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Laser-induced transient gratingdTGs) at surfaces of absorbing materials were utilized to generate
narrowband surface acoustic wavéSAWSs). 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. 197 American Institute of Physics.
[S0021-897€07)05522-9

I. INTRODUCTION surface allows real-time data acquisition and an exact deter-
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been successfully applied to investigate material propertieg . P! me p P y
of studying the propagation behavi@uch as attenuatipmf

in a wide range of systems® In LITG experiments, two .
e the SAW oscillations generated from LITGs. Moreover, the
mporall incident laser pulsgsum I re cr ! . . !
temporally coincident laser puls P pulsesare crossed LITG experiments can be combined with broadband SAW

t th I face. A ti f I I i : .
atthe sample surface. Absorption of crossed laser pulses In{i‘)ectroscopy, generating short SAW pulses by confining the

sample gives rise to spatially periodic heating and therm S : . :
expansion, which launches counterpropagating acouszlgser excitation in space and tiffeThis technique has been

waves. The acoustic oscillations and their decay, and finallyv'qely appllgd o ‘?'etgng”e the mechanical and elastic prop-
the thermal diffusion, are usually monitored through theertles of various films.*

measurement of the time-dependent diffraction of a third

probe beam, and provide information about the thermal angl. EXPERIMENT

elastic properties of thin-film and bulk materidi€.In pre- _ _

vious experiments, the time dependence of the response was !N all experiments a frequency-tripled Nd:YAG laser
obtained by repeating the excitation-probe pulse sequenc¥ith @ wavelength of 355 nm and a pulse duration of 180 ps
with different delays of the probe relative to the pump. Thisfull width half maximum (FWHM) was used as the pump
leads to long data collection times and in some cases to cl@Ser to excite SAWs. The sample investigated was an alu-
mulative sample heating and even damage. Recently, redinum film, which was evaporated onto a fused silica sub-

time measurements have been achieved by using a cw lasgifate using a quartz-crystal microbalance as thickness moni-
or “quasi-cw” laser pulse as the probe be&m?° tor. The thickness of the aluminum film was determined

In all these experiments, gratings were detected vignore accurately afterwards by a stylus-type profilometer to
probe-beam diffraction. Matthias and co-workéneported € 650 nm. _ _
on the detection of transient thermal gratings via the angular _1he laser generation and detection of narrowband SAW
deflection of a strongly focused probe beam. This allows théra|n§ and broadband SAW pulses is schematlcallyllIlus_trated
separation of surface displacement contributions from thd" Figs. 1 and 2, respectively. As can be seen in Fig. 1,
modulation of the refractive index due to temperature and'@mowband SAWs are excited thermoelastically via the
strain variationt?'® However, no surface acoustic wave LITG method. Two ps laser pulses of wavelengthare
(SAW) oscillations could be monitored in their experimentscrossed at the sample surface, resulting in an optical interfer-

due to the relatively poor time resolution of about 50th, ~ €nce fringe pattern, characterized by the grating period
this article, we will report on the detection of LITGs with an A [A =\/2sin(02), whereg is the angle between the exci-

actively stabilized Michelson interferometer. Using an inter-tation beams Optical absorption leads to rapid heating and

ferometer to measure the SAW oscillations on the samplée€rmal expansion, resulting in the generation of counter-
propagating acoustic waves with wavelengthas well as

the formation of a steady-state thermal grating, which slowly
30n leave from National Laboratory of Molecular and Biomolecular Elec- decays via thermal difoSiO%le The excitation beams were
tronics, Southeast University, Nanjing 210096, People’'s Republic of . . ’ .
China. focused by a cylindrical lens to an area of 3 mm length in the
b’Corresponding author; Electronic mail: peter.hess@urz.uni-heidelberg.dedirection of SAW propagatior(grating direction and 0.5
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FIG. 2. Schematic representation of the pulsed laser generation and detec-
tion of broadband SAW pulses. The laser beam was sharply focused with a
cylindrical lens system onto the sample surface, forming a narrow line
source (6umx210 mm) for broadband SAW pulse excitation.

