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Surface acoustic wave propagation on a microscopic two-dimensional phononic crystal consisting of a
square lattice of holes is imaged in two dimensions and in real time at frequencies up to 1 GHz by means of
pulsed ultrashort optical excitation and detection. The acoustic dispersion relation obtained by spatiotemporal
Fourier transforms shows the opening of stop bands at the zone boundaries for surface waves traveling parallel
to the phononic crystal axes. We detect pronounced Bloch harmonics above the stop band, and reveal the
spatial mode distributions at different frequencies. We also observe phonon collimation for frequencies at
which the constant-frequency surfaces become square in shape.
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I. INTRODUCTION

Periodic elastic structures, or phononic crystals, have di-
verse applications for the control of propagating sound.1,2

These materials, with one-, two- or three-dimensional peri-
odicity in their acoustic impedance, possess stop bands
where the elastic waves are heavily damped. The most preva-
lent examples are one-dimensional �1D� phononic crystals
that take the form of interdigital transducers—periodic mi-
croscopic metal gratings on piezoelectric substrates—for
generating and detecting surface acoustic waves �SAWs�.
SAWs, involving a strain field that is localized to within a
distance of the order of the acoustic wavelength from the
surface, are in widespread use in electric filtering and signal
processing applications up to the GHz range.3

The promise of new types of acoustic filtering and sound
control has also stimulated work on bulk,4–6 plate,7–11 or
surface12–19 acoustic waves in two-dimensional �2D�
phononic crystals consisting of arrays of cylinders, spheres
or holes, also down to microscopic scales. Progress has like-
wise been made in the field of three-dimensional �3D�
phononic crystals, for example for the purpose of MHz
sound focusing, GHz band-gap tuning or optical
modulation.20–23 These 2D and 3D structures show stop
bands for bulk or surface acoustic waves, in some cases for
any propagation direction. Among the measurement methods
for characterizing phononic crystals, spatiotemporal scan-
ning of the acoustic field is particularly promising because
the acoustic dispersion relation can be simply obtained by
the use of Fourier transforms.24 Using this method, �1D�
tracking of SAWs on a 2D phononic crystal25 and 2D track-
ing of SAWs on a 1D phononic crystal26 have been reported.
However, the 2D spatial tracking of acoustic waves in a 2D
phononic crystal has not. In this paper we achieve this by
imaging SAWs on a microscopic 2D air-silicon phononic
crystal, and thereby reveal its acoustic dispersion character-
istics. Apart from the field of phononics, this work also has
ramifications in photonics where analogous dispersive phe-
nomena occur.

II. EXPERIMENT

Our 2D phononic crystal consists of an array of air-filled
holes etched in a Si �100� substrate of thickness 0.46 mm
using a DRIE �deep reactive ion etching� process. The holes
have diameter D�12 �m, and are oriented in a regular
square lattice, with lattice constant a�15 �m, that is
aligned with respect to the underlying Si crystal so that the

phononic lattice x and y directions are oriented along �01̄1̄�
and �011̄� �see Fig. 1�. The hole depth was determined using
scanning white light interferometry to be 10.5 �m. The fill-
ing fraction �D2 / �4a2� is 50%. The hole diameter and sepa-

FIG. 1. �Color online� �a� Optical micrograph of the Si phononic
crystal coated with a 40 nm gold layer. The hole diameter is D
=12 �m with lattice constant a=15 �m. �b� SAW image at delay
time �=7.4 ns �c� Outline of experimental setup with SAW image
at �=10.3 ns.
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ration are chosen to match as well as possible the excited
acoustic wave vector spectrum while at the same time allow-
ing sufficient optical access to the surface of the sample.27

The hole depth is sufficient, for the range of surface acoustic
wavelengths excited ���5–50 �m�, for the sample to act
as a phononic crystal. After fabrication the crystal is coated
with a 40 nm Au film for enhanced, uniform reflectivity and
to allow efficient surface-localized thermoelastic
excitation.28 For the surface wave frequency range in ques-
tion �100 MHz–1 GHz�, this film thickness and the substrate
thickness do not have a significant effect on the acoustic
dispersion relation.

