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Laser-induced transient gratings~LITGs! at surfaces of absorbing materials were utilized to generate
narrowband surface acoustic waves~SAWs!. In these experiments, SAWs were excited
thermoelastically by two crossed picosecond laser pulses and detected with an actively stabilized
Michelson interferometer by measuring transient surface displacements in the sub-angstrom range
in real time. In addition, coherent broadband SAW pulses with frequencies up to 350 MHz were
excited by sharply focusing the laser beam with a cylindrical lens system onto the sample surface.
The LITG experiments provide an extension of the frequency range achieved with the broadband
SAW pulse technique. From the measurements of the dispersive SAW phase velocity for a 650 nm
aluminum film on fused silica in the frequency range 10 MHz–1 GHz the density and elastic
constants were determined by fitting the experimental data to the exact solution of the wave
equations taking into account the boundary conditions. ©1997 American Institute of Physics.
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I. INTRODUCTION

The laser-induced transient grating~LITG! technique has
been successfully applied to investigate material proper
in a wide range of systems.1–3 In LITG experiments, two
temporally coincident laser pulses~pump pulses! are crossed
at the sample surface. Absorption of crossed laser pulses
sample gives rise to spatially periodic heating and ther
expansion, which launches counterpropagating acou
waves. The acoustic oscillations and their decay, and fin
the thermal diffusion, are usually monitored through t
measurement of the time-dependent diffraction of a th
probe beam, and provide information about the thermal
elastic properties of thin-film and bulk materials.4–7 In pre-
vious experiments, the time dependence of the response
obtained by repeating the excitation-probe pulse seque
with different delays of the probe relative to the pump. Th
leads to long data collection times and in some cases to
mulative sample heating and even damage. Recently,
time measurements have been achieved by using a cw
or ‘‘quasi-cw’’ laser pulse as the probe beam.8–10

In all these experiments, gratings were detected
probe-beam diffraction. Matthias and co-workers11 reported
on the detection of transient thermal gratings via the ang
deflection of a strongly focused probe beam. This allows
separation of surface displacement contributions from
modulation of the refractive index due to temperature a
strain variation.12,13 However, no surface acoustic wav
~SAW! oscillations could be monitored in their experimen
due to the relatively poor time resolution of about 50 ns.11 In
this article, we will report on the detection of LITGs with a
actively stabilized Michelson interferometer. Using an int
ferometer to measure the SAW oscillations on the sam
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surface allows real-time data acquisition and an exact de
mination of the transient surface displacement. At the sa
time the interferometer probe scheme provides the possib
of studying the propagation behavior~such as attenuation! of
the SAW oscillations generated from LITGs. Moreover, t
LITG experiments can be combined with broadband SA
spectroscopy, generating short SAW pulses by confining
laser excitation in space and time.14 This technique has bee
widely applied to determine the mechanical and elastic pr
erties of various films.15,16

II. EXPERIMENT

In all experiments a frequency-tripled Nd:YAG las
with a wavelength of 355 nm and a pulse duration of 180
full width half maximum ~FWHM! was used as the pum
laser to excite SAWs. The sample investigated was an
minum film, which was evaporated onto a fused silica su
strate using a quartz-crystal microbalance as thickness m
tor. The thickness of the aluminum film was determin
more accurately afterwards by a stylus-type profilometer
be 650 nm.

The laser generation and detection of narrowband SA
trains and broadband SAW pulses is schematically illustra
in Figs. 1 and 2, respectively. As can be seen in Fig.
narrowband SAWs are excited thermoelastically via
LITG method. Two ps laser pulses of wavelengthl are
crossed at the sample surface, resulting in an optical inter
ence fringe pattern, characterized by the grating per
L @L5l/2 sin(u/2), whereu is the angle between the exc
tation beams#. Optical absorption leads to rapid heating a
thermal expansion, resulting in the generation of coun
propagating acoustic waves with wavelengthL, as well as
the formation of a steady-state thermal grating, which slow
decays via thermal diffusion.2,6 The excitation beams wer
focused by a cylindrical lens to an area of 3 mm length in
direction of SAW propagation~grating direction! and 0.5
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mm width. This geometry produces more than 100 interf
ence fringes, thus accurately fixing the wavelength and
suring that the acoustic waves do not propagate too rap
out of the excitation and probing region.17 Experiments were
performed for grating periods ranging from 3.97 to 11.6mm
by changing the angleu between the two excitation beam
The total energy incident on the sample surface was be
0.3 mJ for all LITG experiments. The dimensionless diffra
tion parameterD5(8xv/p f b2),18 whereb50.5 mm is the
width of the grating, was small~about 0.17! even at the larg-
est distance ofx51.5 mm and for the relatively low fre
quency of f 5300 MHz with a phase velocity of aboutv
53370 m/s. Thus diffraction effects can be neglected o
the whole frequency range in the LITG experiments.

