preparation and experimental setup

Experiments on organic film/fused quartz substrate sample (provided by Dr. K. K.
Shung’s lab at the Pennsylvania State University) were carried out at 400MHz. Water
temperature during experiments was 21.70 C. Fused quartz properties are: density 2.20
g/cm3, longitudinal velocity 5960 m/sec and shear velocity 3760 m/sec; the organic film

(transducer material for matching layer, has an expected longitudinal wave velocity
around 2000 m/sec) density is 1.18 g/cm3 and shear modulus is near zero. The
longitudinal wave velocity of organic film material was experimentally determined.

The thickness of the films was measured with the Atomic Force Microscope
(Model: M5, Park Scientific Instruments) and the measuring procedure is as follows: a
small area of thin film was first removed from the sample surface so that the substrate
was exposed. Then an AFM image was made along the boundary between surface areas
with and without film, and finally by measuring the height difference across the
boundary, film thickness could be determined. Figure 7-1 shows that the average film
thickness is 1.23 µm.
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Figure 7-1: AFM thickness measurement of organic thin film: 2-D image with 4
measuring lines

7.1.2 Theoretical simulations and experimental results

Figure 7-2 and Figure 7-3 show some of the V(z) response simulation results.
When the longitudinal wave velocities of the thin film are 1500 m/sec, 1800 m/sec, 2100
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m/sec, and 2500 m/sec, the corresponding calculated surface wave velocities
(Equation 4.4) are 3486 m/sec, 3551 m/sec, 3667 m/sec, and 3757 m/sec, respectively.
These results show that surface wave velocities are sensitive to film longitudinal wave
velocities.
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Figure 7-2: Organic thin film V(z) curve simulation results showing V(z) responses of
various film longitudinal wave velocities
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Figure 7-3: Organic thin film V(z) curve simulation FFT results showing V(z) responses
of various film longitudinal wave velocities and the corresponding surface wave
velocities
Table 7-1 and Figure 7-4 summarize the simulation results. Therefore, if we
compare and match an experimental V(z) curve to simulation results, the film
longitudinal wave velocity can be estimated.

Table 7-1: Organic thin film simulation results
Assumed film
longitudinal velocity
(m/sec)
Simulated surface
wave velocity
(m/sec)

1500 1600 1700 1800 1900 2000 2100 2200 2300 2500
3486 3511 3531 3552 3573 3611 3667 3702 3739 3757
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Figure 7-4: Organic thin film simulation results-the relationship between the assumed
film longitudinal velocity and the corresponding simulated surface wave velocity (with
trendline shown)

Figure 7-5 and Figure 7-6 show the experimental V(z) measurement results and
their comparison to simulations. The measured surface wave velocity is 3661 m/sec, then
according to the slope of trendline in Figure 7-4 and simulation results at assumed
longitudinal velocity 2100 m/sec, the corresponding film longitudinal wave velocity CL is
about 2080 m/sec (a reasonable value compared to an expected value around 2000 m/sec)
as shown in Equation 7.1.
CL = 2100 – (3667 – 3661) / 0.3 = 2080
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Figure 7-5: Organic thin film V(z) curve experimental results
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Figure 7-6: Organic thin film V(z) curve FFT comparison (peak position) between
experimental and simulation results

130

7.2 Characterization of Au Film Interface Conditions

7.2.1 Au samples preparation

Au films on glass substrates with various interface conditions were studied. The
background of Au film will be introduced in the following and sample fabrication details
will also be discussed.

Gold films have long been used as a surface modification material for surface
decoration on watches, coins, and jewelries. Gold is a very good reflector of visible light,
and it has good resistance to oxidative corrosion, heat and moisture, most corrosive
agents have little chemical effect on gold. Although gold is soft and has a low modulus so
that deformation can occur under load or impact.

Gold films have also been applied on windows of buildings for heat insulation.
Gold film can provide a protection from solar radiation efficiently by reflecting the
infrared radiation and while allowing a portion (depending on the thickness of coating) of
visible light.

The most important application of gold films in modern industry is the field of
electronics, especially semiconductors. Compared to other conductive metals such as
aluminum, gold has a relatively lower resistivity and higher chemical stability (general
resistance to oxidation and corrosion in various environments). Gold has a low surface
work function that can help make a good ohmic contact with other metals. Because of its
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very high density, gold has a high electromigration resistance. Gold also has a high
melting point. Because of these special properties, gold film has been widely applied in
electronics as interconnections and as a conductive layer on non-conductive materials.