An optical micrograph of the sample is shown in Fig.
1�a�. For surface wave imaging we use an optical pump and
probe technique combined with a common-path interferom-
eter based on a Sagnac configuration.29 The normally inci-
dent subpicosecond-duration pump pulses from a Ti:sapphire
laser at a repetition rate of 76.3 MHz have a wavelength of
400 nm after passing through a second-harmonic generation
crystal. These pump pulses, corresponding to an absorbed
fluence �2 mJ cm−2, thermoelastically excite broadband
SAWs by focusing with a �50 microscope objective to a
2 �m diameter spot symmetrically positioned between four
holes in the square lattice. SAW frequencies up to 1.1 GHz
are generated, with the highest acoustic amplitudes occurring
around 400 MHz �or a SAW wavelength of ��10 �m�. The
pump beam is chopped at 2 MHz for synchronous lock-in
detection. We use two, delayed 800 nm optical probe pulses
separated in time by 330 ps to detect an optical phase differ-
ence, �	, proportional to the out-of-plane velocity of the
sample surface. The probe beam is focused through the same
objective lens to the same spot size as the pump. A scanning
system based on tilting mirrors allows the probe spot to be
raster scanned in two dimensions relative to that of the
pump. The pump-probe delay time � is incremented after
each such spatial image has been acquired. The typical sur-
face displacements measured are �10 pm. Modes with pre-
dominantly shear-horizontal polarization �excited in the non-
symmetry directions on the phononic crystal� are only
weakly detected through their out-of-plane displacement by
our apparatus.24

III. RESULTS AND DISCUSSION

A. Real-time imaging and the dispersion for different
propagation directions

A SAW image for a 150�150 �m2 region, correspond-
ing to a 10�10 hole array, is shown in Fig. 1�b� for �
=7.4 ns and in Fig. 1�c� for �=10.3 ns. The SAW amplitude
decreases rapidly with distance from the source at the center
of the image because of acoustic scattering at the air holes
and through geometric attenuation. The fourfold symmetry
of the SAW wave fronts arises mainly from the hole array
rather than from the underlying Si.30 A complete temporal
series of these SAW images consists of 32 frames within
13.1 ns. �An animation can be viewed in the supplementary
material.31� The probe beam is only significantly reflected
from the region between the holes, rather than from the holes
themselves. This restricts the region of the sample available

for imaging. In spite of this, we were able to adequately
image the surface waves traveling in the regions between the
holes.

The acoustic dispersion relation is obtained from a 2D
spatial and a 1D temporal Fourier transform, with integrals
taken, respectively, over the imaged area and one 13.1 ns
period of the laser-pulse train.24–26,32 The phononic lattice
periodicity introduces Brillouin zone �BZ� boundaries in k
space. In the x and y directions the first BZ boundaries are
situated at wave numbers k= 
� /a= 
0.21 �m−1, where
a=15 �m. Because of the periodic excitation at the laser
repetition rate of 76.3 MHz, only surface waves with integral
multiples of this frequency are produced and recorded by the
temporal Fourier transform. Sections of the f-k relation in
different directions, where f is the frequency, are shown in
Figs. 2�a�, 2�c�, and 2�d�. In Fig. 2�a�, corresponding to k
=ky and kx=0, only one acoustic branch is discernable up to
1 GHz. We associate this branch with Rayleigh surface
waves �labeled RW� with velocity �4800 ms−1, a value
similar to the velocity, 5100 ms−1, for x-directed Rayleigh
modes �pseudosurface waves near this direction� on a bare Si
substrate.30,33 �Our thermoelastic source, placed symmetri-
cally between four holes, does not excite pure shear-
horizontal modes. The latter are in any case not detected with
our out-of-plane motion detection.� One can also discern in
Fig. 2�a� a region round 300 MHz where the propagation is
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FIG. 2. �Color online� �a� Measured modulus of the spatiotem-
poral Fourier transform, plotted vs frequency and wave number for
y-directed propagation. �b� Corresponding normalized modulus of
the Fourier transform for the y direction �solid red line�, �=30°
�dashed blue line� and �=45° �dotted green line�, plotted vs fre-
quency on the same scale. Also plotted �dashed-dotted purple line�
is the normalized modulus for an unpatterned region of the sample.
��c� and �d�� Measured modulus of the Fourier transform for �
=30° and 45°, respectively. The upwardly directed arrows in �a�,
�c�, and �d� represent the boundaries of the first BZ for the direc-
tions concerned.
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highly attenuated. The same effect is also observed in the x
direction �not shown�. Combined with evidence from the
constant-frequency surfaces presented later, this attenuation
suggests the presence of a phononic stop band for x- and
y-directed propagation. A surface acoustic wave stop band
for a similar deep-hole Si-air lattice of this type and filling
factor was previously reported by Wu et al.34 The effect of
the finite hole depth in our sample presumably complicates
the band structure in the same way as the finite thickness
does for phononic crystal plates, in which stop bands have
also been detected.8,9

