1st International Symposium on Laser Ultrasonics:
Science, Technology and Applications

Laser U:Iga_sq_n_iﬁ;.h{;;n_tr_éal July 16-18 2008, Montreal, Canada

Broadband All-Optical Ultrasound Transducer

Yang HOU?, Jin-Sung KIM*, Shai ASHKENAZI?, Sheng-Wen HUANG,
L. Jay GUO', Matthew O'DONNELL?

! Department of Electrical Engineering and Computer Scjdtaiversity of Michigan,
Ann Arbor, MI, 48109 USAyanghou@eecs.umich.edskim@umich.eduguo@eecs.umich.edu
Phone: 1-734 6477718, Fax 1-734 7639324
2 Department of Biomedical Engineering, University of Mgan, Ann Arbor, MI, 48109 USA
shaia@umich.edghengwen@umich.edu
3 Department of Bioengineering, University of Washingtomte WA, 98195 USA
odonnel@engr.washington.edu

Abstract

Real-time three-dimensional (3D) high-resolution ultrasbumaging requires 2D phased arrays
operating at frequencies higher than 50 MHz, which posegeat gchallenge for piezoelectric
technologies. A promising alternative is an optoacoustayaelying on optical generation and detection
of ultrasound. We present an all-optical ultrasound transdwbéch consists of a 2D gold nanostructure
on a glass substrate, topped by a@i7polydimethylsiloxane (PDMS) layer and then a 30 nm golerlay
A laser pulse with a wavelength matches that of the sufiasmon resonance of the gold nanostructure
caused the absorption of a large fraction of the incidetital energy and heat a highly localized volume;
and a rapid thermal expansion launches an acoustic Wagegold nanostructure also reflects over 90%
of optical energy at wavelengths far from the resonawbéh, together with the continuous gold layer
and the PDMS bulk in between, forms a Fabry-Perobrtatructure for ultrasound detection. Large
bandwidth (57 MHz) and high resolution are demonstrated by-polse imaging experiments.

Keywords: All-optical ultrasound transducer, optical generation detkction of ultrasound, surface
plasmon resonance, gold nanostructure, Fabry-Perohetal

1. Introduction

High frequency (> 30 MHz) ultrasound has been widely use¢hiimus applications
including ophthalmology [1], intravascular imaging (IVUE)] and small animal
imaging [3]. Two-dimensional (2D) transducer arrays are higbkired to make high
quality images of a 3D volume because they can be staadedynamically focused in
the image plane, and can achieve higher frame ratesevér, piezoelectric array
systems are not yet available for routine use at fighuencies despite significant
progress by several investigators [4], where major pnableinclude dicing
piezoceramics to micron scale elements, electrazainections, crosstalk between
elements, as well as lack of quality high frequency naseand electronics. Recently,
the capacitive micromachined ultrasound transducer (CM@d$)been developed as an
alternative [5], but these devices require integratedt-ead electronics for each
independent array element. Therefore, for applicationsrevthigh frequency and
broadband arrays with large element counts are requwrediriple packages, a new
transduction technology is still greatly needed.

An attractive alternative to conventional piezoeaiectechnology is an optoacoustic
array relying on optical generation and detection of sttwad. Two laser beams are
used as input/output instead of electronic signals, onelti@sound generation and the
other for ultrasound detection. The most significant athgenover piezoelectricity is
that the size and spacing of each transmit/receive ateayent is defined by the focal
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spot of a laser beam, and can be easily reduced to severahs using conventional
optics, which is suitable for synthetic aperture imaghdrequencies over 100 MHz.
Also, an array can be easily formed by splitting thenary laser beam and focusing the
resultant secondary beams onto an array of spotgliagathe trouble of dicing the
transducer surface or making any electrical connections.

The most common and efficient mechanism for optical geioer of ultrasound is the

thermoelastic effect [6]. Typically, a laser pulsddsused onto the surface of a light-
absorbing film, causing a rapid temperature rise in a kemhlvolume, where thermal
expansion launches an acoustic wave into the overlyimglsa The current state-of-the
art optoacoustic transmitter [7] consists of a 2w gold nanoparticles as optical
absorber and a thin polydimethylsiloxane (PDMS) layehwaigh thermal expansion

coefficient to improve the optoacoustic transductidiiciency. These devices can
easily generate acoustic surface pressure exceeding 10@tMBave 50 MHz, making

them proper tools for real-time biomedical imaging appiomns.