The laser-generated narrowband SAWs were monito
with a Michelson interferometer from the back side, whe
the metal-quartz interface acts as one of the mirrors and
detection system is actively stabilized.19 The probe beam
was focused with a spherical lens system to a spot of abo
mm diameter on the sample surface, at the center of the
citation region as indicated in Fig. 1. The detected signal w
preamplified, stored, and averaged by a digitizing osci
scope~Tektronix TDS 680B! with an analog bandwidth of 1
GHz and a sampling rate of 5 GS/s triggered by a fast p
todiode. Usually the signal was averaged over 300 la
pulses in order to improve the signal-to-noise~S/N! ratio.
The SAW wavelength was determined by the excitation
ometry and the SAW frequency could be obtained by Fou
transformation of the SAW signal measured in the time

FIG. 1. Scheme of laser generation and detection of narrowband S
trains. Two crossing ps laser pulses were focused with a cylindrical
system onto the sample surface, forming a grating with an area
3 mm30.5 mm for narrowband SAW excitation via LITG.
J. Appl. Phys., Vol. 82, No. 10, 15 November 1997
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main. Therefore the SAW phase velocity could be calcula
from these measurements.

To excite coherent broadband SAW pulses, the ps la
pulse was focused as sharply as possible through a cylin
cal lens system onto the sample surface, forming a
source about 10 mm long and 6mm wide ~see Fig. 2!. The
pulse energy in the focus was about 60mJ. The laser-
generated short SAW pulse propagating along the sur
was detected with the above-mentioned interferometer at
distances several millimeters to some centimeters away f
the source. Fourier transformation of the SAW pulse m
sured in the time domain yields the frequency spectrum
the SAW pulse. From the SAW signals detected at two d
ferent distances the phase velocity dispersion and attenua
of the SAW pulse can be extracted as a function
frequency.14 To obtain a dispersion curve of high qualit
usually 300 acoustic pulses were averaged in the time
main to improve the S/N ratio.

III. RESULTS

A. Broadband SAW pulses

Figure 3~a! shows the laser-generated broadband SA
signal after propagation of about 17 mm away from the l
source along an aluminum film deposited on fused silica
number of oscillations can be observed in the signal sha
indicating that SAW dispersion appeared during propagat
The Fourier transformation of this signal shows a frequen
spectrum reaching 350 MHz, although the setup was abl
detect frequencies up to 1 GHz. The main limiting facto
were the width of the line focus, which was about 6mm in
the present experiments and attenuation. Figure 3~b! shows
the corresponding dispersion curve as well as the calcul
best theoretical fit using the exact solution of the theory
SAW propagation in layered materials as described in R
20. Normal dispersion, i.e., a decrease of the SAW ph
velocity with frequency, was observed. This result is reas
able since aluminum is softer than fused silica.

FIG. 2. Schematic representation of the pulsed laser generation and d
tion of broadband SAW pulses. The laser beam was sharply focused w
cylindrical lens system onto the sample surface, forming a narrow
source (6mm310 mm) for broadband SAW pulse excitation.
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B. Narrowband SAW from LITG

Figure 4~a! shows a typical LITG response for the 65
nm aluminum film on fused silica, for a grating period
4.34mm. Excitation occurs att50, followed by fast oscilla-
tions and a slow overall decay. The slowly decaying com
nent is due to heat diffusion, from which the thermal pro
erties of the sample can be obtained.7,11 The oscillating
component is due to the counterpropagation of SAWs
becomes clear from Fig. 4~b! that these SAW oscillations
have a narrow frequency range. The Fourier transforma
of the high frequency oscillations, presented in the ins
yields a center frequency of 761 MHz. A SAW phase velo
ity of 3303 m/s was determined for these conditions.
stated before experiments were performed for acoustic w
lengths ranging from 3.97 to 11.6mm covering the frequency
range of 300–830 MHz. The measured dependence of
SAW phase velocity on frequency and the broadband res
are presented in Fig. 5, along with the theoretical curve.
expected, the SAW phase velocity starts from the Rayle
velocity of the fused silica substrate~Suprasil II, 3401 m/s!
at the low frequency limit while approaching the Raylei
velocity for aluminum~2940 m/s! at high frequencies.