Just above the observed stop band one can see in Fig. 2�a�
striking periodic features in ky separated by the reciprocal-
lattice vector 2�j /a, where j is the unit vector in the y di-
rection and 2� /a=0.42 �m−1. These are Bloch harmonics,
arising because of the periodic potential. These were previ-
ously demonstrated for 1D phononic crystals with the same
experimental technique,26 and are also the subject of inves-
tigations in photonic crystals.35–37 Bloch harmonics arise
when expanding the surface disturbance f�r , t� �i.e., the out-
of-plane surface velocity� in the eigenmodes of the periodic
structure, in this case a square lattice,26,37

f�r,t� = Re �
n
�

1st BZ
An�k��

l,m
Cn,l,m�k�exp	i
k +

2�l

a
i

+
2�m

a
j� • r − i�n�k�t�d2k , �1�

where �n�k� is the angular frequency, l and m are integers,
and i is the unit vector in the x direction. The source func-
tions An�k�, related to the optical excitation and detection,
specify the amplitude of a Bloch eigenstate indexed by k
inside the first BZ and by branch number n. The complex
coefficients Cn,l,m determine the amplitude of each Bloch
harmonic, and depend on the scattering potential. In analogy
to the case for 1D,26 the spatiotemporal Fourier transform
F�k ,�� of Eq. �1� is directly proportional to the product of
An�k�� and Cn�k�=Cn�k�+2�li /a+2�mj /a�=Cn,l,m�k��,
where k� is the equivalent wave vector in the first BZ. The
reciprocal lattice in this case is also a square lattice, and the
Bloch harmonics are therefore expected to form a square
pattern in the constant-frequency surfaces of F�k ,��. Our
experimental results on Bloch harmonics are discussed in
more detail below when we present our results for these
constant-frequency surfaces.

In Fig. 2�b� the normalized amplitude along the RW
branch in Fig. 2�a� is represented by the solid line; a reduced
amplitude in the region of the stop band is evident. For com-
parison purposes we also imaged an unpatterned region of
the sample adjacent to the phononic crystal. In this case we
observe a broad spectrum of frequencies peaked at f
�0.7 GHz �k�0.9 �m−1�, as shown by the dashed-dotted
line in Fig. 2�b�. �A similar spectrum was found for other
samples with the same optical spot sizes.38� This variation
represents the source function An�k� �where k=k���� for
Rayleigh waves on the unpatterned region.

In other propagation directions in the phononic crystal,
such as at angles �=30° and 45° to the x direction, stop
bands are not resolved, as one can understand from Fig. 2�b�

for these two angles and from Figs. 2�c� and 2�d� for �
=30° and 45°, respectively. In Fig. 2�b� it is clear that the
RW branches for 30° and 45° propagation, with correspond-
ing velocities 4300 and 3900 ms−1, have a lower relative
amplitude at frequencies f 0.6 GHz than for the case of
�=0°. This may not seem surprising given that the spaces
between the holes provide avenues for relatively unimpeded
RW propagation in the x and y directions when ��a �see
Fig. 1�a��. However, a more rigorous explanation is a colli-
mation effect arising from the phononic band structure, dis-
cussed below in connection with the constant-frequency sur-
faces.

B. Constant-frequency surfaces

We were also able to derive experimental constant-
frequency surfaces F�k ,�� for integral multiples of 76.3
MHz, as shown for five consecutive frequencies on the left-
hand column of Figs. 3�a�–3�e�. �A complete series of these
surfaces up to 1.1 GHz can be viewed in the supplementary
material.31� The right-hand column provides a guide to the
origin of the features seen. The dashed lines indicate periodi-
cally arranged first BZs. The overlapping circles represent
the effect of the periodic potential on the position of the
expected features in reciprocal space when accounting for
the Bloch harmonics for all BZs �not just the first�. These
circles arise from the assumption of an isotropic RW
constant-frequency surface �the central circle� that is
matched to the experimental results for the predominant x- or
y-directed RW, and only provide a rough guide. The posi-
tions where the circles overlap should lead to enhanced fea-
tures in the case of a weak periodic potential. An animation
of the circles increasing in size when superposed on the vari-
ous BZs can be viewed in the supplementary material.31

At 153 MHz, as shown in Fig. 3�a�, the RW mode forms
a central ring characteristic of Si �100�.30 This ring is also
visible as a ghost shifted by the reciprocal-lattice vector in
the 
x and 
y directions, owing to the effect of the Bloch
harmonics �corresponding in position to the blue circles on
the right�. The slight asymmetry between the Bloch harmon-
ics and other features in the x and y directions may be caused
by some ellipticity in the optical pump spot shape or to re-
sidual misalignment in the position of the optical pump spot
with respect to the phononic crystal lattice.

