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Development of confocal picosecond ultrasonics for visualizing
propagation of acoustic wave

Nobutomo Nakamura !*, Atsushi Maehara!, and Hirotsugu Ogi *

' Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan
2Graduate School of Engineering, Osaka University, Suita, Osaka 565-0871, Japan

For visualizing propagation of acoustic wave and evaluating local sound velocity in micro/nano-meter struc-
tures, confocal picosecond ultrasonics is developed. In conventional picosecond ultrasonics, measurement
of local sound velocity was difficult, and macroscopic sound velocity and elastic properties were measured.
However, in the confocal picosecond ultrasonics, a confocal laser-scanning microscope is embedded in
the optics of the picosecond ultrasonics, and depth resolution is improved. Using the developed optics, we
successfully observed propagation of an acoustic wave in thin film. In this paper, the optics we developed
and experimental results on silica film are reported.

Picosecond ultrasonics? is a powerful method for exciting acoustic waves and for evalu-
ating acoustical properties in micro/nano-meter structures, and it has been applied for several
materials such as multilayers,>® glasses,” piezoelectric materials,'® ') metallic films,!*"'¥
and biological materials.'>™'? In picosecond ultrasonics, sub-terahertz acoustic wave is gen-
erated and detected using the pump-probe technique, and sound velocity and attenuation av-
eraged over the propagation path where the acoustic wave travels are measurable. However,
visualization of propagation of the acoustic wave and evaluation of local properties are quite
difficult using the picosecond ultrasonics, although three-dimensional imaging is performed
using the wavelet transforms.!” In bulk materials, propagation of the acoustic wave is visu-
alized using the photoelastic technique.'® By using the photoacoustic method'? and phased
array sensors,”” three-dimensional structure inside a specimen can be visualized. However, it
is difficult to apply these methods for small materials. In this study, for visualizing the propa-
gation of acoustic waves in micro/nano-meter structures, the confocal picosecond ultrasonics
is developed.

In optical microscopy, development of the confocal optics improved the resolution in the

depth direction significantly,?" and the confocal microscopy is nowadays used widely.?*~>%

*E-mail: nobutomo@me.es.osaka-u.ac.jp
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In the confocal microscopy, sub-micron resolution is achieved in the depth direction. For
example, the depth resolution becomes ~ 250 nm from the theoretical formula,>> when the
numerical aperture of an objective lens is 1.4 and wavelength of the pump light is 400 nm. The
confocal optics is obtained by adding pinholes and lenses in optics, and it can be combined
with setup of several optical measurements; the confocal optics has been combined with
Raman spectroscopy?® and Brillouin microscopy?” for evaluating local properties. Because
picosecond ultrasonics is also an optical technique, we have considered that by combining
the confocal optics with optics of the picosecond ultrasonics, propagation of acoustic waves
will be visualized, and a feasibility study was performed.?® In this brief note, we describe
the detail of the confocal optics developed for picosecond ultrasonics. Using the optics, we
observe that a waveform measured in the experiment changes from a damped oscillation to
a wave packet and it moves when the focal point of the objective lens is moved in the depth
direction of a specimen, visualizing the propagation of the acoustic wave.

In picosecond ultrasonics, acoustic waves are excited and detected using the pump-probe
method. Specimen surface is irradiated with ultrashort (picosecond or femtosecond) pulse
laser, so-called pump light, and acoustic waves are exited through instantaneous thermal ex-
pansion near the specimen surface. Longitudinal acoustic pulse then propagates in the thick-
ness direction in the specimen. The specimen surface is irradiated with another pulse laser,
so-called probe light, after the acoustic waves are excited. A part of the probe light trans-
mits into the specimen, and it is backscattered by the acoustic pulse. The backscattered light
and the probe light reflected at the specimen surface are detected by the detector. When de-
lay time of the probe light is changed, intensity of the detected light changes oscillatory,
because length of the optical path of the backscattered light changes as the acoustic wave
propagates, and constructive and destructive interferences occur. This phenomenon is called
Brillouin oscillation, and frequency f5 of the oscillation is expressed as fg = 2nv/A, where n
is the refractive index of the specimen, v the sound velocity of longitudinal wave, and A the
wavelength of the probe light." Therefore, sound velocity and elastic stiffness of transparent
materials can be determined by measuring f3.

