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Broadband all-optical ultrasound transducers
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A broadband all-optical ultrasound transducer has been designed, fabricated, and tested for
high-resolution ultrasound imaging. It consists of a two-dimensional gold nanostructure on a glass
substrate, followed by a 3 um polydimethylsiloxane layer and a 30 nm gold layer. The signal to
noise ratio of a pulse-echo signal is over 10 dB in the far field of the transducer, where the center
frequency is 40 MHz with -6 dB bandwidth of 57 MHz. The potential for high-frequency
ultrasound arrays using this technology is demonstrated using multiple measurements from the
transducer to image a 25 wm diameter wire. © 2007 American Institute of Physics.
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High-frequency ultrasound (>30 MHz) has been widely
used for various imaging applications, including
ophthalmology,l’2 dermatology, “ intravascular imaging, and
small animal imaging.5 At present, high-frequency acoustic
microscopy uses mechanical scanning of a single element
transducer, where the low f/numbers of these transducers
severely restrict the depth of field, making it very difficult to
make high quality images of a three-dimensional (3D) vol-
ume. Thus, two-dimensional (2D) arrays are highly desired
for in vivo, dynamically focused 3D imaging at high frame
rates. However, high-frequency arrays are extremely difficult
to build with conventional piezoelectric transducers®™® and
are not available for routine use, where the major problems
include dicing piezoceramics to micron scale elements, elec-
trical connections, and crosstalk between elements. Develop-
ing new transducer technologies is needed to overcome these
difficulties.

Optoacoustic arrays relying on optical generation9f and
detection'*'® of ultrasound have been studied for decades as
an alternative to piezoelectric technologies. Instead of elec-
tronic signals, two laser beams are used as input/output, one
for generation and the other for detection. The most attrac-
tive feature of optoacoustic arrays is that the size and spacing
of each array element are defined by the focal spot of a laser
beam; thus they can be easily reduced to several microns
using conventional optics. Also, an array can be easily
formed by splitting the laser beam onto an array of focused
spots, avoiding the trouble of dicing the transducing surface
or making any electrical connections.

The most common mechanism of ogtical generation of
ultrasound is the thermoelastic effect.'"* A typical configu-
ration focuses a laser pulse onto a light absorbing film de-
posited on a transparent substrate. Optical absorption rapidly
heats up a localized volume in the film, where thermal ex-
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pansion launches an acoustic wave into the overlyin%
sample. The current state of the art optoacoustic transmitter’
uses polydimethylsiloxane (PDMS) as polymer bulk, and a
2D array of gold nanoparticles as optical absorber, which
produces sufficient acoustic power over a bandwidth of
100 MHz.

The most effective method of o?tical detection of ultra-
sound utilizes an etalon structure,”’l which, also known as a
Fabry-Perot interferometer, consists of a polymer layer sand-
wiched between two optical reflectors. Light incident from
an external source undergoes multiple beam interference in
the etalon and produces a reflected signal intensity highly
sensitive to the optical path length near the resonance wave-
length. Acoustic waves propagating through the etalon
modulate the cavity length, which in turn changes the re-
flected optical intensity; thus, the acoustic pressure can be
measured by recording the intensity change of the reflected
signal. Etalon sensitivity is comparable to a piezoelectric
transducer of equivalent size.

Both optoacoustic transmitters and receivers have been
significantly improved during the past decade and are mature
enough to be integrated into a single device for practical
imaging applications. In this letter, we present the first all-
optical ultrasound transducer combining optoacoustic gen-
eration and detection.

To fabricate this device, a 200 nm thick polymer layer,
with 2D arrangements of air holes spaced every 200 nm, is
first fabricated on a glass substrate using laser interference
lithography and nanoimprint lithography.”’18 Each hole is
200 nm deep and 126 X 111 nm? in cross section. A scanning
electron microscope (SEM) picture of the top view is shown
in Fig. 1(a). A 20 nm layer of gold is then deposited on top
of the imprinted polymer structure using an electron beam
evaporator. Figure 1(b) shows a sketch of the side view of
this gold nanostructure, which contains the gold nanopar-
ticles at the bottom of the air holes as well as the gold layer
on top of the polymer layer. A 3 um thick PDMS layer,
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FIG. 1. (Color online) (a) SEM picture of the top view of 2D air holes in
polymer. (b) Sketch of the side view of the gold nanostructure. (c) Sketch of
the side view of the all-optical transducer.

followed by a 30 nm continuous gold layer, is then fabricated
on top of the nanostructure. As a final step, an additional
0.5 pm thick PDMS layer is spin cast over the entire device
for protection. A sketch of the side view of the structure is
shown in Fig. 1(c).

The unique optical properties of the gold nanostructure
define the operating principle of the integrated transducer.
The gold nanoparticles in the structure serve as efficient op-
tical absorbers because surface plasmons localized around
the particles strongly absorb light at a resonant
wa\/ezle:ngth,l9’20 determined to be about 780 nm for our
structure. As a result, when a laser pulse at 780 nm is fo-
cused onto the gold nanostructure, over 30% of the incident
optical energy is absorbed and then rapidly transferred to
PDMS for ultrasound generation. On the other hand, the gold
nanostructure reflects over 90% of the optical energy at
wavelengths far from resonance. Thus, the gold nanostruc-
ture, together with the 30 nm thick gold layer and the PDMS
layer in between, forms an etalon for ultrasound detection,
where a cw laser at around 1500 nm is used as the probing
optical beam.