At 229 and 305 MHz, as shown in Figs. 3�b� and 3�c�, the
constant-frequency surface splits into four symmetric parts,
and a stop band opens up near 305 MHz for RWs propagat-
ing within an angle ��1 /2�10° to the 
x and 
y directions
�Fig. 3�c��. This behavior is consistent with the angular de-
pendence of Fig. 2.

At 382 MHz, as shown in Fig. 3�d�, a large square array
of periodic dots appears superimposed on a rounded-square
shaped constant-frequency surface. These dots are evidently
Bloch harmonics, and correspond to the points where four
circles of radius 2� /a�=0.42 �m−1� in k space overlap at a
single point �see right-hand figure�. This factor of four evi-
dently contributes to their enhanced intensity. This overlap is
responsible for the periodic features we noted in Fig. 2�a�
just above the stop band for y-directed propagation. Repre-
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sentative sections of the constant-frequency surface at 382
MHz that reveal the Bloch harmonics are given in Fig. 4. As
is generally the case in periodic systems, one expects the
effects of a weak periodic potential to be most strongly mani-
fested in the region of the BZ boundaries, in this case when
kx or ky touch the boundary of the second BZ. A periodic
array of dots is evident to a lesser extent in Fig. 3�b� �and
noticeable as the periodic features noted in Fig. 2�a�� where

the circle radius is close to � /a and adjacent circles again
overlap at a single point. A detailed quantitative explanation
for these enhancements of the Bloch harmonics, not noted in
similar experiments in 1D,26 would require a detailed analy-
sis of the phononic band structure.

For the higher frequency of 458 MHz, as shown by the
plot of Fig. 3�e�, the constant-frequency surface remains
nearly square in shape, and shows significant amplitude in
the higher order BZs. An approximately square constant-
frequency surface for the case of bulk waves has been theo-
retically predicted for lattices of cylinders.39–42 This square
shape leads to regions of the constant-frequency surface in
the x and y directions with low curvature. Wave vectors lying
on these regions do not dephase during propagation through
the crystal, resulting in nondivergent propagation, a phenom-
enon known as self-collimation that is analogous to phonon
focusing in anisotropic homogeneous crystals.43,44 This ef-
fect is largely responsible for the angular dependence in the
intensities seen in Fig. 2. More evidence for this effect is
given in the next subsection.

C. Spatial distributions at constant frequency

Further insight into these results can be obtained from the
spatial distribution of the eigenmodes at each frequency
F�r ,�� derived from the temporal Fourier transforms. The
results for the same five frequencies as in Fig. 3 are shown in
both amplitude A= F�r ,�� ��a�–�e�� and phase �
=arg�F�r ,��� ��f�–�j�� in Fig. 5 for a 150�150 �m2 region,
each series plotted on identical scales. �A complete series of
these plots can be viewed in the supplementary material.31�
The position of the 10�10 array of holes is particularly clear
from the regions of low amplitude in Fig. 5�a�, and also
shown for four adjacent holes in Figs. 5�b� and 6�b�. The
mode patterns at all these frequencies approximately show
the fourfold symmetry of the phononic lattice. This is par-

FIG. 3. �Color online� Constant-frequency surfaces from the
modulus of spatiotemporal Fourier transforms for �a�–�e� 153, 229,
305, 382, and 458 MHz. The line grids indicate the periodically
arranged first BZ. Identification of the features is aided by the con-
struction on the right: the blue circles represent the RW Bloch har-
monics corresponding to the central �red� circles. To the right of �d�,
dots have been added �in red� to correspond to the experimental
features seen in �d�.
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ticularly evident in the phase; as the frequency increases the
patterns become finer since the wavelength decreases. The
larger amplitudes seen near the center of each image for A
are partially caused by the broadband response to the tran-
sient thermoreflectance and partially by the effects of geo-
metrical attenuation associated with the spreading 2D wave-
packet. These results for amplitude and phase at different
frequencies can be effectively viewed as animations in the
form A cos��t+��.31 Snapshots at six different frequencies

of the quantity A cos �=Re�F�r ,��� are shown in Fig. 6.
The advantage of viewing A cos � is that it represents the
instantaneous phonon field at a specific time during a single
cycle, and is a snapshot of what would be directly observed
if the center of the phononic crystal was continuously excited
at a constant frequency. As with the phase images, the pat-
terns clearly show the dominant acoustic wavelengths at
each frequency.

