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Abstract—Scanning acoustic microscopy techniques oper-
ating at frequencies in the gigahertz range are suitable for 
the elastic characterization and interior imaging of solid media 
with micrometer-scale spatial resolution. Acoustic wave propa-
gation at these frequencies is strongly limited by energy losses, 
particularly from attenuation in the coupling media used to 
transmit ultrasound to a specimen, leading to a decrease in the 
depth in a specimen that can be interrogated. In this work, 
a laser-based acoustic microscopy technique is presented that 
uses a pulsed laser source for the generation of broadband 
acoustic waves and an optical interferometer for detection. The 
use of a 900-ps microchip pulsed laser facilitates the genera-
tion of acoustic waves with frequencies extending up to 1 GHz 
which allows for the resolution of micrometer-scale features in 
a specimen. Furthermore, the combination of optical genera-
tion and detection approaches eliminates the use of an ultra-
sonic coupling medium, and allows for elastic characterization 
and interior imaging at penetration depths on the order of 
several hundred micrometers. Experimental results illustrating 
the use of the laser-based acoustic microscopy technique for 
imaging micrometer-scale subsurface geometrical features in a 
70-µm-thick single-crystal silicon wafer with a (100) orienta-
tion are presented.

I. Introduction

scanning acoustic microscopy (saM) techniques have 
been widely used for the elastic characterization and 

interior imaging of solid structures [1], [2]. In these tech-
niques, ultrasound is focused on a small spot in a speci-
men, and the amplitude and propagation time of the ul-
trasound are monitored to map the spatial variation in 
the mechanical and geometric properties of the specimen. 
The spatial resolution of saM techniques increases with 
the ultrasonic frequency, and micrometer-scale spatial 

resolution is achievable at gigahertz frequencies. However, 
because of strong ultrasonic attenuation in the gigahertz 
range stemming from damping through the coupling me-
dia used to transmit ultrasound into the specimen, saM 
techniques operating in this frequency range are used pri-
marily for near-surface materials characterization [1].

laser-based ultrasonics (lBU) techniques provide an 
attractive alternative to saM techniques for the genera-
tion and detection of ultrasound, and have been used in 
a variety of materials characterization applications [3]–
[9]. In these techniques, a pulsed excitation laser is typi-
cally used for ultrasound generation. The pulsed laser is 
delivered to a specimen surface, where the laser energy 
is absorbed, leading to localized specimen heating. lo-
cal thermal stresses are produced following the specimen 
heating, which relax by launching ultrasound in the speci-
men by transient thermoelastic expansion. The gener-
ated ultrasound is detected at the specimen surface by 
monitoring the surface displacement or strain using an 
optical interferometer or a diffraction-based probe. lBU 
techniques allow for the generation and detection of ultra-
sound without the use of ultrasonic coupling media, allow-
ing for potential improvements in the ultrasonic penetra-
tion depth for imaging elastic and geometrical properties 
in materials. The non-contact aspect of lBU techniques is 
also attractive when working with materials that can be 
contaminated by the coupling medium used in saM tech-
niques. The generation and detection laser spot sizes on a 
specimen surface can be controlled using focusing lenses, 
allowing for materials characterization with high lateral 
spatial resolution. Furthermore, lBU techniques allow for 
nondestructive inspection of material properties.