cw laser
@ C D
mirror main. Therefore the SAW phase velocity could be calculated
U ) from these measurements.
photodiode To excite coherent broadband SAW pulses, the ps laser

pulse was focused as sharply as possible through a cylindri-
cal lens system onto the sample surface, forming a line

FIG. 1. Scheme of laser generation and detection of narrowband SAV\éource about 10 mm Iong and,LB‘n wide (see Fig 2 The
trains. Two crossing ps laser pulses were focused with a cylindrical lens ’

system onto the sample surface, forming a grating with an area OPUIse energy in the focus was abou_t @d. The laser-

3 mmx0.5 mm for narrowband SAW excitation via LITG. generated short SAW pulse propagating along the surface
was detected with the above-mentioned interferometer at two
distances several millimeters to some centimeters away from

mm width. This geometry produces more than 100 interfer-tsrljeresdoiurrct?\.eFt?rzgeéotrr:z;ifoyrig]lggotrr]]eoi‘r:ahqeuSrﬁ\:\;vs%ﬂifru%ei;

ence fringes, thus accurately fixing the wavelength and en: . .

g y g g e SAW pulse. From the SAW signals detected at two dif-

suring that the acoustic waves do not propagate too rapidl : o . .
out of the excitation and probing regidhExperiments were erent distances the phase velocity dispersion and attenuation
of the SAW pulse can be extracted as a function of

erformed for grating periods ranging from 3.97 to 16
P grating per ding A frequencyt* To obtain a dispersion curve of high quality

by changing the anglé between the two excitation beams. v 300 i | din the ti q
The total energy incident on the sample surface was beloWSUaly Sth acoustic pulses were averaged in the ime do-
main to improve the S/N ratio.

0.3 mJ for all LITG experiments. The dimensionless diffrac-
tion parameteD = (8xv/wfb?),'® whereb=0.5 mm is the
width of the grating, was smafhbout 0.17 even at the larg-
est distance ok=1.5mm and for the relatively low fre- |||. RESULTS
guency of f=300 MHz with a phase velocity of about
=3370 m/s. Thus diffraction effects can be neglected ove'ra" Broadband SAW pulses
the whole frequency range in the LITG experiments. Figure 3a) shows the laser-generated broadband SAW
The laser-generated narrowband SAWs were monitoredignal after propagation of about 17 mm away from the line
with a Michelson interferometer from the back side, wheresource along an aluminum film deposited on fused silica. A
the metal-quartz interface acts as one of the mirrors and theumber of oscillations can be observed in the signal shape,
detection system is actively stabilizEdThe probe beam indicating that SAW dispersion appeared during propagation.
was focused with a spherical lens system to a spot of about The Fourier transformation of this signal shows a frequency
pm diameter on the sample surface, at the center of the expectrum reaching 350 MHz, although the setup was able to
citation region as indicated in Fig. 1. The detected signal wasletect frequencies up to 1 GHz. The main limiting factors
preamplified, stored, and averaged by a digitizing oscillo-were the width of the line focus, which was aboug in
scope(Tektronix TDS 680B with an analog bandwidth of 1 the present experiments and attenuation. Figybe Shows
GHz and a sampling rate of 5 GS/s triggered by a fast phothe corresponding dispersion curve as well as the calculated
todiode. Usually the signal was averaged over 300 lasébest theoretical fit using the exact solution of the theory of
pulses in order to improve the signal-to-noik®/'N) ratio. =~ SAW propagation in layered materials as described in Ref.
The SAW wavelength was determined by the excitation ge20. Normal dispersion, i.e., a decrease of the SAW phase
ometry and the SAW frequency could be obtained by Fouriewelocity with frequency, was observed. This result is reason-
transformation of the SAW signal measured in the time do-able since aluminum is softer than fused silica.
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FIG. 3. SAW pulse shape after propagation of 17 f@nand normal dis- . . .
persion curve for a 650 nm aluminum film deposited on a fused silica™!G- 4. (& Typical LITG response of a 650 nm aluminum film on fused

substrate(b). The ps laser pulse was focused to a line source on the alumiSilica. The inset shows the Fourier transform of this sigttal.The SAW
num surface to launch the plane SAW pulses. signal between 110 and 130 ns is plotted for a better resolution.