As expected from the form of the constant-frequency sur-
face, at 153 MHz the phonon field retains an element of
circular symmetry because of the relatively long wavelength
���3a� compared to the hole spacing, as can be seen from
the phase in Fig. 5�f� and from A cos � in Fig. 6�a� �and also
at 76 MHz �Ref. 31��.

At 229 MHz, the wave number for the x direction is kx
� 
� /a�=0.21 �m−1�. The corresponding acoustic wave-
length is �x=2a. One can indeed see periodicity in the pat-
terns of Figs. 5�b�, 5�g�, and 6�b� consistent with �x=�y
�2a: the maxima in amplitude occur at points approxi-
mately equidistant between four holes, and adjacent unit
cells vibrate in antiphase. For the x and y directions this
mode is a pure standing wave that satisfies the Bragg scat-
tering condition.45

At 305 MHz, the effect of the directional stop band is to
diminish the relative intensity of the phonon field in the 
x
and 
y directions. The effect of this stop band is not as
evident in real space as it is in k space �Fig. 3�c��. A detailed
prediction of the angular dependence of the phonon field
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FIG. 5. �Color online� ��a�–�e�� Measured modulus A of the
temporal Fourier transforms, plotted in real space over a 150
�150 �m2 region at different frequencies. Identical scales are used
in each case, so that the amplitude of the plots accurately represents
the relative amplitudes observed in experiment. ��f�–�j�� Measured
phase � of the temporal Fourier transforms.
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FIG. 6. �Color online� Measured real part A cos � of the tem-
poral Fourier transforms at different acoustic frequencies, plotted in
real space over a 150�150 �m2 region. Identical scales are used
in each case.
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would require a detailed knowledge of the phononic band
structure.

As explained above in relation to the Bloch harmonics of
Fig. 3�d�, an effect similar to that at 229 MHz arises at 382
MHz �Figs. 5�d�, 5�i�, and 6�d��: at 382 MHz the k vector in
the x or y directions or in the 45° directions is closely equal
to a reciprocal-lattice vector �
2�i /a, 
2�j /a, or

2�i /a
2�j /a�. For example, the corresponding wave
number in the x direction is kx� 
2� /a in the extended-
zone scheme, with acoustic wavelength �x=a. Periodicity in
the patterns of Figs. 5�d� and 5�i� consistent with �x=�y
�a is evident. Maxima in amplitude occur at points equidis-
tant between any four holes, and subsidiary maxima occur at
points equidistant between any two holes. These two series
of maxima correspond to points oscillating in antiphase. To a
good approximation this mode is a pure standing wave that
satisfies the Bragg scattering condition for all propagation
directions. Because of the nearly square shape of the
constant-frequency surface at this frequency, this mode is
equivalent to k�0 in the reduced-zone scheme �in which the
�−k relation is folded back into the first BZ� for nearly all
k. Analogous k=0 modes have also been observed in 1D and
2D surface phononic crystals.46–48

At 458 MHz and at 534 MHz �Figs. 6�e� and 6�f��, and
also at 229 MHz �in Fig. 5�b��, phonon collimation in the x
and y directions can be clearly seen. �This is particularly
clear in the animations of A cos��t+��.31,49� This effect has
been experimentally observed in bulk phononic crystals.40,42

The effect is also well known in photonic crystals, where it is
known as photon focusing or self-collimation,50 and is con-
sidered to be a promising method for guiding light
beams.51,52

IV. CONCLUSIONS

In conclusion, by means of a dynamic imaging technique
we have directly probed the eigenmodes and the dispersion
relation, including a directional stop band, for surface wave
propagation in a 2D phononic crystal consisting of a square
array of finite-depth holes in a Si crystal. Moreover, we have
revealed the presence of highly pronounced Bloch harmonics
above the stop band, posing a challenge for quantitative the-
oretical interpretation. Another welcome advance would be
the derivation of the constant-frequency surfaces for surface
waves traveling over such a finite-depth square lattice array.
More experimental investigations are also required to better
understand the form of the constant-frequency surfaces. It
would be interesting to carry out a further series of measure-
ments to elucidate the effects of different hole depths. The
present signal-to-noise ratio might also be improved by using
elongated optical spots to excite surface waves in chosen
directions. In addition, a finer frequency step could be ob-
tained by the use of a laser of lower repetition rate in order to
obtain a higher-definition measurement of the phononic band
structure.
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