The majority of the lBU techniques reported in the 
literature can be classified under two broad ultrasonic fre-
quency regimes. In the low-frequency regime, q-switched 
pulsed laser sources with pulse durations in the range of 7 
to 100 ns are used for ultrasound generation [10], [11]. The 
bandwidth of the generated ultrasound in this regime is in 
the kilohertz to tens of megahertz range, which is suitable 
for a variety of nondestructive testing and medical imaging 
applications for which the spatial resolution requirements 
are typically on the order of 1 mm. In the second regime, 
ultrafast laser sources with pulse widths in the range of 
80 to 130 fs are used for the generation of broadband lon-
gitudinal waves with frequencies extending up to several 
hundred gigahertz [12]–[18]. at these frequencies, the ul-
trasonic wavelengths in solids are in the tens to hundreds 
of nanometers range, which is suitable for the elastic char-
acterization of nanoscale structures. The bandwidth of the 
longitudinal waves also allows for time-resolved acoustic 
microscopy on a picosecond time scale. strong attenuation 
of ultrafast laser-generated ultrasound in solids at room 
temperature limits the specimen penetration depth in this 
frequency regime to the nanoscale [17], [18].
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It is desirable to develop lBU techniques for resolv-
ing micrometer-scale elastic and geometric variations in 
structural materials, where the feature depth of interest is 
in the range of tens to several hundred micrometers. one 
such application is the elastic characterization and inter-
nal imaging of the national Ignition Facility (nIF) tar-
get materials that are currently under development at the 
lawrence livermore national laboratory. The nIF target 
materials have micrometer-scale internal features and are 
several hundred micrometers in thickness. These materi-
als also have limited tolerance for sample contamination, 
which makes lBU techniques an attractive characteriza-
tion method. To inspect these structures, the measure-
ment approach adopted involves tailoring the wavelength 
of the generated ultrasound to the micrometer range; in 
most solids, the corresponding ultrasonic frequency is in 
the mid-frequency regime between 500 MHz and 4 GHz. 
The limiting effect of material dependent ultrasonic at-
tenuation in this frequency range is not as severe as in 
the hundreds of gigahertz range, thus allowing for longer 
specimen penetration depths to be inspected. although 
laser generation of ultrasound in the mid-frequency regime 
has been addressed by various authors using point or line 
focused laser sources with pulse durations in the hundreds 
of picoseconds to femtosecond range, these works have 
mostly focused on near-surface materials characterization 
and imaging using surface acoustic waves [19]–[27]. To in-
terrogate depths comparable to the thickness of the nIF 
targets while working in the mid-frequency range, the use 
of bulk longitudinal and shear waves may be more advan-

tageous than surface waves. In this work, a laser acoustic 
microscopy system is presented that uses a 900-ps micro-
chip pulsed laser for the generation of broadband bulk 
waves with frequency components reaching 1 GHz. Exper-
imental results that show the potential of the system for 
imaging micrometer-scale subsurface geometrical features 
in a 70-µm thick single crystal silicon wafer with a (100) 
orientation are presented. The interior lateral spatial reso-
lution of the laser acoustic microscopy system is estimated 
from a scan across an abrupt sub-surface edge.

II. Experiment

A. Experimental Setup

a schematic of the laser acoustic microscopy system is 
shown in Fig. 1. a neodymium-doped yttrium aluminum 
garnet (nd:yaG) microchip laser is used for ultrasonic 
wave generation. The laser has a pulse energy of 5 µJ, a 
pulse width of 900 ps, a repetition rate of 50 kHz, and a 
wavelength of 1064 nm. The generation laser is collimated 
and delivered to a gimbal scanning mirror. The reflected 
beam from the gimbal mirror passes through a set of re-
lay lenses and a dichroic mirror, and is then focused by 
a 20× long-working-distance microscope objective on the 
sample surface to a minimum circular spot of diameter D 
≈ 3 µm at the full-width at half-maximum (FWHM) in-
tensity level. The separation distances between the gimbal 
mirror, the relay lenses, and the microscope objective are 
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Fig. 1. schematic of the laser acoustic microscopy system. na = numerical aperture, PZT = piezoelectric actuator.



chosen such that these optics are configured as a 4f optical 
imaging system. The 4f imaging system is used to scan the 
generation laser spot on the sample surface by changing 
the entry angle of the laser into the microscope objective.

