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In this work, we generate and probe the shortest wavelength surface acoustic waves to date, at 45 nm, by
diffracting coherent extreme ultraviolet beams from a suboptical phononic crystal. The short acoustic wavelengths
correspond to penetration depths of approximately 10 nm. We also measure the acoustic dispersion in twodimensional nanostructured phononic crystals down to this wavelength for the first time, showing that it is
strongly influenced by the ultrashort acoustic penetration depth, and that advanced finite-element analysis is
required to model the dispersion. Finally, we use pulse sequences to control surface acoustic wave generation in
one-dimensional nanostructured gratings, to preferentially enhance higher-order surface waves, while suppressing
lower frequency waves. This allows us to reduce the generated surface acoustic wavelength by a factor of two
for a defined nanostructure period.
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I. INTRODUCTION

Surface acoustic waves (SAWs) are acoustic modes that
propagate while confined within a very shallow penetration
depth, enabling a broad range of applications in nondestructive material characterization and signal processing. With a
penetration depth corresponding to a fraction of the acoustic
wavelength,1 nanometer-scale wavelength SAWs are needed to
precisely characterize the mechanical properties of nanostructured materials and systems such as multilayers and thin films
used in nanoelectronics and nano-bit-patterned data storage
devices.
Various approaches have been used to generate shortwavelength SAWs. A traditional mechanical transducer generates SAWs with a frequency limited by the electronic response
time.2,3 Ultrafast laser pulses can be used to impulsively heat a
sample, inducing lattice expansion so that SAWs are launched.
By focusing a laser beam onto a small spot, broadband SAWs
can be excited.4 Alternatively, the interference between two
overlapping laser beams can create a transient excitation
grating and launch narrow-band SAWs.5,6 However, the SAW
wavelength excited by these techniques is limited by the
wavelength of the pump laser beam, i.e., barely submicrometer
scale for visible light. To overcome this limitation, metallic
nanopatterned gratings can be optically excited to create
shorter wavelength SAWs.7–12 The wavelength of the SAW
1098-0121/2012/85(19)/195431(8)

excited with nanopatterned structures is then only limited by
the spatial period of the nanopattern.
Several approaches for detecting short-wavelength SAWs
have been demonstrated, including monitoring the straininduced transient reflectivity change7–9 and using interferometric techniques to observe the refractive-index or optical
phase changes induced by the surface displacement.13 However, the resultant signals can be complicated to interpret.
Recently, we used coherent extreme ultraviolet (EUV) beams,
with wavelengths shorter than the SAW wavelength, to directly
probe the SAW-induced surface displacement.10 This results
in an extremely sensitive probe because the induced phase
change on the EUV beam is large. By exciting a prepatterned
one-dimensional (1D) nickel nanograting-on-sapphire sample
with a femtosecond infrared (IR) laser pulse, and detecting
the resultant acoustic waves using an EUV beam, SAWs
with wavelengths as short as 125 nm were measured for
the first time.10 In addition to SAWs, quasiballistic thermal
transport can be detected because of the high sensitivity
of the coherent EUV probe to surface displacements at the
picometer level and below.10,14,15 However, to date, it was not
clear if acoustic signals from 100-nm-scale nanostructures,
with their significantly lower scattering efficiency, would
be detectable, especially in two-dimensional (2D) phononic
crystals where the scattered light is less than in the case of a
one-dimensional grating.
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In this work, we show that we can generate and probe the
shortest wavelength surface acoustic waves to date, at 45 nm,
with corresponding penetration depths of about 10 nm. This
result is significant for nanoscale materials physics because
it makes it possible to selectively probe the mechanical
properties of very thin films and interfaces as well as
nanostructures deposited on, or embedded within, a surface for
the first time. We also characterize the acoustic dispersion of
these nanostructures that is strongly influenced by the varying
penetration depth into the sample. Moreover, to understand and
model acoustic dispersion in these 2D phononic crystals, finite
element simulations are required, because simple approximations can no longer be used (as in the case for 1D phononic
crystals). Finally, we use laser pulse sequences to control SAW
generation in 1D nanostructures, and preferentially enhance
higher-order SAWs, while suppressing lower frequency waves.
This allows us to reduce the generated SAW wavelength and,
consequently, the SAW penetration depth by a factor of two
with respect to the spatial period set by the suboptical phononic
crystal. This has important implications for the ultimate
physical limits that one can probe using acoustic metrology.
II. GENERATING SURFACE ACOUSTIC WAVES IN 2D
NANOSTRUCTURED SAMPLES

