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Optical generation of surface acoustic waves guided at the linear boundary
between two thin films
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Japan
2
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Germany
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Laser-induced transient grating measurements and ultrafast optical pump-probe imaging of surface
acoustic waves near a linear boundary between copper and silica films on a silicon substrate indicate
the presence of a boundary-localized mode with a phase velocity slightly below the Rayleigh wave
velocity on the copper film. We analyze in detail the dispersion of this localized mode in comparison
with that of the Rayleigh waves in the surrounding materials. The existence of the localized mode
is ascribed to the nonuniformity of the copper film thickness near its edge resulting from polishing
during fabrication. © 2010 American Institute of Physics. 关doi:10.1063/1.3298472兴
I. INTRODUCTION

Extensive research on laser-generated surface acoustic
waves 共SAWs兲 in supported thin films1,2 has been primarily
motivated by film thickness and mechanical property measurements. Initially this work largely involved “blanket” thin
films that for all intents and purposes can be considered infinite. Recently, laser-generated SAWs in patterned thin film
microstructures comprised of different materials have also
attracted attention.3–6 This activity is stimulated by the proliferation of photoacoustic techniques in process control applications in silicon microelectronics,7,8 where patterned thin
film structures play a crucial role.
The interaction of SAWs with the linear boundary between two thin films made of different materials on a substrate is an interesting but little-studied problem. SAWs
should undergo refraction and reflection at such a
boundary9,10 in a similar way to bulk acoustic waves at a
planar interface.11 It is known that under certain conditions a
planar interface between two solids may support a guided
acoustic mode referred to as a Stoneley wave.11–13 An interfacial wave may also exist if one of the media is inhomogeneous near the interface.14 A surface wave localized at a
linear interface between two thin films would present a surface analog of the Stoneley wave. Guided waves of this kind
have been studied neither theoretically nor experimentally.
The possibility of the existence of surface waves localized at
a boundary between two “quarter spaces” filled with different materials has been suggested,15 but no evidence that such
waves actually exist has been reported.
In this study, we present experimental observations of a
surface acoustic mode guided at a linear boundary between
two thin film structures on a silicon substrate. We believe
that the observed guided wave is associated with a waveguide channel near the boundary formed due to a film thickness nonuniformity, and thus does not present a true analog
a兲
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of an interface wave between two homogeneous materials.
The question of the existence of surface waves guided at a
linear boundary between two uniform thin films remains
open, and we hope that this work will stimulate the search
for such waves. The present study also involves a practical
aspect: laser-generated SAWs are routinely used for metal
film thickness profiling,8 and the existence of a localized
boundary mode significantly affects measurements performed close to the boundary.

II. EXPERIMENT
A. Sample

The sample manufactured by International Sematech
comprises various copper test structures embedded in silicon
oxide 共SiO2兲 on a 200 mm 共100兲 silicon wafer. One of the
structures is a 0.5⫻ 0.5 mm2 copper square surrounded by
the oxide film, as shown in Fig. 1共a兲, with the sides of the
square aligned along the 关110兴 direction of Si. A cross section
of the sample is schematically shown in Fig. 1共b兲. The patterned copper structure is fabricated by the so-called damascene process,16 which involves patterning the dielectric
film, depositing a Ta diffusion barrier and a seed Cu layer by
physical vapor deposition, depositing the bulk of Cu by electroplating, and, finally, polishing off the excess copper by
chemical-mechanical polishing 共CMP兲. Ideally, the Cu surface should be level with the surrounding dielectric. Often in
practice and in the case of our sample, however, the Cu is
overpolished and recessed with respect to the surface of the
dielectric. This phenomenon called “dishing” is especially
pronounced on the larger Cu pads on the wafer. Figures 2共a兲
and 2共b兲 show atomic force microscope 共AFM兲 profiles measured across the Cu/ SiO2 boundary on two identical structures respectively located at the center and at the edge of the
wafer. Copper dishing on our wafer is significant, especially
at the wafer edge where it is about twice as large 共160 nm兲 as
at the wafer center 共80 nm兲.
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scope, yielding an effective detection bandwidth ⬃1 GHz.
The excitation spot size is 300⫻ 50 m2 共with the long dimension along the wavevector of the grating兲, and the probe
spot size is 50⫻ 25 m2.
As shown in Fig. 1共c兲, the excitation pattern is aligned to
produce an acoustic wavevector directed along the boundary
between the Cu and SiO2 films. The sample is put on a motorized stage and translated perpendicular to the boundary.