As a first test of this device, a simple pulse-echo experi-
ment is performed using the setup shown in Fig. 2. The op-
toacoustic transducer device is mounted at the bottom of a
water tank. The pulsed laser excitation source is a commer-
cial high energy solid state laser with tunable wavelength
(Surelite, with OPO Plus, Continuum, Inc.), which produces
a 5 ns laser pulse at a wavelength of 780 nm. The beam is
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FIG. 2. (Color online) Setup of the pulse-echo experiment.

Appl. Phys. Lett. 91, 073507 (2007)

0.05+

Amplitude
o

-0.054
0 100 200 300
Time (ns)
(a)
O,
-5
g 10
B
g 15,
fary
-204
=25 T T " : ]
20 40 60 80 100
Frequency (MHz)
()

FIG. 3. (a) Single-shot pulse-echo signal. (b) Spectrum of the averaged
pulse-echo signal.

coupled into a multimode fiber with core size of 50 um,
output through a collimator, and then focused onto a 70 um
spot on the gold nanostructure film with energy of about
1 wJ/pulse (fluence of 26 mJ/cm?). The generated acoustic
waves are launched into the water and reflected back from a
glass slide aligned parallel to the etalon surface and placed
about 1.5 mm away. A cw laser beam at 1500 nm with power
of 4 mW is focused onto a concentric 20 um spot to detect
the pulse-echo ultrasound signal. Reflected light is collected
using an amplified InGaAs photodiode.

Figure 3(a) shows single shot acquisition of the pulse-
echo signal. The signal to noise ratio (SNR) is measured to
be over 10 dB for this experiment in which only a very small
fraction of the transmitted acoustic power is captured by the
20 wm diameter receive aperture. The acoustic pressure in-
creases linearly with the optical energy absorbed by the gold
nanostructure, thus the SNR can be further improved with
higher optical power. The ultimate acoustic pressure avail-
able is determined by the thermal damage threshold of the
structure, measured to be 25 wJ/pulse delivered to a spot size
of 25 um (Ref. 11) (fluence of 5.1 J/cm?), about a factor of
200 higher fluence than that used in our experiment. Thus,
the SNR of a single shot pulse-echo signal for this measure-
ment geometry can easily exceed 40 dB without damaging
the device.

The spectrum of the pulse-echo signal, averaged 1000
times, is shown in Fig. 3(b). The center frequency is 40 MHz
with —6 dB bandwidth of 57 MHz. Theoretical studies have
shown that the temporal profile of the generated ultrasound is
proportional to the derivative of the input optical pulse.11
Therefore, the center frequency and bandwidth of the pulse-
echo signal are mainly determined by the incident laser
pulse, as well as the frequency response of the etalon. The
most straightforward approach to achieve higher center fre-
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FIG. 4. (a) Wave field plot of the detected acoustic field (b) reconstructed
image.

quency and broader bandwidth is to use a shorter pulse. Also,
the etalon shows —7 dB attenuation at 100 MHz compared to
below 20 MHz. The frequency response of the etalon is di-
rectly determined by the thickness of the polymer bulk and
can be greatly improved by further reducing the overall
thickness of the structure. When a 2 ns laser pulse is used
instead of a 5 ns one, combined with a thinner etalon, the
bandwidth is expected to be enhanced to over 100 MHz.

To demonstrate the ultrasound imaging capabilities of
this optoacoustic transducer, a 25 um diameter metal wire is
used as imaging target, replacing the glass slide in the setup
shown in Fig. 2. A one-dimensional (1D) synthetic aperture
is formed by mechanically scanning the wire by a total dis-
tance of 2 mm with 20 wm step separation. At each position,
the signal is averaged 100 times before recording. Figure
4(a) shows a wave field plot of the detected acoustic field.
Bandpass filtering (25—-85 MHz) and demodulation are ap-
plied to these data, and then conventional array beam form-
ing is performed to reconstruct the image. The —6 dB axial
resolution is determined to be 19 wm, smaller than the actual
wire diameter but consistent with the bandwidth of the pulse
suggesting that only the echo from the wire surface contrib-
utes to the image. The —6 dB lateral resolution is 38 wm,
representing about one acoustic wavelength at the 40 MHz
center frequency. To improve image quality, a smaller optoa-
coustic transmission element size is highly desired. Cur-
rently, the element size is about 70 um, several times the
acoustic wavelength at high frequencies. Reducing the ele-
ment size to 20 um would significantly improve the diver-
gence of the radiation pattern, which ultimately helps pro-
duce higher-resolution images.
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At this stage, the imaging target is mechanically scanned
to produce an equivalent 1D synthetic array. However, si-
multaneous detection of all elements in an array system is
required for real-time imaging applications. This can be re-
alized by splitting both the ultrasound generation and detec-
tion beams into an array of focused spots on the surface of
the gold nanostructure. We propose to use a graded index
fiber bundle for simultaneous illumination and detection.
Typically, a fiber bundle contains several thousand individual
light guides; each has a diameter of 10 wm, and the spacing
is also about 10 wm. The laser power should also be in-
creased corresponding to the total number of elements used,
which can be done using erbium doped fiber amplifiers.
Meanwhile, a photodiode array needs to be constructed to
collect reflected light from each individual array element.

In summary, we have designed, fabricated, and tested the
first all-optical ultrasound transducer. The pulse-echo signal
displays good SNR and excellent bandwidth, both of which
can be further improved with proper modifications to our
system. High-resolution ultrasound imaging has been dem-
onstrated using a 1D synthetic aperture. Future work in-
cludes optimizing the gold nanostructure for maximal optical
absorption at the resonance wavelength and expanding a
single transducer element to an array system for real-time
imaging.
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