For this experiment, we split the output of a Ti:Sapphire
amplifier (2 kHz, 2 mJ, 800 nm, 30 fs) into pump and
probe beams, as shown in Fig. 1. The pump beam is loosely
focused onto the sample to impulsively heat the nanostructured
grating and launch SAWs. In order to uniformly heat the
nanostructures, the pump beam spot is relatively large, around
600 μm in diameter, with a fluence of 8 mJ/cm2 . The probe
beam is focused into a gas-filled hollow waveguide, to generate
extreme ultraviolet beams using the high harmonic generation
(HHG) process, that span a range of wavelengths centered at
30 nm. The pulse duration of the harmonics are even shorter
than the femtosecond laser pulse, and the output HHG beams
are fully spatially coherent when the frequency upconversion
process is fully phase matched.16 The HHG probe beam passes
through two thin Al filters, which block IR laser light and
low-order harmonics, before being refocused by a toroidal
mirror to a diameter of ≈100 μm on the sample. The diffracted

HHG signal is then monitored by an x-ray sensitive CCD
camera.
The samples consist of 1D and 2D nanograting samples, as
shown in Fig. 1. Three different nanogratings were prepared
using electron beam lithography and lift-off techniques,
covering multiple 150 μm × 150 μm regions. The first
sample (sample I) was similar to that used in our previous
experiment,10 consisting of a 20-nm high 1D nickel nanograting on an isotropic sapphire substrate, and it was used as a data
check. The width L of the nickel stripes varied between 65 nm
and 1 μm, with a fixed duty cycle of 25%, so that the grating
period P = 4L. The second sample consisted of 2D arrays of
15-nm-high nickel pillars on an isotropic sapphire substrate,
with nominal pillar widths L ranging from 40 nm to 1 μm, also
at a fixed 25% duty cycle. These two samples can be usefully
compared with each other to study the effect of dimensionality.
Finally, our sample III had geometry similar to sample II,
but with perpendicularly anisotropic Co/Pd multilayer pillars,
which are of great interest because they are commonly used as
a model system for bit patterned media (BPM).17,18 This Co/Pd
grating consisted of 15-nm-high multilayer pillars of width L
ranging from 30 nm to 1 μm patterned on a crystalline silicon
substrate along the Si(100) direction, with grating periodicities
ranging from 45 nm to 1.2 μm.19
Sapphire is transparent to the 800-nm pump light, and
silicon has a relatively long absorption depth at this wavelength. Therefore the pump laser pulse is absorbed mainly
by the nanostructures, heating them rapidly. The laser energy
is first absorbed by electrons; subsequently, fast electronelectron and electron-phonon scattering rates rapidly establish
thermal equilibrium within the metallic nanostructures on
subpicosecond time scales.20 Sudden expansion of the metal
lattice induces stress at the nanostructure/substrate interface
and launches acoustic vibrations in different directions: surface
acoustic waves are localized along the interface of the
nanostructure/substrate system, while longitudinal acoustic
waves propagate into the substrate. The resulting displacement
is monitored by measuring the changes in the diffraction
efficiency of the EUV probe beam as a function of pump-probe
delay. The relative change in EUV diffraction signal in this
experiment is about 3%, which is at least 10 times higher
than that observed using optical probe techniques.7–9,11 As