The normal sample surface displacement associated with 
the interaction of the generated ultrasound with the sample 
boundary is detected using a path-stabilized Michelson in-
terferometer. The interferometer uses a frequency-doubled 
nd:yaG laser with a wavelength of 532 nm. The detection 
laser is delivered into the experimental setup through a sin-
gle mode optical fiber, collimated, and directed to a beam 
splitter that splits the light into signal and reference beams. 
The signal beam is directed to the sample surface through 
the microscope objective and is redirected on reflection 
from the sample surface to a high-speed photodetector with 
a rise time of 1 ns. The circular diameter of the signal beam 
on the sample surface is 1.2 µm at the FWHM. The refer-
ence beam is delivered to a reference mirror that redirects 
the beam to the photodetector where it interferes with the 
signal beam producing an intensity-modulated signal that 
is related to the absolute displacement of the sample sur-
face. The interferometer is stabilized at the point of maxi-
mum displacement sensitivity through active adjustment 
to the optical path length difference between the reference 
and signal beams. This is achieved by electronically dither-
ing the reference mirror using a piezoelectric actuator. The 
output signal from the photodetector is recorded using a 
digital oscilloscope at the rate of 10 Gs/s and sent to a 
computer for data processing. The oscilloscope is triggered 
for data acquisition by an input signal from a photodetec-
tor that samples a portion of the generation laser before it 
is delivered to the sample surface for ultrasound generation. 
The sample is supported on a three-axis translation stage 
and a computer-based interface program is used to control 
the stage.

B. Sample Fabrication

The test sample used consists of a 70-µm-thick (100) 
single-crystal silicon wafer with one face etched using 
standard photolithography techniques to produce a pat-
terned surface. a schematic of the sample is shown in Fig. 
2. Because of the long optical absorption depth of the gen-
eration laser in silicon, a 207-nm thick aluminum film was 
deposited on the unpatterned surface of the wafer. The 

optical skin depth for the generation laser in aluminum 
films is less than 20 nm, allowing for enhanced generation 
of broad bandwidth ultrasound in the silicon sample. The 
photomask used to generate the etched topography was 
originally designed for the fabrication of micromechanical-
ly-tunable vertical-cavity semiconductor optical amplifiers 
[28] and was chosen for its appropriate dimensions as well 
as the variety of geometries present, including orthogonal 
and curved features. The silicon wafer was initially cleaved 
to obtain small chips with lateral dimensions of 1 cm by 
1 cm. The cleaved chips were patterned using a deep reac-
tive ion etch system with a standard cyclic process (sF6 
as the etchant, alternating with c4F8 for passivation) and 
protected with a photoresist mask. To improve thermal 
transfer during etching, the silicon chips were mounted on 
a carrier wafer using a thin layer of resist. The exposed 
silicon surface was etched for 2.5 min, resulting in a fea-
ture height of approximately 3.5 µm. Following the silicon 
etch, the chips were removed from the carrier wafer and 
the masking resist was stripped using a combination of 
organic solvents and oxygen plasma ashing. after a thor-
ough cleaning, an aluminum film was deposited on the 
unpatterned surface by electron beam evaporation.

C. Measurement and Signal Analysis Approach

The generation and detection lasers were aligned on 
the unpatterned sample surface coated with the aluminum 
film. The spot size of the generation laser on the sample 
surface was expanded to a diameter of about 30 µm by ad-
justing the position of the relay lenses and defocusing the 
light. Expansion of the generation laser beam diameter 
was necessary to avoid ablating the sample while main-
taining high total laser energy deposited in the sample. 
The specimen was also inspected under an optical micro-
scope after the experiment and no visible evidence of sam-
ple ablation was observed. Fig. 3(a) shows a time trace 
of the normal displacement measured at a point on the 
sample surface as the laser-generated ultrasound propa-
gates through the sample. The waveform was averaged 
700 times to minimize the incoherent noise in the data. 
The waveform shows a rapid thermal expansion caused by 
sample heating from the absorbed laser pulse energy, fol-
lowed by a slowly decaying tail. several transient arrivals 
corresponding to acoustic wave reflections from the bot-
tom surface of the sample and low-frequency ringing are 
also present. Identifying the acoustic wave transients can 
be challenging for two reasons. First, the acoustic wave 
amplitudes are small; second, the wave propagation direc-
tion corresponds to the 〈100〉 direction, which supports 
several acoustic modes including the pure longitudinal, 
pure shear, and mode-converted shear/longitudinal waves 
that arrive close to each other. The longitudinal and shear 
waves are polarized in the normal and in-plane directions. 
The configuration of the experimental setup facilitates 
measurement of the normal surface displacement associ-
ated with the interaction of the longitudinal wave with the 
sample surface. a fraction of the in-plane shear wave dis-
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Fig. 2. Geometry of the micro-fabricated silicon sample.



