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Abstract

The acoustic properties of a well-aligned nanoporous alumina (NP Al>Os) film synthesized through a two-
step anodization process have been characterized nondestructively using scanning acoustic microscopy
(SAM). In particular, leaky surface-acoustic-wave (SAW) modes were investigated on the film, and a
comparison was carried out between the material properties of uniform and non-uniform nanoporous Al.Os
films. The Rayleigh velocity for V(z) of the various scanning areas was estimated while simulations were
performed to validate the experimental results. The non-uniform surface morphology of hanoporous Al,O3
is also validated by polarized-resolved terahertz time-domain spectroscopy (THz TDS).

Keywords: Scanning Acoustic Microscopy (SAM), Aluminium oxide, nanostructured film

l. Introduction

The novel class of nanoporous (NP) materials are promising in applications ranging from sensing [1, 2],
catalysis [3], biomedical engineering [3, 4], and energy harvesting [5, 6] to nanocomposite coatings [7-10]
owing to the ability to tune physical properties beyond those of the constituent bulk materials, such as low
macroscopic density, high surface-to-volume (S/V) ratio, and controllability of the porosity. Specifically, NP
Al,05 films have attracted attention due to their chemical and physical properties (such as optical
responsiveness, photoluminescence, dielectric properties), simple manufacturing process, and low cost [11].

Due to interest in applications of NP Al,03, there has been a focus on the evolution of film surface
morphology and NP pattern formation [12-15]. A typical NP Al,0; film is of thickness 60-70 pum. Despite
numerous investigations on characterizing NP materials, most only focus on optical techniques. Of interest to
the current work are earlier studies [16, 17] in which the homogeneity and anisotropy of NP Al, 05 films on
Al substrates were characterized nondestructively by terahertz (THz) imaging and THz spectroscopy. The
observed rough surface morphology and anisotropy based on the THz results were validated by cross-
sectional field emission scanning electron microscopy (FE-SEM), atomic force microscopy (AFM), and x-
ray diffraction (XRD).

In contrast to optical methods, ultrasonic acoustic waves target the mechanics of the materials. Indeed,
ultrasonics is one of the well-known methods of investigating the mechanical properties of materials
nondestructively [18-21]. There have been limited ultrasonic studies of NP Al,0; films. Ultrasonic
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characterization of alumina layers of up to 3.5 um thickness in reflection demonstrate the applicability of this
technique for the investigation of thin Al, 05 layers [22, 23]. Ultrasonic transmission using a conventional
MHz transducer has been applied to characterize the elastic properties of NP Al,05 films [24]. Still, these
techniques may not be capable of measuring sub-micron thicknesses due to the high-frequency requirements.
On the other hand, scanning acoustic microscopy (SAM), exploiting the requisite higher frequencies, has been
widely used to date to study the acoustic properties in biological and opaque materials [25-29]. In 1985,
Kushibiki et al. [30] demonstrated, using SAM, the ability to study layered and thin-film samples, and
highlighted the material characterization techniques using Rayleigh velocity curves V(z) measurements with
z the distance from the transducer to the sample. Such measurements record the output voltage of the acoustic
transducer varying with z. The periodicity of the dips present in V(z) is closely related to the Rayleigh velocity
on the surface of the sample [31, 32]. SAM was also applied to determine phosphoric acid-anodized oxide
Al,05 films of 1 to 22 um thickness [22]. It successfully demonstrated SAM as a promising tool for
determining mechanical properties, such as the density and elasticity of the layer. The technique was also
used to estimate the near-surface elastic properties to model depth-varying properties [33].

However, none of the existing literature reported the acoustic properties of NP films or explored the use
of ultrasonics to characterize such materials. Thus, in this paper, NP Al, 05 thin films fabricated by a two-
step electrochemical anodization are characterized nondestructively using SAM. The ultrasonic analysis is
conducted to assess the elastic properties of NP Al, 05 films. A comparative study with destructive FE-SEM
and THz measurements is also conducted. These analyses open the door to developing NP materials with a
focus on acoustic or other mechanical properties.