Various techniques have been developed for the deposition of gold films, such as
sputtering,

chemical

vapor

deposition,

microwave

plasma

vapor

deposition,

electroplating technique, electroless plating technique, etc. For all these techniques, the
adhesion of the gold film to the substrate and its characterization has been of critical
importance. Defects such as delaminations at the interface can greatly reduce the life and
degrade the function of the gold-coated components.

In our study, Corning glass 7059 was used as the substrate for the gold deposition.
Corning glass 7059 has long been the standard of the electronics industry for thin-film
circuits, which require a very smooth substrate with special electrical properties. The
glass has a low alkali level, and this property is important in electronic applications
because alkali ions are known to lower the performance, reliability and longevity of thinfilm devices. The glass also has a good resistance to thermal shock.

As it is mentioned above, the adhesion of films to substrate is of critical
importance for the proper function of the film. Adhesion can be defined as the binding
force exerted by molecules/atoms of different substances (film material and substrate
material in our case) when brought into contact. This molecular-level adhesion is a
surface phenomenon and can be divided into three categories [138]. The first is the
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strongest one: the shared-electron bond, which is usually formed between metals or metal
alloys. In a shared-electron bond, the atoms are so close to each other that their electron
shells penetrate as a shell holding the shared electrons together at the common orbit. The
second is the electrostatic bonding, which can be formed between metal oxides and
glasses. The electrostatic bonding is formed due to the electrostatic forces between
molecules having electrical poles, oxides are usually electrically polarized because the
electron load is not at the center of the oxide molecule. The third is the weakest one: a
bonding caused by a shift of electron orbits in an atom (which is also a weaker form of
electrostatic force, called van der Waal force between atoms).

Gold is a type of noble metal which has no affinity for oxygen and can form only
shared-electron bonds (the first category and it can help gold to form a bond with other
metals). On the other hand, glass material can form only electrostatic bonds (the second
category) and oxidation is necessary. As a result, a direct molecular bond of gold to glass
is difficult because their bonding mechanisms are incompatible with each other (a weaker
form, van der Waal forces, is still possible). To solve this problem, an intermediate layer
such as oxygen active metal chromium can be deposited first on the glass substrate before
the deposition of Au film. Oxygen active metals can form a layer of thin oxide at the
oxygen active metal/glass interface (the second category bond), thus have a much higher
adhesion to glass than noble metal gold [139]. Overall, oxygen active metals can form
good bonds with both glass (the second category bond) and noble metal gold (the first
category bond). Therefore, with the deposition of an intermediate oxygen active metal
layer, the gold film adhesion to glass substrate can be greatly improved.

133

In my work, gold film/glass substrate samples with different interface conditions
were fabricated through two steps. First, a thin Cr/Au bi-layer was deposited on glass
substrates with controlled interface conditions by a PVD technique. Then Au film was
deposited by an electroplating technique.

In the first step, a Kurt J. Lesker Electron-Gun Evaporator was used for the Cr/Au
bi-layer film deposition. The evaporator chamber was pumped down to a pressure of 10
e-7 before the deposition. An intermediate adhesion layer of Cr (up to 10 nm) and a layer
of Au (up to 10s nm) were deposited at a deposition speed of 1 Angstrom/sec. During
deposition, the substrates (Corning 7059 glass slides, 75 mm by 25 mm) were held at
ambient temperature. The interface conditions were controlled through the substrate precleaning procedures. For the good interface sample, the substrate was first placed in a
UV-ozone chamber (UV Clean Model 135500, manufactured by Boekel Scientific,
Feasterville, PA), then was rinsed thoroughly in DI water for 30 seconds to remove the
oxidized organic species, then dried under a stream of nitrogen, and finally rinsed in
ethanol for 30 seconds. For the weak interface sample, the substrate was also pre-cleaned
first (the same procedure as for the good interface sample), then the surface was modified
by introducing a layer of impurities (fingerprints) before the substrate was put into the
evaporator chamber.

After the deposition of the Cr/Au bi-layer film, the electroplating technique was
used for the deposition of Au film. In this procedure, a WAVETEK 20MHz Function
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Generator (MODEL 143) was utilized. The applied gold solution was Techni-Gold 25ES
(Control No. F5-2-0710, manufactured by Technic Inc.). The setup parameters of the
function generator are summarized as follows:

Attenuation: 0
System:

Square

Function:

DC

DC Offset:

Positive side

Trigger mode: Manual trigger
Trigger: 00
Bias: 1 Volt

During the electroplating deposition, the current was monitored and kept at a
relatively stable level (5.0 to 6.0 mA in my experiments); if the current dropped to a very
low level, the solution might be depleted and should be refreshed. Deposition time was
30 min.

