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Rapid measurement of surface acoustic wave velocity on single crystals
using an all-optical adaptive scanning acoustic microscope
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An experimental method has been developed to measure the phase velocity of laser-generated and
detected surface acoustic waves. An optical grating produced by a spatial light modulator was
imaged onto the sample surface to generate the ultrasound whose frequency and wave front were
controlled electrically by tailoring the grating. When the grating period matched the surface acoustic
wavelength, strong excition of the surface wave was observed. Thus, the wavelength and, thereby,
the phase velocity were determined. We present results with this method that allow the phase
velocity and the angular dispersion of the generalized surface wave as well as the pseudosurface
wave on the(100) nickel and(111) silicon single crystals to be measured, with the precision of
approximately 0.2%. Those factors affecting the measurement precision are discus2663 ©
American Institute of Physics[DOI: 10.1063/1.1621091

Surface acoustic wave$SAWS) have been extensively intensity, which thus degrades the SNR improvement as
studied to characterize the elastic properties of materials. Thexpected. The other difficulty, in practice, is to control the
phase velocity is of particular importance because it is dioptical distribution of line arrays.

rectly related to the wave equation, allowing extraction of ~ 10 overcome such difficulties, the authors have con-

the elastic constants and, in the case of single crystals, triructed an all-optical adaptive scanning acoustic microscope

crystallographic orientation. Many techniques have been de(-O'SAM) with a spatial light modulatofSLM) to control the

. . . 0 _
veloped to determine the phase velocity of SAWs experimen§'Ource distributiort” The use of the SLM allows us to gen

: . . . o erate arbitrary optical distributions from the source laser. The
tally, including ultrasonic reflectivity,acoustic microscopy,

o > benefits are twofold(1l) By spreading the energy of the
and more recently Brillouin scatteririg® Among these tech- ;
y g: 9 source laser, large SAW amplitudes can be generated below

niques, such contact techniques as ultrasonic reflectivity anghe damage threshold, aii2) by tailoring the optical distri-
acoustic microscopy either suffer from the couplant perturpution of the source laser, the frequency and wave front of
bation or are restricted by the transducer dimension. Althe SAWSs can be controlled in real time, which enables it to
though, Brillouin scattering is noncontact, a high-quality adapt to variations in material properties. In this letter, we
sample surface is required and the signal-to-noise ratiseport a method using the O-SAM to measure the phase ve-
(SNR) tends to be rather poor due to the small proportion oflocity of surface waves. Experimental results on single crys-
Brillouin scattered photons resulting in extremely long mea-&ls are presented and the factors affecting the measurement
surement time. It has also been reported that there is Br€cision and accuracy are discussed.

3%—4% systematic error in this measurementn the last A schematic diagram of the O-SAM is shown in Fig. 1.

. . Its detailed construction has been described elsewféfe.
two decades, the laser generation and detection of uItrasourEﬁ. .
riefly, aQ-switched mode-locked Nd—YAG las€t064 nm
has been developed and proved to be a powerful tool t

: ) . ; .?adiation wavelength, 82 MHz fundamental frequeness
investigate SAWSs. As a noncontact technique, it can work in,geqd as the generating source. This optical energy from the
hazardous environments and provide reliable measuremenisy|sed laser was imaged to a size of 2.4 mm on the sample
By exploring the transient SAW pulse generated by a shorsurface using the SLM; the image contained 8512 pro-
laser pulse, the phase velocity can be determineggrammable pixels. By programming the image on the SLM,
accurately’’ But, to obtain high temporal resolution, high- the optical distribution of the source could be tailored,
energy laser pulses are required, which can cause damage to

the sample. Moreover, the detection sensitivity is relatively

low because the generated SAWs are broadband signals. To Spatial Light
improve detection sensitivity without causing damage, some  ppodulator
narrow-band schemes have been proposed that used line ar-
rays instead of a single line as the generating sotitdes a
result of narrowing signal bandwidth, the SNR can be im-

proved. However, it is difficult for those narrow-band
schemes to produce line arrays with uniform spacing and /

¥Electronic mail: mike.somekh@nottingham.ac.uk FIG. 1. Schematic diagram of experiment.
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Grating Period (micron) STW (dashed on the(100) oriented nickel.