FIG. 1. (Color online) (Left) Schematic diagram of the experimental setup: a femtosecond IR pump beam is focused onto the nanostructured
sample to generate SAWs. The HHG beam probes the time-dependent surface displacement as a function of time delay between the pump
and probe beams. (Right) Nanograting sample: the height h, nanopattern lateral size L, and periodicity P are indicated for both 1D and 2D
nanogratings.
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Shorter wavelength (higher frequency) SAWs correspond to
stronger surface confinement. The lower graph of Fig. 2 plots
the SAW spectrum from 2D Co/Pd multilayer pillars on Si.
Due to the small pillar width (30 nm) and periodicity (45 nm)
in this sample, the fundamental SAW wavelength of 45 nm
corresponds to the shortest wavelength SAW observed to date.
The propagation of higher-order SAWs in the multilayer pillar
sample appears to be weaker than in the nickel-on-sapphire
sample. However, the damping rate will depend on many
factors such as interface properties and SAW frequency.
Measuring how the SAW velocity changes with wavelength
is important for characterizing nanostructures, interfaces, and
thin films. For the complex 2D phononic crystals studied here,
SAW frequencies as a function of wavenumber for samples
II and III are plotted in Fig. 3. Each SAW wavenumber
corresponds to a different nanograting period. In the case of
the nickel-on-sapphire sample II, three SAW frequencies are
shown, corresponding to the SAW wave vector orientation with
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FIG. 2. (Color online) SAW oscillation signal as a function of
pump-probe delay for three samples. The SAW signal is extracted by
removing the slowly decaying thermal signal (which transforms the
blue curve to the green curve in the top left graph). A Fourier transform
is applied to obtain the frequency spectrum. The top graph shows the
SAW signal and spectrum for 1D Ni-on-sapphire nanogratings with
period 220 nm, the middle graph plots the same for 2D Ni-on-sapphire
nanopillars with 240-nm period, while the lower graph plots SAWs
from 2D Co/Pd multilayer pillars of period 45 nm on Si.

explained below, this makes it possible to observe, study, and
control short wavelength SAW dynamics.
Figure 2 shows typical SAW signals from three samples:
(from top to bottom) 1D Ni nanogratings of line width 65 nm
and periodicity 220 nm, 2D Ni nanopillars of line width
60 nm and periodicity 240 nm, and 2D multilayered Co/Pd
nanopillars of line width 30 nm and periodicity 45 nm. The
fast rising and slowly decaying signal components are caused
by pump beam-induced thermal expansion and subsequent
heat dissipation from the nanostructure into the substrate.15
The fast oscillation signal is due to the propagating surface
acoustic waves. The thermal signal can be removed by using
a simplified exponential fit, while a Fourier transform is
performed to extract the SAW frequencies, as shown in Fig. 2.
By comparing the spectra of 1D and 2D nanostructured
samples in the top and middle graphs of Fig. 2, it is very clear
that more SAW frequencies are generated for the 2D sample
compared with the 1D case. In the frequency spectrum of
the 2D sample, the lowest acoustic frequency corresponds to
the fundamental SAW frequency f0 , while
√ the second peak is
associated with SAWs with a frequency 2f0 corresponding
to the diagonal periodicity. The third peak corresponds to the
second order SAW frequency, which is approximately 2f0 .