Excitation spot
Probe
scan
area

Probe
spot

Probe
spot
Excitation spot

FIG. 1. 共Color online兲 Schematic diagrams of the sample. 共a兲 Top view of
the copper pad. 共b兲 Cross section of the sample near the edge of the pad 共not
to scale兲. 共c兲 Measurement site for the laser-induced grating experiment with
the pump and probe laser spots schematically shown; both spots are scanned
in the horizontal direction. 共d兲 Measurement site for the ultrafast imaging
experiment with the pump and probe laser spots schematically shown; the
pump spot position is fixed while the probe spot is scanned in both
directions.

B. Transient grating apparatus

The transient grating setup, involving optical heterodyne
detection, has been described in detail previously.17 In summary, two excitation pulses derived from a single laser 共of
pulse duration 0.5 ns, wavelength 532 nm, total energy at the
sample ⬃1 J, and repetition rate 1.5 kHz兲 are crossed at
the sample surface to form sinusoidal fringes with a period in
the range 4 – 10 m. Absorption of the excitation light followed by rapid thermal expansion generates counterpropagating acoustic modes at a wavevector defined by the periodicity of the excitation grating. Detection of the surface
ripples associated with surface acoustic modes is performed
by means of the diffraction of the quasi-cw probe beam 共of
wavelength 830 nm, power at the sample ⬃100 mW兲 focused at the center of the excitation pattern. The diffracted
beam, amplified by the use of optical heterodyning, is detected with a fast photodiode and fed to a digital oscillo-

FIG. 2. 共Color online兲 AFM profiles across the Cu/ SiO2 boundary 共dashed
line兲 measured 共a兲 at the wafer center and 共b兲 at the wafer edge.

C. Ultrafast pump-probe imaging setup

For surface wave imaging we use an optical pump and
probe technique combined with a common-path Sagnac
interferometer.18 We use normally-incident subpicosecondduration 400 nm, 0.3 nJ pump pulses from a Ti:sapphire laser
at a repetition rate of 75.8 MHz to thermoelastically excite
broadband SAWs. These pulses are focused with a combination of a cylindrical lens and a ⫻50 microscope objective to
an elongated elliptical spot of dimensions 30⫻ 2 m2 on a
point on the copper situated adjacent to the Cu/ SiO2 film
boundary, as shown in Fig. 1共d兲. SAW frequencies up to
⬃1 GHz are generated, propagating parallel to the boundary, with the highest acoustic amplitudes occurring around
400 MHz 共or a SAW wavelength of  ⬃ 10 m兲. The pump
beam is chopped at 1 MHz for synchronous lock-in detection. The probe beam is focused through the same objective
lens to an approximately circular spot of diameter 2 m. We
use two delayed 800 nm optical probe pulses separated in
time by 330 ps to detect an optical phase difference proportional to the out-of-plane velocity of the sample surface. A
scanning system based on tilting mirrors raster scans the
probe spot in two dimensions relative to the pump spot. The
pump-probe delay time is incremented after each such spatial
image has been acquired in order to obtain a series of 64
images over the 13.2 ns period of the laser pulse repetition.
III. RESULTS AND DISCUSSION
A. Transient grating measurements

Figure 3共a兲 shows the detected signal at an acoustic
wavelength of 5 m measured on the Cu pad at the wafer
center at a distance of 50 m from the edge of the pad. The
sharp rise from the zero level corresponds to the moment of
sample excitation. The high frequency oscillations are due to
SAWs, whereas the slowly decaying component is due to the
contribution of the “thermal grating” associated with the periodic temperature profile.2 The spectrum of the acoustic oscillations shown in the inset reveals two acoustic modes of
the film/substrate system, referred to as Rayleigh and Sezawa
waves,11,12 the latter being much weaker in amplitude. The
measured phase velocity dispersion for the two modes is presented in Fig. 3共b兲. Using a numerical analysis,2,19 dispersion
curves were fitted to determine the thickness of Cu and SiN,
as shown by the solid lines in Fig. 3共b兲. The SiN layer had an
initial thickness of 100 nm, and served as an etch stop in the
damascene process; it was partially etched away prior to the
Cu deposition. The fitting procedure resulted in good agreement between the measured and calculated dispersion
curves, and yielded thicknesses 229 nm/42 nm for Cu/SiN,
respectively at the wafer center and 148 nm/33 nm at the
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FIG. 3. 共Color online兲 共a兲 Signal waveform from the laser-induced grating
experiment and Fourier spectrum of the acoustic oscillations 共inset兲 inside
the copper pad at a point 50 m from the boundary at the acoustic wavelength 5 m, measured at the wafer center. 共b兲 Measured 共circles兲 and
calculated 共solid lines兲 dispersion curves of surface acoustic modes for the
copper pad at a point 50 m from the boundary. Solid circles correspond to
measurements at the wafer center, open circles to measurements at the wafer
edge.