The accuracy in the SAW velocity measured by LIT
experiments is ultimately determined by the uncertainty
the frequency, which is given by the number of oscillatio
determined by the length of the excitation spotL. For L
53 mm and a typical SAW velocity ofv53000 m/s, one
finds an associated broadening of the frequency spect

FIG. 3. SAW pulse shape after propagation of 17 mm~a! and normal dis-
persion curve for a 650 nm aluminum film deposited on a fused si
substrate~b!. The ps laser pulse was focused to a line source on the alu
num surface to launch the plane SAW pulses.
4760 J. Appl. Phys., Vol. 82, No. 10, 15 November 1997
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dv52v/L, of about 2 MHz. At low frequencies, for ex
ample at 100 MHz, the accuracy of the LITG experiments
about 2%, while at high frequencies, for example at 1 GH
LITG measurements can reach an accuracy of 0.2%. Th
comparable to broadband SAW spectroscopy, where an
curacy of 0.1% in the determination of the SAW velocity c
readily be achieved.14

a
i-

FIG. 4. ~a! Typical LITG response of a 650 nm aluminum film on fuse
silica. The inset shows the Fourier transform of this signal.~b! The SAW
signal between 110 and 130 ns is plotted for a better resolution.

FIG. 5. Combined dispersion curves of broadband and narrowband ex
ments for a 650 nm aluminum film on fused silica.
Y.-c. Shen and P. Hess
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C. Determination of film properties from the SAW
dispersion

The dispersion curve was described theoretically by
exact solution of the wave equations taking into account
boundary conditions at the free film surface and the fil
substrate interface.20 Comparison of the calculated dispe
sion curve with experimental ones can be used to determ
the elastic properties of an isotropic film. Letf max be the
maximum frequency in the experimental signal spectr
with sufficiently high S/N ratio andkmax be the correspond
ing wave number. Then the capability for the determinat
of film properties depends on the value achieved for the
rameter gmax5kmaxd, where d is the film thickness. For
gmax,0.1, usually the determination of only one film param
eter is possible. For larger values ofgmax, two, three, or even
four film parameters can be determined due to the increa
nonlinearity of the dispersion curve. In our experimen
gmax of value 0.36 was achieved for the broadband SA
spectroscopy and this value was increased to 1.03 by
LITG experiments. The film densityr, Young’s modulusE,
and Poisson’s ration obtained from the best fit in Fig. 5 wer
2.72 g/cm3, 73 GPa, and 0.34, respectively. This is cons
tent with literature values of bulk aluminum~r
52.70 g/cm3, E572.2 GPa, andn50.34!.21 Note that the
extension of the frequency range by the LITG results i
proves the accuracy of the extracted film properties con
erably.

IV. DISCUSSION

A. Laser detection of LITGs

We have shown in this article that LITGs can be d
tected efficiently with a Michelson interferometer by meas
ing the transient surface displacements quantitatively in
time. In contrast to traditional LITG experiments this allow
the entire response to be measured with minimal signal
eraging and even a single laser pulse can yield an adeq
signal. The minimum detectable displacementdx for a Mich-
elson interferometer is determined bydx5(l/4p)
3(2hnD f /hW0)1/2, where h is Planck’s constant,h the
quantum efficiency,D f the bandwidth of the detection sys
tem, andl, n, andW0 are the wavelength, the frequency, a
the power of the probe beam, respectively. For a 40 m
probe laser with a wavelength of 532 nm and a detec
bandwidth of 1 GHz we finddx50.01 nm. By using a sta
bilized cw Nd:YAG laser~532 nm, 120 mW! as the light
source of the interferometer and a fast photodiode-ampl
system~Hamamatsu S4753 PIN photodiodes and Avan
INA-03184 amplifier! as detector, we were able to measu
transient surface displacements in the sub-angstrom ra
with frequency components up to 1 GHz. We note that re
time detection has also been realized by using a fast ph
detector to monitor the diffracted intensity of a cw
quasi-cw probe beam from the grating. The frequency ra
of this technique is limited only by the bandwidth of th
photodetector and the oscilloscope, while the performanc
the Michelson interferometer will also depend on the foc
size of the probe beam.
J. Appl. Phys., Vol. 82, No. 10, 15 November 1997
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In the probe-beam diffraction technique the spot size
the probe beam on the sample surface should be la
enough to provide sufficient diffraction, while in the Mich
elson interferometer method the probe beam is sharply
cused onto the sample surface. This makes it possible
measure the SAW oscillations resulting from a LITG n
only in the LITG region but also outside it. In this case t
slow thermal decay is not clouding the oscillatory signal b
diffraction effects may occur at larger propagation distanc
Thus the Michelson interferometer method provides the p
sibility of studying the propagation behavior of the SAW
oscillations generated from LITGs.