1. Specimen

The investigated NP Al, 05 films are fabricated through a two-step anodization process; the detailed
process flow is shown in Fig. 1. Compared to conventional one-step and pre-pattern anodization, the self-
organized NP Al,O; films are more uniform and regular on Al substrates [34, 35]. Before the anodization
process, electro-polishing is employed in a mixed solution of HCIO,: C,H;OH with 1:4 in volume for 60 s to
remove initial surface oxides and reduce the surface roughness of the Al foil. Subsequently, the first
anodization is carried out in 0.3 M H,C,0, at 3°C. The first anodization's duration and bias voltage are set to
~8 h and 40 V, respectively. An 80 um NP Al, 05 film with a ~20 pum nonuniform layer on the top and a
uniform layer on the bottom is formed on the Al substrate.

In order to improve the regularity of the NP arrangement, the disordered NP Al, 05 film is removed using
wet chemical etching with a 0.2 M CrO; and 0.4 M 4H;PO, solution at ~65 °C for ~6 h. A patterned
hexagonal array of concave structures remains on the Al substrate after the dissolution of NP Al, 05 layers
formed during the first anodization. These patterns serve as the template for NP formation in the second
anodization.

The second anodization is carried out using the same apparatus and under the same conditions as the first
anodization, such as temperature (~3°C), the concentration of reaction solution (0.3 M H,C,0,), and bias
voltage (40 V). Well-ordered NP Al, 05 films on the Al substrate is observed. Structural parameter values,
such as interpore distance and pore diameter, are obtained based on the field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4700) results, which are 1055 nm and 333 nm, respectively.
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Fig. 1. The process flow of the second step anodization for the self-ordered anodized NP Al, 05 films. Representative
top-view FE-SEM micrographs under different phases are also shown.

1. Experimental Procedure
A. Scanning Acoustic Microscopy

A SAM setup (ELSAM, Ernst-Leitz Scanning Acoustic Microscope; PVA TePla Analytical Systems,
GMBH, Deutschordenstrasse 38, 73463 Westhausen, Germany) is employed in this work. The measurements
are carried out with a 400 MHz lens having an axial resolution of 1.88 um and an aperture diameter of 0.3
mm. The focal length of the lens for water is 0.3 mm. For the V/(z) analysis mentioned in the next section
GHz-SAM Control Software for ELSAM is used and for processing of the data, MATLAB is used.

The experimental procedure involves the use of acoustic micrographs representing the image formed due
to the reflection (because of the acoustic impedance mismatch) of ultrasound waves at sample interfaces. For
the study, acoustic micrographs are obtained at z focus (zo) for the NP Al, 05 with various thicknesses present
on the Al substrate (Fig. 2(a)). Other measurements are made with only Al substrate. Thus, the technique
facilitates differentiation between areas with and areas without film. The probed area under consideration for
the study is of the dimension 500 pm x 500 um. The interference of the non-specular sound field caused by
leaky, i.e., re-radiating, Rayleigh waves at the surface with the specular reflected bulk waves from the sample
provides contrast to the images.

Furthermore, an investigation of the variation of surface and interface waves with the change in the
defocusing distance z of the lens is carried out to retrieve information about the material properties. The data
is recorded as V(z); these curves give the received voltage at the acoustic microscopy lens (consisting of the
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piezoelectric element and the acoustic lens system) as a function of distance z between the acoustic probe and
the sample (Fig. 2).
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Fig. 2. (a) Schematic of the lens system with the sample in reflection acoustic microscope (b) Sample with lens system
mounted in the acoustic microscope setup.

The V(z) output is a superimposition of reflected waves from the sample and the leaky waves on the sample
surface. A typical V(z) curve contains oscillations/ripples as the transducer is moved in the -z direction. These
are formed due to the phase difference between the superimposed signals [36]. In case of thin layers and
coatings, the curves provide insight into the micro-elastic properties of the coating and its interaction with the
substrate. The interference of the non-specular sound field caused by leaky, i.e., re-radiating, Rayleigh waves
at the surface with the specular reflected bulk waves from the sample provides contrast to the images.