wafer edge. The difference in the Cu thickness resulting from
the overpolishing is in agreement with the AFM profiles.
Figures 4 and 5 show what happens when the laser spot
is scanned across the boundary between copper and silica. As
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expected, outside the copper pad the Rayleigh wave frequency is significantly higher than inside the pad owing to
the higher acoustic velocities and lower density of SiO2 compared to Cu. The signal inside the copper pad is much higher,
as both the generation and detection of SAWs are more efficient due to the higher expansion coefficient of Cu and due
to its higher reflectivity for the probe beam. In the proximity
of the boundary, a new peak, slightly lower in frequency than
the Rayleigh wave on Cu, emerges in the spectrum. This
peak apparently corresponds to a waveguide mode localized
near the boundary, whose frequency and, hence, phase velocity is lower compared to SAWs.
Figures 6共a兲 and 6共b兲 show the dispersion curves for this
localized mode together with that of the Rayleigh wave,
measured at the center and the edge of the wafer, respectively. One can see that the separation between the modes at
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FIG. 4. 共Color online兲 共a兲 Signal waveforms from the laser-induced grating
experiment, and 共b兲 corresponding spectra, at different distances of the center of the probe laser spot from the boundary at the acoustic wavelength
5 m, measured at the wafer center. The negative sign corresponds to the
position to the left of the boundary, i.e., inside the copper pad. The distance
is controlled with ⬃1 m precision, small compared to the laser spot size.
The intensity of the spectrum shown at the bottom was increased by a factor
of 100 to make it comparable in amplitude with other spectra. The small
high frequency peak in the bottom spectrum corresponds to the Rayleigh
wave in the SiO2 field.
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FIG. 5. The dependence of the acoustic mode frequencies at the acoustic
wavelength 5 m on the laser spot position with respect to the boundary,
measured with the laser-induced grating technique at the wafer center.
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FIG. 6. 共Color online兲 Dispersion curves of the boundary mode 共closed
circles兲 and the Rayleigh waves on Cu 共open circles: measurements, solid
lines: calculations兲 measured at 共a兲 the wafer center and 共b兲 the wafer edge
with the laser-induced grating technique.
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FIG. 7. 共Color online兲 共a兲 Laser-induced grating signal waveform and 共b兲
spectrum measured at the wafer edge at the acoustic wavelength 4.5 m
共wavenumber 1.41 m−1兲, with the center of the laser spot located inside
the copper pad at a distance of 7 m from the boundary.

the wafer edge is about twice as large as at the center. This
fact suggests that the dishing of copper, which is about twice
as large at the wafer edge as at the center, is the key factor
responsible for the existence of the boundary mode. Thicker
Cu yields a lower SAW velocity, and thus the strip of thicker
copper near the boundary of the pad forms a waveguide
channel for SAWs. For the structure located at the wafer
edge, another guided mode splits from the Rayleigh wave
peak at short wavelengths, as can be seen in Fig. 7. The
appearance of higher order modes at shorter wavelengths is
another typical characteristic of a waveguide channel.
B. Ultrafast imaging measurements

The transient grating technique yields accurate frequency measurements of the localized boundary mode, but
the information obtained from these measurements is spatially averaged owing to the size of the probe spot. To investigate the acoustic field in the boundary mode, we turn to the
ultrafast pump-probe imaging technique. A real time movie
of a 50⫻ 250 m2 region at the edge of the Cu pad at the
wafer center is available in the supplementary information.20
The real time movie is comprised of a superposition of
SAWs at the excited frequencies, corresponding to multiples
of the laser repetition rate. Single frequency images were
obtained by temporal Fourier transforms.21 Figures 8共a兲 and
8共b兲 show images corresponding to 531 and 455 MHz, respectively. The elliptical pump spot is located at the bottom
of these images, as indicated in the figures. In each case one
can clearly identify the boundary mode localized at the edge
of the copper pad having a smaller wavelength 共and, consequently, a smaller phase velocity兲 than the Rayleigh wave
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FIG. 8. 共Color online兲 Frequency-filtered images of the acoustic displacement at 共a兲 531 MHz and 共b兲 455 MHz measured by the ultrafast imaging
technique at the wafer center. The dashed lines show the Cu/ SiO2 boundary.
The ellipses at the bottom of the images show the source position. 共c兲 Comparison of the wavenumber vs frequency measurements based on the images
in 共a兲 and 共b兲 共shown by triangles兲 with the frequency vs wavenumber
measurements done with the transient grating technique 共shown by circles兲.
Open symbols correspond to the Rayleigh wave, closed symbols to the
boundary mode. Dashed lines connecting the points measured by the transient grating method serve as a guide to the eye.