After the electroplating deposition, the samples were again rinsed with DI water.

7.2.2 Au film thickness determination

Two Au film samples were fabricated, one with a good interface, and the other
with a weak interface (by introducing finger prints at the interface). The thickness of the
films was measured with Atomic Force Microscope (Model: M5, Park Scientific
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Instruments), the measuring procedure is as described in section 7.1.1. Figure 7-7 shows
the average film thickness of the sample with a good interface is 0.502 µm; Figure 7-8
shows the average film thickness of the sample with weak interface is 0.470 µm.

Figure 7-7: AFM thickness measurement on the Au film sample with good interface: 2-D
image with 4 measuring lines
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Figure 7-8: AFM thickness measurement on the Au film sample with weak interface: 2-D
image with 4 measuring lines
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7.2.3 SAM quantitative characterization of the Au film interface conditions

Theoretical analysis of acoustic wave propagation in layered structures in section
3.3 and section 3.4 has shown that high frequency acoustic surface waves have the
potential for the characterization of thin film structures. It was shown that the sensitivity
of the acoustic waves to the thin film interface condition depends on the acoustic wave
mode and frequency range. In this section, experiments will be described to test the above
theoretical predictions.
.
The new SAM system was used for the measurement of V(z) responses of various
film/substrate systems. The acoustic lens had an aperture angle 1200 (high numerical) and
a center frequency of 400MHz. The detailed measuring procedure was as that described
in section 5.2 and section 5.3, and the analysis of V(z) curves (the surface wave velocity
calculation) was according to section 5.4.

Au/glass samples were fabricated as discussed in section 7.2.1. V(z) curves at
different frequencies and the corresponding surface wave velocities were measured. A
representative V(z) curve (measured on the weak interface Au film sample) is shown in
Figure 7-9.
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Figure 7-9: A representative V(z) response: V(z) curve of weak interface sample at 400
MHz

The measured surface wave velocities (Equation 4.4) for the two samples at
different frequencies are shown in Table 7-2. During the measurements, the water
temperature was controlled in the range of 56 to 64 0C (which corresponding to a water
velocity in the range of 1548 to 1552 m/s). The experimental results show that there
exists an apparent difference in the surface wave velocity values between two samples.
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Table 7-2: V(z) measurements of Au films
Frequency
(MHz)

Surface Wave Velocity

Surface Wave Velocity

Of good interface sample Of weak interface sample
(m/sec)

(m/sec)

370

2807

2630

375

2788

2615

380

2768

2602

385

2761

2595

390

2745

2586

395

2739

2574

400

2723

2570

405

2713

2562

410

2698

2539

415

2690

2527

420

2680

2517

425

2672

2506

430

2663

2505

The surface wave velocity comparison between the good interface Au sample and
the weak interface Au sample is plotted in Figure 7-10 with the horizontal axis
normalized as the product of frequency and film thickness. It can be seen that the weak
interface Au film sample has a lower surface wave velocity than the good interface Au
film sample. The average difference is about 6.0% by comparing the velocities at the
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same frequencies (average of (good interface velocity – weak interface velocity)/(good
interface velocity)), this demonstrates that the surface wave velocities are sensitive to the
interface conditions in this frequency range.
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Figure 7-10: Surface wave velocities comparison between good interface and weak
interface Au film samples showing the velocity average difference is about 6.0%

Figure 7-11 shows the comparison between the theoretical predictions and the
experimental results. The interface conditions in the theoretical simulations are
represented by the stiffness constants of an effective interfacial layer. Figure 7-11 shows
that good interface Au film sample has an interface condition close to the theoretically
weak interface level 1, and the weak interface Au film sample has an interface condition
close to the theoretically weak interface level 3. This suggests that this method can be

141

applied for the semi-quantitative evaluation of film interface conditions. For quantitative
evaluations, references and calibrations have to be part of the tests.
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Figure 7-11: Surface wave velocities comparison between theoretical and experimental
results showing good interface Au sample has an interface condition close to theoretically
weak interface level 1 and weak interface Au sample has an interface condition close to
theoretically weak interface level 3