placement may also be measured in the normal direction 
because of the Poisson’s effect. To identify these acoustic 
wave reflections, the thermal expansion signal seen in Fig. 
3(a) was removed by fitting an exponential decay curve 
to the data and subtracting the thermal expansion signal. 
a portion of the resulting waveform obtained is shown in 
Fig. 3(b). The longitudinal wave reflections labeled as P2, 
P4, and P6 in the figure are clearly identified in the wave-
form. The pulse width of the longitudinal wave echoes 
is seen to decrease with propagation distance because of 
geometric acoustic spreading, leading to a shift in the 
center frequency of the amplitude spectrum of the waves 
to higher frequencies as it travels through the specimen. 
This trend has also been observed by daly et. al. [29] in 
single-crystal silicon specimens along the 〈100〉 propaga-
tion direction using acoustic phonons in the hundreds of 
gigahertz range. note that the pulse width of the P6 re-
flection is approximately 1.0 ns and the frequency content 
extends to 1 GHz. The time difference Δt between succes-
sive peaks or troughs of the longitudinal wave reflections 
is 14.8 ns, which corresponds to the round trip time of 
the longitudinal wave in the sample. Δt is related to the 
longitudinal wave velocity c1, and the sample thickness h, 
by Δt = 2h/c1. Taking cl = 8.44 µm/ns along the 〈100〉 
direction in silicon [2], the sample thickness is estimated 
to be 62.4 µm. This measured value is close to the nominal 
value of 70 µm quoted by the manufacturer and is veri-
fied by wafer thickness measurements using a pneumatic 
thickness probe to be 62.0 µm. It is also important to 
point out that the P6 reflection traversed a total distance 
of 375 µm in the sample; its amplitude is smaller than the 
P2 reflection because of geometric attenuation stemming 
from the pulse-echo configuration of the measurement sys-
tem. nevertheless, the amplitude of the P6 reflection is 
clearly visible above the noise, suggesting that the excited 
longitudinal wave can penetrate through a silicon sample 
having a thickness of half the propagation distance of the 
P6 reflection while maintaining the gigahertz ultrasound 
bandwidth. The material related ultrasonic attenuation in 
silicon is negligibly small at 1 GHz (≈1 db/mm along the 
〈100〉 direction [2]), and the limiting penetration depth 
would depend on the extent of geometric attenuation and 
the measurement signal-to-noise ratio.

The ultrasonic resonant modes excited by the laser 
source in the specimen are identified by taking the Fou-
rier transform of the processed waveform [Fig. 3(b)]. The 
amplitude spectrum is shown in Fig. 3(c). The amplitude 
peaks in the data occur at frequencies corresponding to 
the zero group velocity (ZGV) resonance modes. These 
modes occur at the minimum frequency of the higher-
order antisymmetric and symmetric lamb wave modes 
where the group velocity goes to zero while the phase 
velocity remains finite. For instance, the largest amplitude 
peak in Fig. 3(c) occurs at 65.6 MHz and corresponds to 
the s1 ZGV resonance that occurs at the turning point of 
the first symmetric (s1) lamb wave mode. details con-
cerning laser generation of ZGV modes can be found in 
the literature [30]–[33].

229balogun et al.: high-spatial-resolution sub-surface imaging

Fig. 3. Time-domain waveform obtained in the silicon sample with the 
source and receiver on epicenter: (a) measured signal and (b) processed 
waveform without the thermal expansion signal for the time window 10 
to 70 ns. (c) amplitude spectrum of the waveform in (b).