In the present study, a confocal optics is embedded in the optics for the Brillouin-
oscillation measurement. Figure 1(a) shows the optics of the backscattered probe light in
the conventional picosecond ultrasonics. When acoustic pulse arrives at the focal point at
t = ty, the probe light is scattered by the acoustic pulse, and it is detected by the detector.
When the acoustic pulse propagates further (r = 7y + At), it is not located at the focal point.
However, a part of the probe light is backscattered and it is detected by the detector as well.
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Then, amplitude and/or phase of detected light shows an oscillation pattern as shown in Fig.
1(c). Frequency of the oscillation is determined by applying the fast Fourier transformation
(FFT) to it, and sound velocity is determined from the frequency. The sound velocity is the
value averaged over the path where the acoustic pulse propagates.

In the optics of confocal picosecond ultrasonics, a pinhole and lenses are inserted as
shown in Fig. 1(b). When the probe light is backscattered by the acoustic pulse at the focal
plane (¢ = 1), the light passes through the pinhole, and it is detected by the detector. However,
when the acoustic wave propagates further (¢ = #, + At), the pinhole shields the probe light,
and intensity of the probe light becomes significantly small. In principle, light reflected at the
specimen surface cannot pass through the pinhole either. However, intensity of the reflected
light is stronger than that of the backscattered light, and it is difficult to shield the reflected
light completely using the pinhole. Then, the detected signal will show a wave packet as
shown in Fig. 1(c). The wave packet should shift by changing the position of the focal point.
Therefore, by measuring the shift of the wave packet with moving the focal point, propagation
of the acoustic wave is visualized and local sound velocity will be determined.

Both the confocal picosecond ultrasonics and the wavelet transforms using the conven-
tional picosecond ultrasonics show sub-micron resolution in the thickness direction. How-
ever, the confocal picosecond ultrasonics shows better acoustic-wave selectability than the
wavelet transforms. For example, when an acoustic pulse propagating in a thin film deposited
on substrate arrives at the interface between the film and substrate, reflected and transmitted
acoustic pulses are generated. Using the conventional picosecond ultrasonics, both pulses are
detected. When frequency of the Brillouin oscillation for reflected pulse is close to that for
the transmitted pulse, it becomes difficult to distinguish them using the wavelet transforms. In
contrast, in the picosecond ultrasonics, an acoustic pulse that arrives at the focal point is de-
tected. Therefore, by moving the focal point, reflected and transmitted waves can be detected
individually.

Figure 2 shows the optics that was developed in the present study, in which some optical
elements such as filters and collimators are not shown for simplicity. Two femtosecond lasers
were used as the light sources. The lasers are synchronized. Wavelength of the lights was
800 nm, and the repetition rate was 80 MHz. The pump light was modulated at 1 MHz for
lock-in detection by passing through the acousto-optic modulator (AOM). Primary diffracted
light was reflected at a dichroic mirror (DM). The probe beam passed through the second-
harmonic-generation (SHG) crystal to generate second-harmonic light with the center wave-

length of 400 nm. A part of the light was reflected by a beam sampler to be used for the
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Fig. 1. Schematics of optical path of probe light scattered by acoustic pulse for (a) conventional picosecond
ultrasonics and (b) confocal picosecond ultrasonics. At ¢ = £y, an acoustic pulse arrives at the focal plane, and it
is out of the focal plane at ¢ = ty + At. (c) Expected signals obtained by (a) conventional and (b) confocal

picosecond ultrasonics.