7.2.4 Interface adhesion: scratch test results

The scratch test is an important technique for evaluating the bond strength
(interface conditions) of thin films on substrates [6][7][8]. In a scratch test, the failure
mechanism is related to the properties of the film, substrate and interface. For a soft film
(on a hard substrate), two failure modes may exist [140]: planar mode where interface
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delamination and bulking can happen because of the large shear stress across the
interface, and pile-up mode where the film material flows upward because the strong
interface can prevent delamination. Although the scratch test has been widely applied on
hard films (on soft substrates), its application on soft (ductile) films (on hard substrates)
is limited. One main reason is that the large plastic deformation in such structures has a
shielding effect on the interface failure. Studies [141] [142] on soft film/hard substrate
structures suggested that delaminations could develop if the scratch was deep enough to
interact with the interface and substrate.

The scratch tests were performed at Hysitron, Inc. with a TriboIndenter 3D
OmniProbe micro/nano tribomechanical test system manufactured by Hysitron, Inc.* A
diamond 600 conical probe with 20 µm radius of curvature was used to apply a maximum
normal force of approximately 2500 mN.

The procedure of the scratch test was as follows: the diamond probe was
approached to the sample surface first; then the normal load of the probe was linearly
ramped from the minimum to the maximum load level of 2500 mN at a rate about 60
mN/sec; at the same time, the probe made a scratch laterally (500 µm long) under
constant lateral displacement speed. During the above scratch procedure, the normal
displacement of the probe and the lateral force were monitored and recorded.

Figure 7-12 shows the optical images of the scratches and apparent difference can
be seen between two samples. Figure 7-13 and Figure 7-14 show the acoustic SAM
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*. The author is indebted to Hysitron, Inc. for kindly performing the scratch tests

images of the two samples, in Figure 7-13, the uniform brightness at the scratch bottom
indicates that the scratch is mainly a pile-up mode [140]; on the other hand, in Figure 714, the non-uniform brightness at the scratch bottom suggests the existence of a
delamination and indicates that the scratch is a combination of pile-up and planar mode
[140]. The optical and acoustic images here show that the good interface Au film can
adhere strongly to the substrate, and that the weak interface Au film has a delamination at
the interface caused by the scratch.

(b)

(a)

Figure 7-12: Au films scratch optical images (800 µm × 600 µm): (a) good interface and
(b) weak interface
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Scratch bottom

Figure 7-13: Au film (good interface) SAM (400 MHz) image (500 µm × 375 µm)
showing the uniform brightness at the scratch bottom
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Scratch bottom

Figure 7-14: Au film (weak interface) SAM (400 MHz) image (500 µm × 375 µm)
showing the delamination at the scratch bottom

Figure 7-15 (lateral force versus lateral displacement) and Figure 7-16 (lateral
force vs. normal displacement) show the scratch test load results of the two Au film
samples. It can be seen that the whole scratch procedure consists of two main stages. The
first stage occurs when the scratch is confined to the film (normal displacement from 0 to
about 0.5 µm); the second stage occurs when the interface and substrate influence get
involved in the scratch (normal displacement larger than 0.5µm). Figure 7-16 shows that
the two samples have similar first stages, but very different second stages. Since the
substrates of the two samples are the same and their film thickness are approximately the
same, this big difference at the second stage must be due to the interface adhesion
difference between the two samples. Figure 7-17 compares the second stages of the two
146

sample scratch tests. The slope difference of the trendlines is about 14.1% ((0.3810.327)/0.381) which corresponds to a surface wave velocity difference about 6.0%.

Overall, the scratch test results here demonstrate that the interface conditions of
the two samples are different, in qualitative agreement with the acoustic results, and that
the surface acoustic waves velocity is sensitive to the interface conditions.
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Figure 7-15: Lateral force (vs. lateral displacement) comparison between two Au film
samples showing different interface influences

147

Lateral Force (mN)

300
250
200

Good
Interface
Weak
Interface

150
100
50
0
0

200

400

600

800

1000

Normal Displacement (nm)

Figure 7-16: Lateral force (vs. normal displacement) comparison between two Au film
samples showing different interface influence
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Figure 7-17: Comparison of the scratch second stages (normal displacement > 500nm)
between two Au film samples showing the slope difference of the trendlines

148

Chapter 8
CONCLUSIONS

Acoustic microscopy can be applied for the evaluation of the integrity of thin film
structures. When working at high frequencies, the interference between the leaky surface
acoustic waves and the specularly reflected bulk acoustic waves generates the V(z)
phenomena. The V(z) response is a unique feature of acoustic microscopy, and can be
used for the measurement of surface acoustic wave velocities. Thus it gives acoustic
microscopy the potential for the characterization of thin films. In this thesis, major
accomplishments include the following:

1. Theoretical analysis of the acoustic wave propagation in films with low shear
modulus deposited on hard surfaces showed that multiple surface acoustic wave
modes could exist in such film/substrate structures. Theoretical calculations
demonstrated that the velocities of high frequencies surface acoustic waves are
sensitive to film properties and interface conditions depending on the acoustic wave
mode and frequency range.

