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ABSTRACT  We demonstrate a new optical method for the dynamical imaging of surface 
acoustic waves at frequencies up to 1 GHz with picosecond temporal and micron spatial 
resolutions. Using samples with isotropic or anisotropic substrates coated with metallic thin films, 
we image the surface wave propagation, and give examples of how the dispersion relation can 
be directly derived from such data. 
 
 
The optical generation and detection of surface acoustic waves (SAW) can be used to determine 
the thickness and elastic properties of thin films of micron or sub-micron thickness 
non-destructively.  Recently SAW have been studied extensively because of the ubiquity of 
SAW filters in communication systems. One of the main interests in SAW physics is the surface 
phonon focusing effect, seen in anisotropic materials. The SAW energy can be strongly 
concentrated in certain directions because the slowness surface for the material becomes 
concave in these directions. Surface phonon focusing has been studied theoretically for many 
years [1-3]. In SAW experiments using laser ultrasonics techniques, two kinds of SAW excitation 
have predominantly been used: one involves focusing the laser radiation to a point or line on the 
sample surface [4-6]; the other involves transient gratings produced by crossing two laser pulses 
at the sample surface [7-9]. The intrinsic SAW propagation properties of anisotropic materials, 
such as the cuspidal structure of the wavefronts, become apparent when the laser radiation is 
focused to a point source.  
 
 
Imaging methods for SAW were developed over the same period as those for bulk phonon 
focusing [10]. Various methods for imaging SAW have been proposed, such as dust removal [11], 
point-focus transducers in water [12], stroboscopic x-ray topography [13], voltage-contrast 
scanning electron microscopy [14], scanning acoustic force microscopy [15], stroboscopic 
phase-shift interferometry [16], and laser knife-edge detection [17]. SAW propagation in 
anisotropic materials has, in particular, been investigated with point-focus transducers in water 
and by the dust removal method.  Conventional optical detection methods are promising 
[4-6,17], but the signal-to-noise ratio at present seems insufficient for real-time imaging of 
surface phonon focusing patterns in anisotropic materials where in some propagation directions 
the signals can become very small.  

 



 
 
Here we present a new optical method for real-time imaging of SAW with wavelengths of a few 
microns and frequencies in the 100 MHz to 1 GHz range using ultrashort-pulse optical excitation 
and interferometric detection[18]. With this method SAW at frequencies up to 1 GHz are 
generated from a point source in isotropic and anisotropic materials, allowing animations to be 
produced with picosecond temporal and micron spatial resolution. 
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Fig. 1. Interferometric set-up for SAW imaging. PBS, NPBS and �/4 stand for polarizing beam 
splitter, non-polarizing beam splitter and quarter-wave plate, respectively. 
 
 
Experiments are carried out with metallic thin films on transparent substrates. The SAW are 
excited by visible pump pulses of duration ~ 1 ps, repetition rate 80 MHz (one pulse every 12.5 
ns), wavelength 415 nm, and incident fluence ~1 mJcm-2, derived from a mode-locked 
Ti:sapphire laser. The pump light is focused at normal incidence through a long-working-distance 
microscope objective lens from the substrate side of the sample to a spot of diameter ~2 �m (full 
width at half maximum). (Increasing the spot size results in longer wavelength SAW generation.) 
For the present samples, the generation is governed by the thermoelastic effect. For the case of 
a thin film on a substrate the SAW phase velocity will vary significantly with acoustic wavelength 
when the film dimensions are of the same order as the film thickness [19]. For this reason the 
optimum choice of pump spot size, when it is required to probe the film thickness through SAW 
measurements, will depend on the film in question. The SAW detection is done 
interferometrically by two probe pulses of wavelength 830 nm, temporally separated by 
approximately 500 ps, focused at normal incidence through another objective lens onto the front 
surface of the film. We use a highly stable common-path interferometer [20], slightly modified 
from the form proposed by Hurley et. al. (Fig. 1). A tilted polarizing beam splitter is used instead 
of a polarizer, and this makes it possible to obtain the optical phase change signal �� directly. By 
scanning the relative positions of the pump and probe spots, the interferometer allows SAW 
wavefronts to be observed with ~pm vertical and ~�m lateral spatial resolution. This is done by 
moving the pump or probe objective lens with an x-y scanning stage. By changing the optical 
path of the pump beam with a 0 to 4 m optical delay line, we can obtain a scanning time range of 
0 to 12.5 ns and picosecond temporal resolution (determined only by the optical pulse duration).   
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wavevector) of the time-dependent coherent surface disturbance f(r,t), a real function, where 
f(r,t) represents the experimental difference in phase ��: 
 