B. Bandwidth of the SAW spectroscopy

Broadband SAW pulse experiments provide informati
on a wide frequency range of 1–2 orders of magnitude.
contrast to narrowband LITG experiments, where the SA
phase velocity can be determined only for one frequency
one experiment, the broadband SAW experiment has
ability to determine the whole dispersion curve of the SA
phase velocity in a frequency range from several megah
to a few hundred megahertz in a single experiment. The
fore broadband SAW spectroscopy is a powerful method
the nondestructive evaluation of mechanical and elastic p
erties of thin-film materials. As demonstrated in Refs. 22 a
23 the simultaneous determination of up to four film para
eters~Young’s modulus, Poisson’s ratio, film thickness, a
density! is possible in a single experiment for films of abo
1 mm thickness. For thinner films, however, only one or tw
film parameters can be determined by SAW spectroscop
the frequency range achieved up to now since the disper
curve is not nonlinear enough. The present frequency ra
of about 350 MHz is mainly limited by the focus width o
the line source and attenuation of high frequencies.

A promising approach to extending the frequency ran
of SAW spectroscopy is provided by near-field optical tec
niques, where the Abbe diffraction limit in the optical regim
can be overcome by using tapered optical fibers with
nanometer-sized aperture.24 We have shown25 that near-field
optical fiber tips can indeed be applied for the laser gene
tion of broadband SAW pulses. However, the SAW puls
launched by this technique are no longer plane waves
studied here, because the optical fiber tip acts as a p
source. This not only affects the attenuation, but in addit
the anisotropic behavior of SAW pulses in anisotropic cr
talline materials must be taken into account.26

As we have shown here, the frequency range can
extended alternatively by using LITGs as an excitati
source, where SAW oscillations with frequencies up to
GHz have been excited.6,7 By using a Michelson interferom
eter for detection, LITG experiments can be easily combin
with broadband SAW spectroscopy by either focusing or
focusing the pump laser beams onto the sample surface
the broadband SAW experiments the pump laser beam
sharply focused onto the sample surface, forming a nar
line source, while in the LITG experiments the two pum
laser beams are defocused onto the sample surface, form
larger grating area. The pulse experiment has the advan
of covering a wide frequency range and the grating exp
4761Y.-c. Shen and P. Hess
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ment possesses an inherently higher S/N ratio due to the
small bandwidth. The combination of LITG with broadban
SAW spectroscopy allows the generation and detection
SAWs in an extremely wide frequency range and provid
the possibility of determining both thermal and elastic fi
properties with high accuracy essentially in one experime
setup.

V. CONCLUSIONS

We conclude that narrowband SAW trains excited th
moelastically by two crossed ps laser pulses can be dete
efficiently with a Michelson interferometer in and outside t
source region by measuring transient surface displacem
in the sub-angstrom range in real time. In contrast to tra
tional LITG experiments this allows the entire response to
measured with minimal signal averaging and even a sin
laser pulse may yield an adequate signal. LITG experime
can be easily combined with broadband SAW pulse spect
copy to increase the information content~nonlinearity of the
dispersion curve! for determining materials properties. Th
allows the laser generation and detection of SAWs in
widest frequency range realized up to now and provides
possibility of determining both thermal and elastic propert
of thin films simultaneously in one experimental setup. W
believe that this combined nondestructive diagnostic te
nique is of high potential for future scientific and technolo
cal applications.
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