FIG. 3. (Color online) Dispersion relations: frequency as a
function of fundamental-order wavenumber k = 2π /P . (Top) Fundamental, diagonal and second order SAW frequencies for the 2D
nickel-on-sapphire sample II. The inset shows the various SAWs.
(Bottom) Fundamental SAW on the Co/Pd multilayer-on-silicon
sample III. The solid lines show the Rayleigh acoustic velocity of the
substrate multiplied by the SAW order. The dashed line is intended
as a guide to the eye.
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respect to the nanograting, as pictured in the inset. To better
distinguish these orders in the figure, all frequencies are plotted
as a function of the fundamental wavenumber k1 (k1 = 2π/P ).
The phase velocity of the SAW is given by v = ω/k, thus v
can be extracted directly from the measurement. Compared
with the fundamental k1 , higher order SAWs have √
shorter
wavelengths and larger wavenumbers, by a factor of 2 for
the diagonal order and by 2 for the second order. Their velocity
can be calculated accordingly. The solid line represents a fit to
the velocity corresponding to the first few data points, i.e., the
lowest values of k or longest SAW wavelengths and penetration
depths. The velocity extracted from the fundamental SAW
is 6040 m/s—consistent with the Rayleigh acoustic velocity
of the isotropic sapphire substrate. The velocities extracted
from the diagonal and second-order SAWs are 5920 and
5980 m/s, respectively. In sample III (Co/Pd multilayer
phononic nanocrystal sample), only the fundamental SAW
dispersion relation is plotted, and the 4840 m/s velocity
extracted from the fundamental SAW is in agreement with
the Rayleigh acoustic velocity of the Si(100) substrate.
The higher wavenumber k (shorter wavelength) data plotted
in Fig. 3 clearly deviate from the constant Rayleigh velocity, indicating that the speed of the SAWs decrease with
wavelength (i.e., periodicity of the nanogratings). To further
explore this trend, we plot the SAW velocity as a function of
wave number for fundamental, diagonal, and second orders,
as shown in Fig. 4 for sample II. It is clear that there is
significant deviation from the Rayleigh velocity of sapphire
(horizontal solid line). In order to explain this behavior, two
approaches were explored. First, we considered an effective
mass-loading approximation. Because the SAW velocity in the
metal nanostructure is slower than that in the substrate for all of
6500
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the samples, the nanostructure will slow the SAW propagation.
As the period of the nanostructures, and thus SAW wavelength,
get smaller, the SAW penetration depth decreases so that
it is more confined in the nanostructure, which contributes
to the deviation from the Rayleigh velocity of the sapphire
substrate. When reducing the period of the nanostructures at
a fixed duty cycle, the height of the nanostructure does not
scale down accordingly but remains constant. The mass of
the nanostructure is thus not proportionally decreasing and
the surface mass density is higher for the smaller gratings,
resulting in a decreasing SAW speed. An effective massloading model, derived from thin film theory using the Datta
and Hunsinger approximation,21 is shown as a dotted purple
line in Fig. 4. This approximation worked well in previous
experiments using 1D nanostructures, which could reasonably
be compared to thin films. However, the surface coverage is
much lower in 2D nanostructured gratings, and as a result, the
Datta and Hunsinger model under predicts the SAW dispersion
by an order of magnitude.
A more accurate method to reproduce the dispersion of
SAW velocity in 2D phononic crystals is based on firstprinciples modeling of the thermomechanics of impulsively
excited samples using finite element simulations.22,23 We calculate the spatially modulated heat-driven initial expansion of
the nanograting. The resulting displacement field is projected
over the set of eigenmodes of the nanostructured sample,
which are solutions of the acoustic eigenvalue problem. This
technique unambiguously resolves which eigenmodes are
impulsively excited. The main contribution to the sample
dynamics is thus revealed as a symmetric SAW, as reported
in the inset of Fig. 4, and we can directly determine its
frequency. This is the first time this technique has been applied
for nanostructures less than 200 nm in lateral size in a 2D
geometry. The fundamental SAW-velocity result of this finite
element analysis is shown as a blue dashed line in Fig. 4, and
it is in agreement with the data.
While we can explain the deviation from the Rayleigh
velocity by considering the properties of both the nanostructure
and substrate, we can also learn about those properties
from the dispersion relation. By measuring the frequency
changes as a function of SAW wavelength using this phononic
crystal, information about the mechanical properties of the
nanostructure and substrate can be extracted and related to
each other. This offers a new method for surface metrology
using picosecond SAWs at ultrashort wavelengths.
III. GENERATING AND SELECTIVELY ENHANCING
HIGHER-FREQUENCY SAWS USING PULSE
SEQUENCES

0.040

2π/P (1/nm)

FIG. 4. (Color online) Velocity dispersion for the 2D nickelon-sapphire sample II for the fundamental, diagonal and secondorder SAW oscillations. The black solid line shows the Rayleigh
velocity of the sapphire substrate. The velocities extracted from the
fundamental, diagonal and second-order measurement are shown as
circles, squares, and triangles, respectively. The purple dotted line
is based on the Datta and Hunsinger approximation, while the blue
dashed line is from a finite element simulation. In the inset we report
the total displacement profile of the generated fundamental SAW, as
calculated by finite element simulations.