B. Narrowband SAW from LITG Sw=2v/L, of about 2 MHz. At low frequencies, for ex-

Figure 4a) shows a typical LITG response for the 650 ample at 100 MHz, the accuracy of the LITG experiments is
nm aluminum film on fused silica, for a grating period of about 2%, while at high frequencies, for example at 1 GHz,
4.34 um. Excitation occurs at=0, followed by fast oscilla- LITG measurements can reach an accuracy of 0.2%. This is
tions and a slow overall decay. The slowly decaying compocomparable to broadband SAW spectroscopy, where an ac-
nent is due to heat diffusion, from which the thermal prop-curacy of 0.1% in the determination of the SAW velocity can
erties of the sample can be obtaifed. The oscillating readily be achieved:
component is due to the counterpropagation of SAWSs. It
becomes clear from Fig.(d) that these SAW oscillations
have a narrow frequency range. The Fourier transformatior
of the high frequency oscillations, presented in the inset 3450
yields a center frequency of 761 MHz. A SAW phase veloc-

=== SAW experiment

~— theory

s)
g
8

Phase velocity (m/

ity of 3303 m/s was determined for these conditions. As A LITG experiment
stated before experiments were performed for acoustic wave
\A\

SAW phase velocity on frequency and the broadband result &
are presented in Fig. 5, along with the theoretical curve. As

- ; . . 30 N
at the low frequency limit while approaching the Rayleigh
velocity for aluminum(2940 m/$ at high frequencies.
the frequency, which is given by the number of oscillations Frequency (MHz)
determined by the length of the excitation spat For L

lengths ranging from 3.97 to 118m covering the frequency
range of 300—830 MHz. The measured dependence of th
3350 \

expected, the SAW phase velocity starts from the Rayleigt \
velocity of the fused silica substrat8uprasil I, 3401 m/s 3300

The accuracy in the SAW velocity measured by LITG

. . . . . . 3250 ——

experiments is ultimately determined by the uncertainty in 0 200 400 6800 800 1000
=3mm and a typical SAW VeIOCiW ob =3000 m/s, one FIG. 5. Combined dispersion curves of broadband and narrowband experi-
finds an associated broadening of the frequency spectruments for a 650 nm aluminum film on fused silica.
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C. Determination of film properties from the SAW In the probe-beam diffraction technique the spot size of
dispersion the probe beam on the sample surface should be large

The dispersion curve was described theoretically by th€n0ugh to provide sufficient diffraction, while in the Mich-
exact solution of the wave equations taking into account th&!Son interferometer method the probe beam is sharply fo-
boundary conditions at the free film surface and the film-cused onto the sample surface. This makes it possible to
substrate interfac®. Comparison of the calculated disper- measure the SAW oscillations resulting from a LITG not
sion curve with experimental ones can be used to determin@y in the LITG region but also outside it. In this case the
the elastic properties of an isotropic film. L&t be the slow thermal decay is not clouding the oscillatory signal but