One of the most effective methods for optical dedpecof ultrasound is to utilize an
etalon structure [8], also known as a Fabry-Perotfertt@meter, which is an optical
device that consists of a polymer layer sandwiched betwee optical reflectors.
Multiple beam interference effect makes an output apsignal highly sensitive to the
optical path length near the resonance wavelength. Acauates propagating through
the etalon modulates the cavity length, which in turanges the reflected optical
intensity; thus, the acoustic pressure can be measunettnding the intensity change
of the reflected signal. Etalon sensitivity has bedwwn to be comparable to a
piezoelectric transducer of equivalent size, and etiadordwidth can easily exceed 100
MHz with a very thin polymer layer.

Both optoacoustic transmitters and receivers have digaificantly improved during the
past decade, and are mature enough to be integrated imglea device for practical
imaging applications. In this paper, the design and fatioic of an integrated all-optical
ultrasound transducer as well as the characterizatiomhefoptical and acoustic
properties are explored. Images obtained from a 1D syoHperture are also presented.

2. Fabrication and Structure

The most crucial part of the device is the 2D gold nanogire used for generating the
acoustic waves. Such 2D Au nanostructure was fabricat®&thbgimprint Lithography
and Au evaporation [9]. The mold used for nanoimprintingsists of a 220 nm period
2D SiQ, pillar array of 200 nm deep and 128 nm by 110 nm in cross secti@anS
wafer. Such a pillar structure mold was fabricated bgrakination of two-orthogonal
imprinting using a 220nm period grating mold, metal mask deposamhyeactive ion
etching [10]. Figure 1(a) shows a scanning electron micros(®pkl) picture of the
top view of a 20 nm thick gold nanostructure deposited on rtiprinted polymer
template, and Figure 1(b) shows a sketch of the side Wiewixture of PDMS and D4
is then spin-coated on top of the gold nanostructureravthe thickness is about 2.7
pm. A 30 nm thick gold layer is then deposited in a second g@ldogation. As a final
step, an additional 0.fm thick PDMS layer is spin cast over the entire devare
protection. A sketch of the side view of the entire $tmecis shown in Figure 1(c).
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Figure 1. (a) SEM picture of the top view and (b) sketictine side view of the 2D gold nanostructure; (c)
Sketch of the side view of the all-optical transducercstire.

3. Experiment and Results

The gold nanopatrticles in the structure serve as effiaptical absorbers because the
surface plasmons localized at the particles stronddgord light at a resonant
wavelength, determined to be about 780 nm for our structurgaDpansmission has
been measured to be 20% at wavelength of 780 nm and 15% at 15&ilengptical
reflection from the substrate side of the gold namestre is 50% at 780 nm and 75% at
1550 nm. This means that optical extinction, mostly duepta@al absorption, is about
30% at 780 nm, and 10% at 1550 nm. As a result, a short lasergiu780 nm can be
focused onto the gold nanostructure for high-frequencgadtind generation.

An etalon is formed for optical detection of ultrasdwnith the gold nanostructure, the
additional 30 nm gold layer, and the 2uih PDMS layer in between. A high quality
factor is achieved because the optical reflection ftbe polymer side of the gold
nanostructure is measured to be above 85% over 1440 to 1590 nieng#veFigure
2(a) shows the optical reflection resonance around 152@itimFWHM of 10.5 nm. A
high frequency piezoelectric transducer is used to chazetdie frequency response
of the etalon. The transducer pulse-echo signal tefleitom a glass substrate and the
etalon signal from detecting the transducer are recoBi#t. spectra, together with the
derived frequency response of the etalon, are showmgiund=R2(b). Clearly, the etalon is
suitable for ultrasound detection exceeding 50 MHz.
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Figure 2. (&) Optical resonance of the etalon stragth) Spectrum of the etalon signal, the square root
of pulse-echo signal of the piezoelectric transducerjtamétalon frequency response (derived by
dividing the etalon spectrum by the square root of transgudse-echo spectrum).