2. The reflectance function approach was shown to be useful for the analysis of the
surface acoustic wave propagation in film structures in which the film has very low
(near zero) shear modulus. The V(z) response of such film structures could be
simulated.

3. A new broadband acoustic microscopy system was designed and assembled. The new
system has a frequency range up to 4 GHz in which the frequency could be tuned
continuously; this feature helps the optimization of frequency range for the
characterization of film structures. The new system can also optimize the activation
of the acoustic lens through adjusting of the amplitude and the duration of the
excitation tone burst signal.

4. Experiments on an organic film (near zero shear modulus) sample showed that the
longitudinal wave velocities of such film materials (near zero shear modulus) could
be inferred by comparing experimental results to theoretical simulations.

5. Experiments on Au films with different interface conditions showed that the acoustic
surface wave velocity was sensitive to film interface conditions. Experimental results
appeared to have trends consistent with the simulation results. It shows that the V(z)
technique has the potential for the characterization of film structures.

6. Destructive tests (scratch tests) on Au films suggested that the acoustic surface wave
velocity differences of Au films were due to their interface condition difference. The
surface wave velocity trends appeared to be consistent with the scratch test results.

Overall, the study in this thesis developed a comprehensive approach and showed
the feasibility for the characterization of low modulus thin film structures through the
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scanning acoustic microscopy technique. The approach has the potential for the
nondestructive characterization of the integrity (film properties and interface conditions)
of low modulus thin film structures.

Future work:

•

Possibility of integrating the whole new SAM system into one module.

•

Other techniques such as time-resolved SAM for the longitudinal wave velocity
measurement on films with very low shear modulus so that their results can be
compared to the results in this study.

•

More experiments (including both surface wave velocity measurement and scratch
test) on low modulus films with different interface levels.

•

Mechanism of the response difference of different interface condition films to scratch
tests.

•

Relationship between the destructive (scratch) test results and surface wave
velocities.
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Appendix A
PARMON AND BERTONI’S MODEL

Parmon and Bertoni [117] derived an expression for the null spacing of a V(z)
curve based on the interference between the specularly reflected axial ray and the leaky
surface wave ray. Figure A-1 shows the specularly reflected axial ray and the leaky
surface wave ray on a sample which is defocused at position (fd-z), where fd is the lens
focal distance, and z is the distance between the lens and the sample surface.

D

E

F

fd - z

Figure A-1: Specularly reflected axial wave and leaky surface wave at defocus fd-z

The phase φa of the specularly reflected axial ray is as in Equation A.1:

φ a = φ 2OE = φ 2 BE − φ 2 BO = φ f −

4π ( f d − z )

λw

A.1

where φf is the phase when the surface of sample is at the focal distance from the lens and
λw is the longitudinal wavelength in water.

The phase φl of the leaky surface wave ray is as in Equation A.2:

φ l = φ DC + φ CA + φ AF = φ DB + φ BF − φ CB − φ BA + φ CA
4π ( f d − z ) 4π ( f d − z )
=φf −
+
tan θ R + π
λ w cosθ R
λR

A.2

where λR is the leaky surface wave wavelength of the sample, θR is the surface wave
critical angle, the last term π is the phase change because of the excitation and reradiation
of the leaky surface wave.

According to Snell’s law, we have Equation A.3:
Vw = V R × sin θ R ,

λ w = λ R × sin θ R

A.3

where VR is the surface wave velocity and Vw is the velocity in water.

By substituting Equation A.3 into Equation A.1 and Equation A.2, the phase
difference ∆φ between the specularly reflected axial ray φa and the leaky surface wave ray
φl is as Equation A.4:
∆φ =

4π ( f d − z ) (1 − cosθ R )
+π
sin θ R
λR
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A.4

Then the periodic null spacing ∆z (the difference between z when ∆φ=2π and
when ∆φ=4π) can be determined as Equation A.5:
∆z =

λ R sin θ R
2(1 − cosθ R )

A.5

According to Equation A.3, Equation A.5 can be further expressed as
Equation A.6:
VR =

Vw

(1 − (1 −

Vw 2 12
) )
2 f ∆z

A.6

where f is the frequency.