An attractive approach for generating shorter wavelength
SAWs relies on modifying the pump pulse that generates the
photoacoustic response so that higher-order SAWs (shorter
wavelength) can be enhanced while suppressing lower orders.
To control the SAW generation, we apply a two-pulse sequence
to the sample, matched to the SAW we are trying to generate, as
shown in Fig. 5. A similar strategy has been used to select and
enhance bulk acoustic waves.24–26 The pump beam is sent into a
Michelson interferometer, which exploits a 50% beam splitter
to generate two pump pulses with a relative delay that can
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FIG. 5. (Color online) Schematic of the modified experimental
setup: a Michelson interferometer is introduced to produce a twopulse pump sequence.

be adjusted by simply moving a translation stage on one arm
of the interferometer. To validate this technique, we used the
simplest 1D nickel-on-sapphire sample I. In this configuration,
the second pump pulse induces an additional stress on the
Ni-sapphire interface, and a second surface acoustic wave is
generated that will reinforce or reduce the first wave depending
on their relative phase. Varying the time delay between the
two pump pulses, we introduce a relative phase shift in the
generated SAW sequence.
Typical time-resolved SAW signals are shown in the top
three curves of Fig. 6, where the sample used was a 1D Nion-sapphire grating of line width L = 220 nm and periodicity
P = 800 nm. The bottom curve in Fig. 6 represents the pure
surface acoustic signal after removing the thermal relaxation
dynamics.
Figure 7 shows the photoacoustic response from the same
grating as in Fig. 6 (with the thermal background removed)
at different relative delay times t between pump pulses.

FIG. 6. (Color online) Time-resolved SAW signal from two-pulse
pump sequence on a 1D Ni-on-sapphire sample with P = 800 nm
(amplitudes of the top three curves are normalized and shifted for
presentation). From top to bottom shows the signal with the pump
pulse 1 only, pump pulse 2 only, and the two-pulse sequence SAW
signal before (blue line) and after (green line) removing thermal
relaxation dynamics. Pump pulse 1 is synchronized with the probe
beam and pump pulse 2 arrives 62 ps later, as indicated by the vertical
dashed lines.

The dynamic signal and the Fourier transform spectrum
demonstrate the coherent interference from two SAWs, which
can be directly controlled by adjusting the time delay between
pulses.
Note that the delay t corresponds to a phase shift of t/T1
for the fundamental SAW mode, where T1 is its oscillation
period. For the second order SAW mode with oscillation period
T2 , the phase shift is t/T2 . From the photoacoustic frequency
spectrum, the second order SAW period is about half of the
fundamental value, i.e., T2 ≈ T1 /2. From the spectrum of
Fig. 7, when both pump pulses arrive at the same time, we
excite the SAW at the fundamental frequency 8.12 GHz (with
a period of T1 = 123 ps). The second-order frequency at 16.24
GHz is relatively weaker. For arbitrary relative time delay
t between the two pump pulses, the total signal S can be
described quantitatively as follows:



t
cos(ω1 t + 1 )
S = θ (t) A1 exp −
τ1



t
cos(ω2 t + 2 )
+ A2 exp −
τ2



t − t
cos[ω1 (t −t)+1 ]
+ θ (t − t) A1 exp −
τ1



t − t
cos[ω2 (t − t) + 2 ] ,
+ A2 exp −
(1)
τ2
where SAWs are described by a sinusoidal function, θ (t)
is a unit step function, A1 and A2 are the SAW amplitudes
for the fundamental and second order, τ1 and τ2 are the
damping rates for both frequencies which depend only on
the materials,  is the initial phase for SAWs, ω1 and ω2 are
the frequencies for both waves. For the case considered here,
where ω2 = 2ω1 = 2ω, Eq. (1) can be rearranged after the
second pump pulse arrives as


t
cos(ωt + 1 )
Sω = A1 exp −
τ1

 
t
cos [ω(t − t) + 1 ]
+ exp
τ1


t
cos(2ωt + 2 )
+ A2 exp −
τ2
 

t
+ exp
cos[2ω(t − t) + 2 ] .
(2)
τ2
For a relative delay between the two pump pulses of
t = T1 /2 = π/ω, a π -phase shift in the fundamental order
is introduced by the second acoustic wave, resulting in
destructive interference (see Fig. 7). Since T1 /2 ∼ T2 , this
delay time corresponds to a 2π -phase shift for the second-order
SAW, resulting in constructive interference. From Eq. (2), it is
clear that for this delay time the SAW signal can be simplified
as




π
t
ST /2 = A1 exp −
1 − exp
cos(ωt + 1 )
τ1
ωτ1




π
t
1 + exp
cos(2ωt + 2 ).
+ A2 exp −
τ2
ωτ2
(3)
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FIG. 7. (Color online) Fundamental and second-order SAWs in a 1D nanograting of 800-nm period, generated by two pump beams separated
by varied time delays. Top to bottom: pumping scheme, extracted SAW signal and frequency spectrum for relative time delays of 0, 31, 62, and
93 ps, corresponding to phase shifts between the fundamental SAWs of 0, π /2, π , 3π /2. Selective control of SAW generation is demonstrated.