The surface acoustic wave (SAW) velocity (cg4y) is calculated using Eq. (1) [30] where ¢, , f, and Az
represent the speed of sound in water, the frequency of the input, and the oscillation period in the V(z) curve
as a function of distance z in between lens and sample,
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Iv. Results
A. Experimental Results
1. Analysis using acoustic micrographs
The acoustic micrographs, or SAM images, obtained for various NP Al, O5-film thicknesses, shown in Fig.
3(b)-(e), are compared with the acoustic micrograph of the Al substrate, in Fig. 3(a). A clear distinction in
contrast and pattern is visible in the acoustic micrographs indicating the variation in the mechanical properties

of the NP Al, 05 film as compared to the Al substrate [37].

As the maximum resolution obtained for the measurements using 400 MHz is ~ 2.5 um, the nanopores in
4



the film are not visible in the scans. Thus, macroscopic characterization is obtained from the V(z) scans.
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Fig. 3. Acoustic micrograph of (a) the Al substrate and the NP Al, 05 film on an Al substrate with a thickness of (b) 12
pum, () 30 um, (d) 50 um, and (e) 60 um. (f)-(j) V(z) of the micrograph in the Fig. 3(a)-(e) respectively. The SAM
acquisition is carried out with an acoustic lens of frequency 400 MHz.

2. Analysis using V(z) curves

V(z) is measured for the NP Al,05 films of various thicknesses. In the paper, V(z) curves shown are
averaged over all pixels (x,y) on the micrograph. The maximum defocus distance, which defines the depth
from z focus (zo) point in the -z direction is limited to 100 um at 400 MHz (See Fig. 2(a)). Distilled water is
used as a coupling medium in the experiment. The water temperature is maintained in the range 20-24° C. It
has been observed that V(z) from the samples contain the ripples (as described in section I111.A) due to the
detection of SAWs on the surface, and therefore, a frequency of 400 MHz works well to investigate the
sample.

V(z) is analyzed using signal-processing software to determine the unique acoustic signature associated
with the leaky waves propagating on the liquid/NP Al, O film interface. Two types of leaky modes are visible
(highlighted in red) in V(z) for the samples of thickness 30, 50, and 60 um (Fig. 3(h)-(j)) as compared with
V(z) for the bare Al substrate (Fig. 3(b)). This observation of two leaky modes correlates directly with the
investigation on phosphoric acid-anodized Al, 05 film by Zinin et al. [22] using acoustic microscopy. Also,
as pointed out by earlier studies [26, 38], the high-velocity mode is due to the longitudinal waves propagating
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parallel to the sample surface. This mode is explained with respect to the level of roughness of the film and
would not be visible for a perfectly smooth sample. Eventually as roughness increases, the longitudinal
velocity becomes comparable to the SAW velocity and is observed in V(z) [22].

The processing of V(z) is carried out according to the ray model for a spherical lens proposed in Briggs
[39]. This is a Fourier-transform-based approach to determine the acoustic properties from V(z). Pre-
processing of the V(z) signals involves isolating Rayleigh ripples from the curves. This step includes filtering
of the raw V/(z) from reverberation effects due to the lens. It is implemented in the I-11l step shown in the
flowchart (Fig. 4(a)). First, the fast ripples or water ripples are removed by using a moving average filter with

window length of %‘”Where A, corresponds to wavelength of ultrasound waves in water. The second part

includes removing the interference due to the lens. It is achieved in step I using V(z) obtained from reference
material Pb (perfect acoustic reflector).

Based on the ray-theory approximation, the exponentially decaying part in the intermediate function can
be approximated as the Rayleigh component. Then, the Rayleigh parameters are extracted using the Fourier
transform and then performing a least-squares fit to minimize any other unwanted effects (residual offset,
head wave contribution) (Step 11l and IV in Fig. 4(a)). The obtained set of wavenumbers is then linked to
estimate the periodicity or dip interval of V(z) curve (Az) (Eg. (2)) and thus obtain cg4y,. A flowchart showing
the brief experimental procedure is provided in Fig. 4; however, for deeper understanding of each step, the
reader is referred to Briggs [39]. Additionally, all the stages of processing with description are shown in
Addendum A. Physically, the technique is based on the added phase in the reradiated sound field instigated
by the extra propagation distance caused by the conversion of incident bulk waves into SAWSs and then back
to reradiated or leaky sound. This added phase results in the phase difference between re-radiated sound and
specular reflected sound and causes the interference ripples seen in V(z). Extraction of the implied phase
difference provides the SAW velocity.
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Fig. 4. (a) Flowchart of the experimental procedure for processing V(z).