FIG. 2. ?ignal amplitud_e(circle) Wlth grating period when propagating g|ow transverse Wav@TVV) are also d|sp|ayed The angu'ar

2:823 vzwzth ?hnetfr;;i;lz:t?rczrs]ﬁ%)snIcon’(a) at 82 MHz,(b) at 164 MHz,  gighersion of experimental velocities shows mirror symmetry
about 45° as expected. We noted that, in the directions be-

OEween 32° and 60°, the experimental velocity shows a sharp

thereby controlling the properties of generated ultrasound. . SN
The ultrasound was detected with an optical knife-edge de1crease o the PSAW branch and the GSAW signal disap

) ears. In these directions, calculation reveals that the pen-

tector. To perform velocity measurement, the source patter ; . .
. ) . . etration depth of GSAW increases gradually and it behaves
was set as a grating with the lines spaced uniformly to gen- . o .
) more like a bulk wave. As 45° approaches, it degenerates
erate SAWs with a planar wave front. The detector was po- . . . .
. . into a STW that is polarized transversely to its propagation
sitioned approximately 2 mm from the center of the source,

The output of the detector was observed and recorded WitH'reCtlon'.Th'S tendency_|s accompa_\med with a deprease_ of
. : : . normal displacement. Since the knife-edge detection relies

an oscilloscope. In the experiment, the grating period was . . .
. . . on the gradient of the surface displacement, the GSAW sig-

changed progressively by programming the image param- : . : .
. nal will vanish when it decreases beyond the detector sensi-

eters on the SLM. When the period matched the SAW wave:. . . X
) “tivity. Meanwhile, the PSAW, a high-speed SAW mode

length, either at the fundamental frequency or a harmonic

thereof, a maximal excitation in the strength of the SAWSWhICh radiates energy into the bulk and attenuates while

: ) . oropagating, emerges at 32° and diminishes at 58°. The at-
was observed. The resulting signal was then Fourier tran{)enuation on thé100) oriented Ni, however, is so small that

formed to get the signal strength at the generation frequenc% . ) : .
) . i e wave is easily detected in the experiment.
so that a plot of signal strength as a function of grating pe- Figure 4 shows the phase velocities measured between

riod was obtained, as shown in Fig. 2. Experimental value o . .
around the peak were smoothed with the polynomial. Thghe<110> and(100 directions on the111) oriented silicon,

a#ong with the theoretical velocities of GSAW and STW. As
peak of the smoothed curve corresponds to the wavelength g . : . .
. . expected, the angular dispersion of experimental velocities
generated ultrasound, allowing the phase velocity to be deh . o -
. . ad mirror symmetry about the direction of 30° and hexago-
termined. The whole experiment was controlled by software . .
. . nal symmetry in general. Notably, besides the GSAW, an-
and there was no mechanical movement involved, thus any . T .
L ) . ther wave mode was observed in all directions, which re-
uncertainty introduced by distance or time measurement was .
avoided produced the symmetry of the GSAW but propagated with a
' . . . higher velocity. The velocities of this wave approached those
The generation mechanism of the method is general S8f the STW in some directions and were lower than the the-
that it can work on both metals and dielectriésn this
letter, experiments were performed on a block Bd0 ori-
ented single crystal nickel, and &hl1) oriented single crys-
tal silicon wafer. The silicon wafer was 3Qdn thick. As it
is transparent at the radiation wavelengll®64 nm, a 30
nm chrome thin film was coated on the surface to generate
the acoustic wave efficiently, which would be unnecessary if
a different wavelength was used. The angular dispersions of
the samples were obtained by rotating the sample to measure
the phase velocities along different propagation directions.
The theoretical velocity was calculated with the partial wave
method developed by Farnedit al'® and used the elastic
constants in Ref. 14.
On the(001) plane of Ni, the measured phase velocities Angle from <110> (degree)
agreed well with theoretical values to within 10 rﬁS(Flg. FIG. 4. Angular dispersions of the measured phase velocities of SAW

3), both for the generalized SAWGSAW) and for the pseu- (circle), the faster wavécross at 164 MHz and the theoretical velocities of

dosurface acoustic wayPSAW). The phase velocities of the GSAW (solid), STW (dashedl on the(111) oriented silicon.
Downloaded 03 Nov 2003 to 128.243.70.22. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp




3262 Appl. Phys. Lett., Vol. 83, No. 16, 20 October 2003 Hong et al.

oretical velocities of the PSAW (5300—-5700 m$. Consid-  ensures that the precision of determining the peak position is
ering the case of the Lamb wave in isotropic substrate, as thémited by SNR rather than quantization erro(8) The un-
substrate thickness increases, the velocities oithands,  certainty in the precise value of grating period due to the
Lamb modes converge to the GSAW velocity and the veloci-optical defocus errors might account for the main systematic
ties of the higher Lamb modes approached that of the £TW. errors in this method. These defocus errors can be eliminated
The thickness of the silicon wafer used here was about 300y calibrating the size of the SLM image.

um, far greater than the Lamb wavelengths. In this case, the The method as presented offers a rapid, convenient, non-
faster wave observed is likely to be some higher-order Lamigontact, and precise method of the phase velocity determina-
mode. Further experimental work, including dispersion andion without recourse to the mechanical movement. A modi-
attenuation measurements, is still needed to identify thidication to the method involving scanning the probe outside
mode. It is also noteworthy that this wave was only observihe excitation region could offer extreme measurement pre-
able when excited at harmonic frequencies of 164 MHz oCision by determination of the phase gradient.
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