inside the Cu pad. Figure 8共c兲 presents a comparison of the
acoustic wave numbers measured from the images as a function of frequency with the results of the transient grating
measurements. There is a difference in the method of data
acquisition in our two experimental techniques. In the ultrafast imaging method, we measure the wave number as a
function of frequency, whereas in the transient grating
method we measure the frequency as a function of the wave
number. Figure 8共c兲 indicates a small 共⬃1%兲 systematic discrepancy between the two techniques. This error could arise
from a combination of a small difference in measurement
positions on the Cu pad or from a small discrepancy in the
calibration of the distance scales in the optical techniques.
Because the velocity of the guided boundary mode is
very close to that of the Rayleigh wave, the former is not
entirely localized within the waveguide. This can be clearly
seen in Fig. 8共b兲, where this guided boundary mode occupies
a strip more than 10 m in width, whereas the width of the
region with a higher Cu thickness, according to the AFM
profiles shown in Fig. 2, is less than 10 m. Indeed, outside
the waveguide, that is in the area where the film thickness is
uniform, the amplitude U of a waveguide mode should undergo exponential decay22
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U ⬀ exp共− kx兩x兩兲,

共1兲

where x is the coordinate perpendicular to the waveguide,
and
kx = k

冑

1−

v2
vR2

共2兲

,

IV. CONCLUSIONS

where k and v are the wavenumber and phase velocity of the
waveguide mode, respectively, and vR is the phase velocity
of the Rayleigh wave outside of the waveguide. If v is close
to vR, we obtain the following result for the penetration
depth ␥ outside the waveguide:

␥ = 1/kx =


23/2

boundary mode results from the dishing of copper, it might
prove useful in CMP process control: for example, the presence or absence of the boundary mode at certain wavelengths
may indicate that the dishing is above/below acceptable levels.

冑

vR
,
共vR − v兲

共3兲

where  is the wavelength of the guided mode. The waveguide mode should therefore become more delocalized at
long wavelengths as the velocity difference diminishes. In
our case, the relative velocity difference between the guided
boundary mode and the SAW within the Cu pad is 2.3% at
531 MHz and 1.5% at 455 MHz. Accordingly, Eq. 共3兲 gives
a penetration depth into the Cu pad outside the waveguide
equal to ␥ = 5.5 m in the former case and ␥ = 8.5 m in the
latter case. The increase in the value of ␥ with decreasing
frequency qualitatively accounts for the increase in the width
of the strip evident in Figs. 8共a兲 and 8共b兲 that is affected by
the boundary mode. The penetration depths into the area outside the copper pad, according to Eq. 共2兲, are ␥ = 2 and
2.8 m at 531 and 455 MHz, respectively. These much
smaller penetration depths arise because of the significantly
larger Rayleigh wave velocity outside the pad. Unfortunately, the low signal strength outside the Cu pad did not
allow an accurate measurement of the acoustic field distribution there.
C. Discussion

By analogy to the way in which bulk acoustic waves
may become guided by an interface between two media,
SAWs can become localized at a linear edge or a boundary
between two thin film structures. Such guided modes are
decoupled from surface waves in the areas on either side of
the boundary as well as from the bulk waves in the substrate,
and can only be excited by a source located in close proximity to the boundary. Laser acoustics thus presents a very convenient tool for studying these modes. We have demonstrated
that dispersion of the localized boundary modes can be measured with laser-induced transient gratings, whereas their
spatial distribution can be measured with an ultrafast imaging technique.
The boundary mode reported in this paper is guided by a
region of thicker copper near the edge of the film. The question of whether there exists a one-dimensional analog of the
Stoneley wave, that is a localized surface mode guided by a
linear boundary between two films of uniform thickness on a
substrate, or between two media each occupying a quarter
space, is still open. The experimental techniques used in this
work present an adequate tool for looking for such waves.
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