maximum frequency in the experimental signal Spectrunpiffraction e_ffects may occur at larger propagatiqn distances.
with sufficiently high S/N ratio and,,,, be the correspond- T_hl_J_s the M|che!son mterferometgr method .prowdes the pos-
ing wave number. Then the capability for the determinationsiPility Of studying the propagation behavior of the SAW
of film properties depends on the value achieved for the pa@Scillations generated from LITGs.
rameter yma—Knads Where d is the film thickness. For
Ymax<0.1, usually the determination of only one film param-
eter is possible. For larger values gy, two, three, or even Broadband SAW pulse experiments provide information
four film parameters can be determined due to the increasingn a wide frequency range of 1-2 orders of magnitude. In
nonlinearity of the dispersion curve. In our experiments,contrast to narrowband LITG experiments, where the SAW
Ymax Of value 0.36 was achieved for the broadband SAWphase velocity can be determined only for one frequency in
spectroscopy and this value was increased to 1.03 by thene experiment, the broadband SAW experiment has the
LITG experiments. The film density, Young’s modulusE,  ability to determine the whole dispersion curve of the SAW
and Poisson'’s ratie obtained from the best fit in Fig. 5 were phase velocity in a frequency range from several megahertz
2.72 g/cnd, 73 GPa, and 0.34, respectively. This is consis+to a few hundred megahertz in a single experiment. There-
tent with literature values of bulk aluminum(p  fore broadband SAW spectroscopy is a powerful method for
=2.70 g/cnd, E=72.2 GPa, andv=0.34.%' Note that the the nondestructive evaluation of mechanical and elastic prop-
extension of the frequency range by the LITG results im-erties of thin-film materials. As demonstrated in Refs. 22 and
proves the accuracy of the extracted film properties consid23 the simultaneous determination of up to four film param-
erably. eters(Young’s modulus, Poisson’s ratio, film thickness, and

density is possible in a single experiment for films of about

1 um thickness. For thinner films, however, only one or two
IV. DISCUSSION film parameters can be determined by SAW spectroscopy in
the frequency range achieved up to now since the dispersion
curve is not nonlinear enough. The present frequency range

We have shown in this article that LITGs can be de-of about 350 MHz is mainly limited by the focus width of

tected efficiently with a Michelson interferometer by measur-the line source and attenuation of high frequencies.
ing the transient surface displacements quantitatively in real A promising approach to extending the frequency range
time. In contrast to traditional LITG experiments this allows of SAW spectroscopy is provided by near-field optical tech-
the entire response to be measured with minimal signal avaiques, where the Abbe diffraction limit in the optical regime
eraging and even a single laser pulse can yield an adequatan be overcome by using tapered optical fibers with a
signal. The minimum detectable displaceméxfior a Mich-  nanometer-sized apertu#We have showf? that near-field
elson interferometer is determined bysx=(\/4m) optical fiber tips can indeed be applied for the laser genera-
X (2hvAf/pWo)Y2, where h is Planck’s constanty the  tion of broadband SAW pulses. However, the SAW pulses
quantum efficiencyAf the bandwidth of the detection sys- launched by this technique are no longer plane waves, as
tem, and\, v, andW, are the wavelength, the frequency, andstudied here, because the optical fiber tip acts as a point
the power of the probe beam, respectively. For a 40 m\Wsource. This not only affects the attenuation, but in addition
probe laser with a wavelength of 532 nm and a detectiorthe anisotropic behavior of SAW pulses in anisotropic crys-
bandwidth of 1 GHz we find>x=0.01 nm. By using a sta- talline materials must be taken into accotft.
bilized cw Nd:YAG laser(532 nm, 120 mW as the light As we have shown here, the frequency range can be
source of the interferometer and a fast photodiode-amplifieextended alternatively by using LITGs as an excitation
system(Hamamatsu S4753 PIN photodiodes and Avanteksource, where SAW oscillations with frequencies up to 3
INA-03184 amplifief as detector, we were able to measureGHz have been excitétf. By using a Michelson interferom-
transient surface displacements in the sub-angstrom rangger for detection, LITG experiments can be easily combined
with frequency components up to 1 GHz. We note that realwith broadband SAW spectroscopy by either focusing or de-
time detection has also been realized by using a fast photdecusing the pump laser beams onto the sample surface. In
detector to monitor the diffracted intensity of a cw or the broadband SAW experiments the pump laser beam is
quasi-cw probe beam from the grating. The frequency rangsharply focused onto the sample surface, forming a narrow
of this technique is limited only by the bandwidth of the line source, while in the LITG experiments the two pump
photodetector and the oscilloscope, while the performance déaser beams are defocused onto the sample surface, forming a
the Michelson interferometer will also depend on the focudarger grating area. The pulse experiment has the advantage
size of the probe beam. of covering a wide frequency range and the grating experi-

B. Bandwidth of the SAW spectroscopy

A. Laser detection of LITGs
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