Figs. 5(b) and 5(c) show the post-processing results for a NP Al, O film with thickness of 50 um. The region
of interest in the micrograph is highlighted in red (Fig. 5(a)). As per the above mentioned procedure, the dip
interval (Az) is calculated using the values obtained from the spectral analysis of the V(z) curve for various
NP Al, 05 film thicknesses [30] using Eq. (2),

Az(n) = —n (2)

In Eq. (3), ¢ is the maximum amplitude at the center frequency in the V(z) curve for the n leaky mode. The
peaks in the plot (Fig. 4(c)) shows the different leaky wave modes present for the mentioned sample under
consideration.

The Rayleigh-wave velocity of the bare Al substrate is obtained and compared with known results to
8



calibrate the SAM measurements. The measured V;(z) curve obtained for a bare Al sample using Eqg. (2), and
its spectrum is shown in Figs. 5(a) and 5(b). The SAW velocity (cs4y,) Using Egs. (1) and (2) give csapy =
2981.45 m/s, corresponding to the value found in the literature which is 2960 m/s [40].
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Fig. 5. (a) Micrograph with region of interest (shown in red) obtained for a NP Al, 0 layer with thickness 50 um on an
Al substrate. (b) Intermediate function obtained by processing of V(z) of Fig. 5(a) (step V) in Fig 4(a). (c) Spectrum of
the curve obtained in Fig. 5(b) (step VI in Fig. 4(a)) corresponding to the highlighted region of interest. The speed of
sound cg 4y, for each peak corresponding to the wavenumber is also shown above the respective peak.

The next part of the investigation is carried out on the sample of film thickness 50 um. V(z) for the 500
pm x 500 um scan area is obtained. Two leaky modes (peaks in Fig. 5(c)) are observed. One of them is a
high-velocity mode of 7729 m/s, and another a comparatively low-velocity mode of 3348 m/s.The highest
value is consistently present in all the other samples (with thickness 12, 30, and 60 um) as well, indicating
the velocity is not affected by the film thickness. Therefore, it is attributed to a bulk acoustic mode and its
value matches that of longitudinal bulk waves. Thus, based on the obtained value, for the numerical
simulation, the layer's longitudinal velocity is 7729 m/s. The value is similar to the longitudinal velocity of
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8200 m/s as determined for 90 um thick, porous oxalic-acid-anodized (OAA) Al oxide film [41]. The
experimental results for bulk Al.O; [42], OAA oxide film, and phosphoric-acid-anodized (PAA) porous Al
oxide film from the literature are given in Table 1. Based on the similarity in the range of the values in Table
I, the second leaky mode obtained in the experimental results is inferred to be the Rayleigh wave velocity cg
of the film by excluding other possibilities. Had we assumed the low-velocity leaky mode to be the shear
velocity of the film, according to Eq. (4), the calculated value of Rayleigh wave velocity would have resulted
in 3354 m/s which is not present in the spectrum shown in Fig. 5(c). This assumption-negation technique
confirms the argument that the low-velocity mode is the Rayleigh wave velocity. The experimental results
for NP Al, O film are observed to be different from porous PAA oxide films [41]. Presumably, this is due to
the regular and well-ordered distribution of nanopores in the NP Al, 05 film under investigation, as compared
to the fairly uniform distribution in the porous films. Additionally, the size of the pores in the sample under
investigation is much smaller than the wavelength of the ultrasonic waves used for the experiment minimizing
diffraction effects.
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Fig. 6. (a) V(z) for the Al substrate (shown in Fig. 3(a) and (b)). (b) The spectrum of V(z) in (a).

Table 1: Experimental values for longitudinal, shear, and Rayleigh wave velocity and its comparison with other

literature.
Film o Cr Ct
(m/s) (m/s) (m/s)
NP Al,0,? 7729 3546 3348
OAA film 8200° - 3610
PAA film® 5500 3540 3200
Bulk Al,0,¢ 10700 6360 5690

2Based on acoustic microscopic measurements for 50 pum thick film.
bBased on normal incidence reflection coefficient measurements [41].