    (1) f (r,t) � F(k,t) exp ik �r� �d2k
��

�

� � Re F0(k) exp i(k � r� � (k)t)� �d2k
��

�

� ,

   F(k,t) � 1
2
F0 (k)exp[�i� (k)t] � F0

* (�k)exp[i� * (�k)t]� � ,  (2) 

where the wave propagation is assumed to be governed by a single mode and by a linear wave 
equation that may in general include loss terms. If three consecutive F(k,t) at constant interval t1 
are known (with the central time defined here as t=0), the use of Eq. (2) allows us to obtain �(k): 
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    cos[�(k)t1] �
F(k,�t1 ) � F(k, t1)

2F(k,0)
,    (3) 

provided that (i) �(k)=��*(k), implying negligible acoustic attenuation, and (ii) �(k)=�(-k), 
implying a laterally homogeneous sample. These two conditions are satisfied for our probed 
areas. Equation (3) gives �(k) for a single mode from three images of f(r,t).  
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We have performed calculations for the first Rayleigh-like mode of the gold-glass 
combination[19], using the 70 nm film thickness and literature values of the elastic constants (in 
particular, the substrate Young’s modulus E=71.5 GPa, the Poisson’s ratio �=0.219, and the 
density �=2.55 gcm-3). The agreement between the calculated and experimental dispersion 
relation in Fig. 3 is excellent. This suggests that significant excitation of only this particular mode 
occurs for the frequency band concerned. Using the above equations we have also evaluated 
the experimental wave vector spectrum |F0(k)| from the data. This is plotted in Fig. 3(b). For the 
typical sound velocity of ~3000 ms-1 appropriate here, frequencies from about 100 MHz to 1 
GHz are excited, with a peak at 300-400 MHz. This compares favourably with rough estimates 
based on the lateral spot size of the pump beam (moderated by the detection with the probe 
beam). 
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Fig. 4. (a) Image of SAW wavefronts in a 150 �m�250 �m region on the (100) surface of 
single-crystal TeO2 coated with a 400 nm gold film. (b) Intensity image, proportional to the 
square of (a). 
 
 
We now turn to an anisotropic, single crystal sample. Figure 4(a) shows a SAW image of a 150 
�m�250 �m region of a polycrystalline gold film of thickness 400 nm on the (100) surface of a 
single-crystal TeO2 substrate of thickness 1 mm at a fixed delay time. The vertical and horizontal 
directions correspond to [001] and [010] respectively. The SAW wavefronts are approximately 
elliptical in shape, as expected from the tetragonal symmetry of the substrate. Strong focusing is 
observed at ~81o from [010] to [001]. This can be seen more clearly in Fig. 4(b), where the 
intensity has been plotted [proportional to the square of the amplitude in Fig. 4(a)]. Theoretical 
considerations ignoring piezoelectricity and the finite film thickness show an expected focusing 
direction at ~84o, in reasonable agreement with experiment [21]. This shows that surface 
phonon focusing can be imaged effectively with our method.  
 
 
In order to test the measurement technique on a structure that is inhomogeneous in the lateral 
direction, we have also imaged the edge of a gold film of thickness 1 �m on a silica substrate of 
thickness 1 mm. The results are shown in Fig. 5. In this image the reflection of the surface waves 
from the sample edge is clearly visible. The exact acoustic reflection coefficient is expected to 
depend on the topography of the film edge. Compared to the data of Fig. 2 the dispersion is 
much more evident because of the greater thickness of the gold film here. Although the present 
data represent a very simple example, by imaging such inhomogeneous geometries in real time, 
we expect that our method will find many applications in the field of surface-acoustic-wave 
device evaluation. 
 
 
In conclusion we have demonstrated a new method for real time imaging of surface acoustic  
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Fig. 5. Image of surface phonons reflected from a straight surface. The sample (upper) region) is 
a 1 �m gold film on a silica substrate (lower region). The horizontal and vertical scales are in 
microns. 
 
 
waves at frequencies in the 100 MHz-1 GHz range with picosecond temporal and micron spatial 
resolutions using an ultrafast optical pump and probe technique. Isotropic samples show circular 
wavefronts. Anisotropic substrates more complicated wavefronts determined by surface phonon 
focusing effects. We have also shown how wavefronts in laterally inhomogeneous geometries 
can be mapped. In future we expect to see a wide variety of uses of this technique in both 
fundamental physics and in the evaluation of SAW devices. 
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