reference light of the balanced detector. The light passing through the beam sampler passes
through the DM with the same light axis as that of the pump light. The pump and probe
light are introduced into the confocal laser scanning microscope (Nikon, A1R). The lights
are reflected by the beam splitter, and irradiate the specimen surface through an objective
lens. Reflected lights are then pass through the pinhole, and the probe light is detected by the
balanced detector. By moving the corner reflector, delay time of the probe light was changed
with sub-picosecond time resolution. The magnification of the objective lens was 40, and its
numerical aperture was 0.95. Power of the pump light was 3 mW, and that of the probe light
was 16 mW. Size of the pinhole was controlled by the software equipped with the microscope.

Specimen was silica film deposited on a quartz substrate by RF magnetron sputtering.
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Fig. 2. Optics developed for confocal picosecond ultrasonics.

Film thickness was ~ 2 um. Aluminum film with thickness of ~ 10 nm was deposited on the
film surface as a sound source.

First, the picosecond ultrasonics measurement was performed with maximum pinhole
diameter (focal depth displayed in the software was 11 ym). The result is shown in Fig. 3(a).
The intensity increases rapidly at O ps, indicating that an acoustic pulse was excited around
this time. Then, damped oscillation of the intensity was observed, which is a typical waveform
of the Brillouin oscillation. Frequency of the Brillouin oscillation was deduced using FFT.
Gate width of FFT was 50 ps, and frequency was calculated with moving the gate position
as shown in Fig. 3(b). When the gate includes the data above 333 ps, notable change in the
frequency was observed, indicating that the acoustic wave arrived at the interface between
the silica film and quartz substrate. Therefore, frequency of Brillouin oscillation of the silica
glass film was calculated from the data in 0-283 ps, and it was 40.4 GHz. Using refractive
index of vitreous SiO,, n = 1.47,” the sound velocity of acoustic pulse was calculated to be
5497 my/s.

Then, size of the pinhole was decreased so that the focal depth becomes 1 um, and the
picosecond ultrasound measurement was performed. Figure 3(c) shows the results. The wave-
form is different from that observed in Fig. 3(a), and a wave packet is observed clearly. The
wave packet moved when the objective lens was moved in the depth direction. The dashed
line in Fig. 3(c) represents the peak position of the wave packet estimated from the sound
velocity obtained from the Brillouin oscillation above. Apparently, position of the measured
wave packet shows agreement with the dashed line, indicating that propagation of the acoustic
pulse is visualized and the confocal optics is well established for the picosecond ultrasonics.

In the present setup, refraction of the probe light at interface between air and the specimen
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Fig. 3. (a) Signal obtained for silica film deposited on quartz with the pinhole full open, and (b) its Fourier
spectra with different gate positions. Gate width is 50 ps, and the center position of the gate are described. (c)
Signals obtained by the confocal picosecond ultrasonics by moving the objective lens in the depth direction.
Distance from the film surface to the focal point is changed from 400 to 850 nm. For comparison, shift of the
peak position calculated from the sound velocity (5497 m/s) is plotted by the dashed line. The waveforms in (a)

and at 700 nm in (c) were reported in our previous work.?®

surface occurs. Then, the shift of the focal point becomes smaller than that of the objective
lens depending on the refractive index of the specimen and incident angle of the probe light.
In the above comparison between position of the measured wave packet and estimated posi-
tion, this effect is not considered. Consideration of this effect will be required for evaluating
the sound velocity precisely.

In this study, we developed the optics for confocal picosecond ultrasonics. A wave packet
was observed clearly in the silica film, and shift of the wave packet was observed, when the
objective lens (focal point) was moved. This method will allow us to evaluate local sound
velocity of micro/nano-meter transparent materials.

This research was supported by the Innovative Project for Advanced Instruments, Reno-

vation Center of Instruments for Science Education and Technology, Osaka University.
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