¢Based on acoustic microscopic measurement on 12 pum thick film [22].
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4 Based on reflection calculations on a liquid-solid interface using Schoch displacement for an Al oxide with p of 4000
kg/m3[42] .

The Rayleigh velocity obtained for the NP Al, 05 filmis ¢z = 3546 m/s. To further estimate the material
properties of the layer, the shear-wave velocity (c;) is computed. For the calculation, it is assumed that the
layer is isotropic, and the SAW energy is concentrated in the layer due to sufficient film thickness. Thus, by
using the equation of Farnell [43], the value of c; is obtained from

2
e _ 0.72 — (%)2 “
¢ 075 - (%)

Based on the Rayleigh-wave velocity cg found above, the shear velocity c; is 3348 m/s. Thus, for further
investigation of the mechanical properties of this thin layer, we assume that the sample obeys classical linear
elastic theory. The model helps relate the bulk isotropic material properties, such as the elastic modulus (E)
and the Poisson ratio (v), to the material's longitudinal velocity c; and shear-wave velocity c; by

_4(&
L(Clz)pd", (4)

=@
2 (3 -1

—al ©
R

where p is the density. Since the density of NP OAA oxide film is always less than the solid OAA oxide film,
the value of p must be less than 2850 kg/m3. Based on the existing literature on porous OAA Al, 05, the
density is assumed to be in range of 2200—2700 kg/m?3 [41]. Thus, the value of v using the experimental c;
and c; is 0.37. The value of E based on Eq. (4) for a range of assumed density is shown in Fig. 7.

E =
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80+ o
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Fig. 7. Elastic modulus E, obtained for
different density values.

Fifteen measurements are recorded at 400 MHz for a 50 um NP Al, 05 film with scan area 500 um x 500
pm. The computed standard deviation in the Rayleigh-wave velocity for these fifteen measurements is found
out to be 48 m/s (with a confidence interval of 95 %). Next, a set of 80 randomly selected regions of interest
of various areas (described below) for the 50 um thick film is considered for the statistical analysis. The area
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of these regions varied from 17.5 um x 17.5 pum to 500 pm x 500 um. A few of those regions are shown in
Fig. 8. For each region, an average V(z) curve is obtained. Fig. 9 shows the distribution of the Rayleigh
velocity for all the region of interest varying in area. The computed mean for all the samples is 3353 m/s,
with a standard deviation of 82 m/s.
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Fig. 8. A few of the regions (highlighted in red) from Fig. 9. Scatter plot of Rayleigh velocity for samples for
among 80 randomly chosen regions of interest for regions of different areas.

analysis. The regions comprise of different areas size.

The complete micrograph of NP Al, 05 film shown is

of the dimension 500 pum x 500 pm.

Fig. 10(a) shows the histogram for 80 samples with their Rayleigh velocity, fitted with the normal distribution
curve. The mean of the distribution is 3296 m/s, which deviates from the obtained mean for the same size
region of interest by 52 m/s. Furthermore, Fig. 10(b) shows a probability plot of the Rayleigh velocity, which
follows an almost straight line indicating very few departures from the fitted distribution curve. Based on the
figure, it can also be concluded that the distribution fit contains the maximum points within the 95%
confidence band with only a few outliers. The standard deviation after fitting the data is 84 m/s, compared
with the results with only a single scan area of 500 um x 500 um (carried out in the earlier part), which was
49 m/s. The variation could result from non-uniformity on the film's surface. The observation indicates that
this technique may be used for nondestructive uniformity evaluation, because the average value of cr was
dependent on the size and location of the investigated region which can only be caused by non-uniformity.
This non-uniformity in acoustic impedance is at a scale at least as large as the focus wavelength (1.85um)
and focal spot size 1.88 pum.
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Fig. 10. (a) V(2) for the bare Al substrate is shown in FIG. 3(a). (b) The spectrum of V(z) in (a). The histogram shows
the Rayleigh velocity for samples with various regions of interest. (b) Probability plot depicting the Rayleigh velocity
and the 95 % confidence level (shown by red lines).