To map the etched pattern at the bottom of the sili-
con sample, the sample was scanned with the translation 
stage in a two-dimensional area relative to the collocated 
excitation and detection laser spots on the sample surface. 
at each measurement point, a time domain waveform was 
recorded and the arrival times of the amplitude peak of 
the P2 reflection in the measured waveform and the ZGV 
resonance peak close to 410 MHz in the amplitude spec-
trum of the measured waveform were monitored. note 
that in Fig. 3(b), the amplitude peak of the P2 reflection 
occurs at 16.4 ns relative to time zero set by the trig-
ger signal. The 410-MHz resonance peak was chosen over 
other higher-frequency peaks in the amplitude spectrum 
because it provided a sharper image contrast and higher 
signal-to-noise ratio.

III. results and discussion

A. Sub-Surface Imaging

Fig. 4(a) shows the c-scan image of the arrival time of 
the peak amplitude of the P2 reflection measured over a 
400 µm by 400 µm area. In this experiment, the sample was 
raster scanned in 5-µm steps, and the waveform obtained 
at each measurement point was analyzed as explained in 
section II-c. at each point, 700 waveforms were acquired 
and averaged to minimize the measured background noise. 
The measurement time per point is approximately 1 s. 
The change in arrival time of the P2 reflection seen in 
the c-scan reveals the etched pattern at the bottom of the 
sample. a scanning electron microscopy (sEM) image of 
the pattern taken from the etched side of the sample is 
shown in Fig. 4(b). The etched pattern in the c-scan and 
the sEM image are in good agreement. The slight tilt in 
the etched pattern seen in the c-scan image when com-
pared with the sEM image results from the fact that the 
sample was not aligned with respect to a common datum 
when both images were taken. The maximum change in ar-
rival time of the P2 reflection observed in the c-scan image 
is about 0.8 ns, equivalent to a thickness change of 3.4 µm 
and is close to the expected value of 3.5 µm obtained from 
a scanning white-light interferometer. The c-scan image of 
the longitudinal thickness resonance frequency measured 
over the same area shown in Fig. 4(c) reveals the sub-
surface pattern as well. a maximum frequency shift (Δf) 
of 24 MHz is represented in the image, which corresponds 
to a sample thickness variation of Δh = (Δf/f)h, where h 
= 62.4 µm is the thickness of the un-etched silicon sample. 
Using the expression for Δh, the height of the etched pat-
tern obtained from the resonance c-scan image is 3.7 µm, 
which is slightly greater than the value obtained from the 
time-of-flight c-scan image. compared with the c-scan im-
age obtained using the time-of-flight of the P2 reflection, 
the c-scan image of the ZGV resonance does not show a 
noticeable edge effect. The ability to resolve the sub-sur-
face pattern demonstrates the high sensitivity of the laser 
acoustic microscopy system for internal imaging in solids. 
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Fig. 4. Images of the sub-surface pattern etched into the silicon sample: 
(a) time-of-flight c-scan of the P2 reflection, (b) scanning electron mi-
croscopy image of the etched pattern, and (c) c-scan image of the ZGV 
resonance frequency close to 410 MHz.



Furthermore, these measurements can be conducted using 
either a broadband approach in which transient longitu-
dinal modes are generated and detected or a narrowband 
approach based on the ZGV resonances.

B. Spatial Resolution

To determine the lateral spatial resolution of the system 
at the feature depth, a line scan with a step size of 1 µm 
was taken across an edge of one of the etched features in 
the sub-surface pattern. Fig. 5 shows the measured edge 
response obtained by recording the arrival time of the 
peak amplitude of the P2 reflection. To determine the po-
sition of the P2 amplitude peak with high temporal reso-
lution, the sampling period of the time domain data was 
decreased from 100 ps/point to 1 ps/point through zero 
padding in the frequency domain [34]. note that neither 
the magnitude nor the phase spectrum of the waveform is 
altered by this operation; the bandwidth, amplitude, and 
arrival time of the transient arrivals in the reconstructed 
time domain data are the same as in the original wave-
form. The maximum variation in the measured time-of-
flight estimated from the interpolated time data between 
130 µm and 170 µm in Fig. 5 is about 1.1% of the mean 
value of 17.44 ns.