Equation A.6 is the final equation that can be used for the evaluation of surface
wave velocities.
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Appendix B
NON-TECHNICAL ABSTRACT

Since WWII the advance of material science has achieved a major breakthrough.
Coatings and films are applied to a host of tools, consumer articles even military armor.
The adhesion and integrity of these coatings and films obviously play a critical role in the
use of the material for protection against wear, corrosion and general enhancement of
performance. Currently there are no or very few techniques to evaluate the adhesion
properties of these coatings and films.

The surface acoustic waves, which are also usually called Rayleigh waves, are
two-dimensional elastic waves that can propagate along the surface of solids. At the
surface of an isotropic, homogeneous, linear elastic half-space, a pure non-dispersive
surface wave exists and its velocity depends only on the density and the elastic properties
of the medium. However, this velocity will become frequency dependent (dispersive) if
the half-space turns into a layered structure. The influence of a thin layer on the
dispersion of the surface wave velocity depends on the relative properties of the halfspace substrate to the thin layer. If the shear wave velocity of the thin layer material is
faster than that in the half-space substrate (fast-on-slow system), only one fundamental
Rayleigh mode can exist, on the other hand, if the shear wave velocity of the thin layer
material is slower than that in the half-space substrate (slow-on-fast system), multiple
surface acoustic wave modes can exist. The elastic energy of surface acoustic waves is

confined to the near-surface region and decays quickly as the depth increases, this give it
the potential for the evaluation of film structures, especially thin films (submicron to
several microns) when the frequency is high enough (wavelength becomes comparable to
thin film thickness).

Scanning acoustic microscopy (SAM) is a relatively new technique that can
image surface and subsurface features by the use of high frequency (up to GHz) acoustic
waves, but another important application of SAM is the V(z) technique, where “V”
represents the amplitude of the received signal and is a function of “z”, which represents
the distance between the sample and the acoustic lens. A V(z) response is the variation
(oscillations) of the received signal as the distance between the sample and the acoustic
lens is decreased. In theory, these oscillations of the received signal can be explained by
the interference between the specularly reflected acoustic waves and the leaky surface
acoustic waves. A V(z) response can be used for the extraction of the surface wave
velocities.

Past efforts reported in the SAM literature have been focused on the film
thickness measurement and elastic property evaluation of hard films and coatings. Little
or no significant effort, however, has been reported on low modulus or soft films on hard
substrates. The main reason is the complexity of soft film systems (multiple surface wave
modes exist). Literature has also shown the SAM potential for the evaluation of film
interface conditions. Some of the analyses assumed two extreme cases: the interface is
either perfect bonded or totally debonded, although this does not agree with real
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situations, where weak interface conditions may exist; some of the studies suggested that
mode conversions may be the reason for the surface acoustic wave velocity change
(caused by interface condition change), but this need further theoretical explanation and
can limit the SAM applications because of the complexity (surface wave velocity may
increase or decrease depends on modes).

The purpose of this research work was to further investigate the SAM potential
for the evaluation of soft thin films. Theoretical analysis was carried out of the acoustic
wave propagation in films with low shear modulus deposited on hard surfaces. This
analysis showed that multiple surface acoustic wave modes could exist, and that the
velocities of high frequencies surface acoustic waves would be sensitive to film
properties. In particular, the interface conditions depend on the acoustic wave mode and
frequency range (frequency tuning is important). A broadband acoustic microscopy
system was assembled in order to optimize the experimental measurement through
frequency tuning and amplitude modulation. With the theoretical models as a guide, the
experiments on soft film showed that its longitudinal wave velocity could be determined.
Similarly, the experiments on Au films with differing interface conditions suggest that
the surface acoustic wave velocity is sensitive to the interface conditions if the proper
frequency range is selected. The experimental results agreed well with theoretical
predictions. Mechanical destructive tests further supported the feasibility of the surface
acoustic waves being sensitive to the interface influence.
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Overall, the study in this dissertation developed a comprehensive approach and
showed the feasibility for the characterization of low modulus thin film structures
through the scanning acoustic microscopy technique. This approach has the potential for
the nondestructive characterization of the integrity (film properties and interface
conditions) of low modulus thin film structures.
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