B. Simulations

The numerical analysis for the leaky wave is performed using Disperse™ [44]. The film is modeled as a
homogeneous, isotropic layer of Al, 05 with the experimental values of ¢; and c;. The numerical simulations
were carried out for the p values range of 2200—2700 kg/m3. The Rayleigh-wave velocity predicted using
the numerical simulation for an isotropic film thickness of 50 um assuming the density to be 2500 kg/m3
was found to be 3319 m/s which agrees with the experimental velocity of 3348 m/s. The observed
difference in the values must be due to the isotropic characteristic of the modelled film.

V. Terahertz experiments

THz reflectometry was subsequently carried out to provide additional information on the NP Al, 05 films.
For example, using the technique of THz time-of-flight tomography, an independent and nondestructive
measurement of the film thickness can be obtained. The THz measurements are based on a commercial pulsed
THz time-domain spectroscopy (TDS) system (TPS Spectra 3000 from TeraView LTD, Cambridge, UK).
The generation of THz pulses is based on optically pumping a photoconductive switch. Quasi-single-cycle
THz pulses with an effective band from 60 GHz to 3 THz are generated in a biased GaAs antenna after
excitation by an Er-doped fiber laser emitting sub-100-fs 780-nm pulses at a 100 MHz repetition rate with
average output power >65 mW. Coherent detection of the THz radiation is performed in a similar
photoconductive antenna circuit by gating the photoconductive gap with sub-100-fs 780-nm pulses
synchronized to the THz emission. A delay line is incorporated into the probe beam to change the difference
in the optical delay between the incoming THz pulse and the probe laser pulse at the receiver. A bias is also
applied across the emitter and receiver to generate a time-gated output signal. By taking the Fourier transform
of the detected THz signal subsequent to interaction with the sample, the THz spectrum can be obtained. The
recorded temporal reflected THz signal contains 4096 data points (corresponding sample period Ts is 0.0116
ps) and is averaged over 10 shots per pixel to reduce the effect of noise. The depth of focus (roughly the
Rayleigh length zg) is ~ 7 mm and thus the beam waist is approximately constant over the depth of the sample.
the transverse resolution (beam waist for a Gaussian beam) w, = (Azg/nm)'/? is ~580 um at 1 THz (taking
n=1 in air).

Fig. 11 (a) shows the reflected signal from NP Al, 05 film with a nominal thickness of 60 um. Ripples on
13



the baseline originate from water-vapor absorption [2] and can be corrected for in the data analysis. Moreover,
two positive echoes arising from the air/NP Al, 05, and NP Al, 05 /Al interfaces, are visually distinguished in
time. The thickness of NP Al, O film at that pixel can be calculated based on the optical delay between these
two positive echoes, which is ~56.6 pm, showing agreement with the value obtained from cross-sectional FE-
SEM in Fig. 11(b). Of note, cross-sectional FE-SEM, as a destructive method, only gives the thickness

information along with the cross-section profile and fails to provide the thickness distribution of the entire
surface.

Except for thickness measurements, uniformity associated with non-specular scattering, as well as
anisotropy of NP Al,05 film, are also studied nondestructively using THz scattering imaging and
polarization-resolved THz TDS. In general, the birefringence of porous materials is related to the crystal
structure, lattice arrangement, and structural parameters, such as porosity [21] and pore size [45]. We refer

the reader to [16, 17] for the detailed discussion on birefringence as well as the regularity of the surface
morphology of the NP Al, 05 films.
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Fig. 11. (a) Typical temporal reflected signal from NP Al, 04 film with a nominal thickness of 60 pm. Inset shows the
origin of the two positive echoes in the reflected THz signal: one from the air/ NP Al, O interface and the second from
the NP Al,05/Al interface. (b) The cross-section FE-SEM result of investigated NP Al, 0 film.
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VI. Conclusion