The damping rates τ1 and τ2 are relatively long in sample
I, and thus the exponential decay exp( t
) = exp( ωτπ 1 ) term
τ1
is close to 1. The amplitude of the first term in Eq. (3),
(the fundamental SAW), is close to zero, while the second
term (the second-order SAW) is strongly reinforced. For the
800-nm-period grating, the required relative delay between the
two pump pulses to enhance the second order is around 62 ps.
Conversely, for time delays of 31 and 93 ps (corresponding
to π /2 and 3π /2 fundamental phase shifts), the fundamental
frequency is enhanced while the second order SAWs interfere
destructively.

The same approach also works for smaller 1D nanogratings (sample I). For the smallest sample—a 220-nm-period
grating—the SAW signal as a function of pump-probe delay
time, for phase shifts of 0 and π between the two pump
pulses, are shown in Fig. 8. The top left curve in Fig. 8
matches the 1D sample plot in Fig. 3 very well, as expected
since a single pulse excites SAWs in a 1D grating in both
cases. Comparing the results from 0 and π phase shifts
between the two pump pulses, the Fourier transforms clearly
demonstrate that the fundamental order dominates in Fig. 8
top right with no visible second-order frequency in the
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FIG. 8. (Color online) Controlling SAW generation in a P =
220 nm nanograting for zero (top left) and π (lower left) phase
differences between the two pump pulses. The FFT on the lower
right demonstrates selective enhancement of the second order with
suppression of fundamental order SAWs.

spectrum, while the second order is enhanced in Fig. 8 lower
right.
We fit our SAW data to Eq. (2) for each of these two
cases to provide more information about the frequency and
the damping of SAWs. At 0 phase shift, the curve fitting
yields oscillation frequencies of ω1 = 28.44 ± 0.04 GHz and
ω2 = 47.9 ± 0.6 GHz, with damping times of τ1 = 756 ± 141
ps and τ2 = 59 ± 14 ps. For the π -phase shift case, ω2 =
45.6 ± 0.5 GHz and τ2 = 58 ± 11 ps. The consistent values
of ω2 and τ2 show that the same second-order SAW is preserved
and reinforced while the fundamental order is suppressed.
Although a similar Michelson interferometer setup has
been used in previous photoacoustic experiments that used
visible light to pump and probe the SAWs,27 due to the
lower signal-to-noise ratio of the transient optical signal, it
has not been possible to observe the selective enhancement

1

of the second-order SAW until now. The sensitivity of the
short-wavelength EUV probe allows us to observe this control
for the first time, allowing the wavelength and penetration
depth of the SAW to be reduced by a factor of two for a fixed
nanopatterned phononic crystal. The same approach can be
extended to 2D phononic crystals and higher SAW frequencies.
In the future, two-pulse excitation could be extended to a pulse
train designed to allow even more precise control over the
generation and propagation of SAWs.
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In conclusion, we demonstrated two approaches for generating very short wavelength surface acoustic waves using
EUV photoacoustic metrology. First, using 2D nanostructured
gratings with periodicity as short as 45 nm, we generated and probed the shortest wavelength SAWs to date.
These correspond to SAWs with penetration depths of only
approximately 10 nm, leading to large deviations in the
acoustic dispersion from that of the substrate that require
numerical modeling to reproduce. The diagonal and secondorder waves were also observed in the 2D sample geometry.
Second, we used two-pulse sequences to selectively enhance
either the fundamental or second order SAWs by controlling
the relative delay between pump pulses. This allowed us
to generate even shorter-wavelength SAWs in an existing
nanopatterned phononic crystal sample. Combining these two
techniques would result in generation and control of even
shorter wavelength SAWs, and therefore access to even smaller
penetration depths to enable highly sensitive characterization
of ultrathin films and nanostructured interfaces.
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