The sharp transition region observed in Fig. 5(a) re-
quires further explanation. as the source and receiver are 
scanned over the step, P2 reflections are observed from 
both the upper (labeled t1) and lower (labeled t2) surfaces 
of the step as shown in Fig. 5(b). In the transition region, 
the dominant peak shifts abruptly from t1 to t2 as the 
source and receiver pass over the center of the step. The 
transition region in the time-of-arrival data does not give 
a measure of the lateral resolution, or the ability to resolve 
closely spaced objects, of the system. It simply shows that 
as the source and receiver approach the step the ampli-
tude of arrival t1 is greater than t2, and while just over the 
center of the step, the amplitude of t2 is greater than t1. 
an exception to this general trend occurs at two points 
in Fig. 5(a) close to 180 µm where an abrupt jump in the 
arrival time is observed. This occurs because the P2 reflec-
tion from the lower surface of the step is stronger than the 
reflection from the upper surface of the step.

To get a true measure of the lateral resolution of the 
system, the amplitude of the arrival at time t1 is measured 
as the source and receiver are scanned over the step. The 
result is shown in Fig. 5(c). The dotted line shows that the 
data can be well approximated by an integrated Gaussian 
function. assuming that the physical shape of the edge 
can be approximated by a step function, the lateral spatial 
resolution of the laser acoustic microscopy system can be 
estimated based on the width of the line spread function. 
The line-spread function, obtained from the deconvolu-
tion of the integrated Gaussian fit to the amplitude data 
and a step function, is shown in Fig. 6. The lateral spatial 
resolution estimated based on the FWHM of the curve 
is 37 µm. note that the lateral resolution is controlled 
in pulse-echo experiments by the thickness of the sample 
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Fig. 5. Edge response of the laser acoustic microscopy system: (a) spatial 
variation in the arrival time of the P2 reflection, (b) a portion of the 
waveform obtained at measurement positions that are close and far away 
from the step; t1 and t2 correspond to the arrival times of the P2 reflec-
tion from the top and bottom of the edge, (c) peak amplitude of the P2 
reflection at t1 as a function of lateral distance.



which, in turn, determines the extent of geometric spread-
ing of the acoustic waves. Further improvements to the 
spatial resolution are possible using synthetic aperture fo-
cusing techniques in cases where far-field ultrasonic wave 
propagation conditions are met.

IV. conclusions

In this work, a laser acoustic microscopy system de-
signed for elastic characterization and imaging was pre-
sented. The system is configured as a pulse-echo system 
and allows for the generation and detection of broadband 
ultrasound with frequency components up to 1 GHz. Ex-
perimental results were presented illustrating the use of 
the laser acoustic microscopy system for mapping a mi-
crofabricated sub-surface pattern etched into a 62.4-µm-
thick, (100) silicon wafer. several bulk longitudinal wave 
echoes making multiple round trips in the silicon wafer 
were observed in the measured results at each excitation 
and receiver location on the sample surface. longitudi-
nal wave echoes corresponding to propagation distances 
beyond 300 µm were measured. Ultrasonic images of the 
subsurface pattern were obtained by scanning the sample 
in a two-dimensional area relative to the collocated excita-
tion and detection laser sources. at each scan position, the 
arrival times of the first longitudinal wave echo and a ZGV 
resonance mode excited in the sample were monitored. 
The lateral spatial resolution of the system at the feature 
depth was shown to be 37 µm being limited by geometric 
wavefield spreading stemming from the pulse-echo con-
figuration of the system. The disadvantage of the laser-
based microscopy system presented primarily stems from 
the long measurement time (~1 s/pixel) that arises from 
the point-by-point scanning approach. The laser acoustic 
microscopy system is suitable for elastic characterization 
and inspection of subsurface defects in a variety of solid 

structures where microscale spatial resolution is required 
over depths reaching hundreds of micrometers.
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