The study successfully characterizes the highly ordered NP Al, O isotropic films formed on Al substrates
using SAM. The material properties such as Elastic modulus and Poison ratio were computed based on the
technique utilizing the Rayleigh-wave mode and the longitudinal mode in the V/(z) curves. The elastic
modulus thus obtained ranges from 75 to 92 GPa with a density variation from 2200 kg/m3 to 2700 kg/m3.
The Poison ratio for the film is 0.37. The Rayleigh-wave velocity estimated for the NP Al, 05 film is 3348
m/s. Investigation into the Rayleigh-wave velocity changes for the NP Al, 05 is shown. The nonuniform
surface morphology after the two-step anodization process of the film is observed and it was shown that it is
sufficiently sensitive to serve as a nondestructive uniformity evaluation tool for such samples. THz reflectivity
experiments provide nondestructive verification of the film thicknesses. Previous THz measurements[16, 17]
also indicate significant nonuniformity in portions of the films.
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Addendum
A. Stages of processing of V(2)

It is based on the method proposed by Briggs [46] for spherical lens analysis. One of the prominent
features of V(2) is the presence of oscillations with negative defocus. The periodicity of the oscillations is
related to Rayleigh-wave velocity using Snell’s law given in Eq. (1). Based on the ray model, the received
signal at the transducer has two components, one of which contributes to the Rayleigh surface-wave velocity
Vr(2) and another because of the surface geometry and characteristics of the lens Vg(z). The output V(z) is
related as shown by the expression in Eg. A(1). In the equation, @(z) represents the phase angle between Vg
and Vk:

VI = [VgI? + [Ve|? + 2|V¢|[VRIcosO. A(1)

Usually, a perfect reflector such as Pb or Au is considered as a reference material to characterize the lens
property (Vo(z)~ Vs(2)). After extracting the |Vr| component, further processing, such as FFT, is performed,
and the acoustical parameters relating to material properties are computed. For instance, the stages of
processing are described for 50 pm NP Al, 05 film shown in Fig. A.1(a) with its V(z) measurement in Fig.
A.1(b).
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Fig. A.1 (a) Micrograph with the region of interest (shown in red) obtained for a NP Al,05 layer with a thickness of 50
pm on a bare Al substrate. (b) V(z) obtained a NP Al, 03 layer with a thickness of 50 pum on a bare Al substrate.

1. Filtering out of the water ripples using a moving average filter with a bandwidth %W where 4,,

corresponds to the wavelength of ultrasound waves in water. This process smoothens the
measured V(z) and removes fast ripples. The step is shown in Fig. A.2.

2. The second part includes filtering V(z) data to eliminate interference due to lens characteristics.
a) To obtain this, the V.(z) is experimentally recorded for lead (Fig. A.3).

b) An intermediate function is calculated in order to simplify the estimation of the expression
in Eg. A(2). The graphical result is shown in Fig. A.4,

V@)I* - Ve(2)?

Vi@ =)

A(2)

c) Theterm |Vr(2)|cos@(z) in Eg. (6) makes it difficult to calculate the expression for a spherical
lens exactly. However, according to the ray model, Vgr(z) is an exponentially decaying
component. Thus, the exponential decaying part is recognized from the intermediate
calculation (shown by a dashed line in Fig. A.4(a)).

3. The Fourier transform of the chosen exponential part and obtained results show the spatial
frequency or wavenumber present. The wavenumbers are further linked with the dip interval
given by Eg. (2). Results are shown in Fig. A.5(b). (When FFT is performed on the entire
intermediate function (2(b)), the transform shows many other lower velocity modes (Fig. A.5(a))
due to lens interference effects.

4. The velocity of leaky waves (Csaw) is then computed from Eqg. (1) using the results in the previous
step.
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Fig. A.2 Signal obtained after filtering the square of [V(z)] Fig. A.3 V(z) of reference material (Pb) obtained with a
by a moving average filter with bandwidth %‘” 400 MHz frequency.
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Fig. A.4 Intermediate function obtained by processing of the V(z) curve in Fig. A.2 using Eq. (7). The dashed line in the

figure shows the exponentially decaying part chosen for processing the FFT. The exponential decaying part represents
the |Vg| as per the ray model.
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Fig. A.5 (a) The spectrum of the exponentially decaying part represented by dashed lines in Fig. A.4. (b) The spectrum
of the complete intermediate function shown in Fig. A.4. The speed of sound cg,,, for each peak corresponding to the

wavenumber is also shown above the respective peak.
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