A simple ultrasound pulse-echo experiment is performeoe Tetailed setup is
described elsewhere [9]. Briefly, the integrated allegbttransducer is mounted at the
bottom of a water tank. A 5 ns laser pulse at the lgagth of 780 nm is illuminated
and focused onto a 7@m spot, on the gold nanostructure with energy of about 1



nd/pulse (fluence of 26 mJ/én Currently, a 7Qum spot is the minimum diameter for
our setup. A continuous-wave (CW) laser beam at 1517 nmpeitler of 4 mW is used
to detect the pulse-echo acoustic waves reflected bawckdrglass slide aligned parallel
to the etalon surface and placed about 1.5 mm awayb&am is illuminated on the
etalon, focused onto a concentric P0n spot. Reflected light, which has been
modulated by the pulse-echo ultrasound waves, is calledieg an amplified InGaAs
photodiode. The signal is amplified by 30 dB before data oaptu

Figure 3(a) shows the pulse-echo signal with 1000 averapessignal to noise ratio
(SNR) of a single-shot signal is measured to be ovelBLfor this experiment in which
only a very small fraction of the transmitted acoupbaver is captured by the 20 pm
diameter receive aperture. The spectrum of the pulse-sghal (solid curve), averaged
1000 times, is shown in Figure 3(b). The center frequenc&0iMHz, with -6 dB
bandwidth of 57 MHz. The theoretical spectrum (dashed cusv&lso shown for
comparison, which is derived by taking the spectrum otithe derivative of the laser
pulse, multiplying it by the etalon frequency response, tlading into account the
attenuation in water. Apparently, the two curves amr@asonably good agreement with
each other.
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Figure 3. (a) Pulse-echo signal averaged 1000 timesbasgegctrum of averaged pulse-echo signal
compared to simulation results.

To further evaluate this all-optical ultrasound transdudes, ultrasound imaging
capabilities must be demonstrated. An imaging objecteanistof the glass slide, is
placed about 1.5 mm away from the transducer while dveag/else remains the same.
A 1-D synthetic aperture is formed by mechanically scanniagniaging object. A 25
pum diameter metal wire is used as the imaging targeithwis scanned over a total
distance of 2 mm with 20 pm step separation. At eachiposthe signal is averaged
100 times before recording. Figure 4(a) shows a wavefieldgblthe detected acoustic
field. Band-pass filtering (25 to 85 MHz) and demodulationaguglied, and then beam
forming according to a simple synthetic aperture focusiechnique (SAFT) is
performed to reconstruct the image, shown in Figure 4[bg -6 dB axial resolution is
determined to be 19 pm, consistent with the bandwidtheopulse. This also confirms
that only the echo from the wire front edge contribiitethe image because the axial
resolution is smaller than the actual wire diameidre -6 dB lateral resolution is 38
K m, representing about one acoustic wavelength at the-#0cehter frequency.
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Figure 4. (a) Wavefield plot of the detected acoustid fie) reconstructed image

4. Discussion

At this stage, the imaging target is mechanically scannddrto an equivalent 1-D
synthetic aperture. However, simultaneous detectioallaarray elements, and even
simultaneous excitation in some configurations, is redui@ real-time imaging
applications. This can be realized by splitting bothiltbhenination and detection beams
into an array of focused spots on the surface of the elekor laser beam delivery, a
graded index (GRIN) fiber bundle can be used, which contagveral thousand
individual light guides, each having a diameter and spacing & 20 um. The small
size of each individual light guide provides conveniencectuieae smaller element
size, which is critical for limiting the divergence ofetlmadiation pattern for high-
frequency imaging. Laser power needs to be increase@sponding to the total
number of elements used, which can be done using Erbium ddggedamplifiers
(EDFA). The uniformity of the device is important espbgifor ultrasound detection,
because the thickness of the structure determines ttmmabpvavelength for the
detection laser beam. This must be equal to or clodeetactual wavelength used at all
element spots. Good uniformity is expected after furtrefmement of current
fabrication methods. Meanwhile, InGaAs photodiode araagscommercially available,
which can be integrated into our system with proper rwadibns for simultaneous
detection of multiple probing beams. Therefore, expandangsingle element
optoacoustic transducer into an array system can béigalcdone using a splitting
and focusing scheme.

Another practical consideration for building an arrggtem is to achieve SNR higher
than 10 dB in our current single element system. Thisnegjhigher generated acoustic
pressure and lower etalon noise equivalent pressure. Higluér acoustic pressure can
be efficiently generated by increasing input pulse laserggnéiso, the etalon noise
equivalent can be reduced by increasing the probing laser ipéamsity, improving
etalon quality factor, as well as utilizing photodetestwith higher sensitivity. The
acoustic pressure has the potential to be improved by 20na@ysby increasing the
input energy from JuJ/pulse to above 1@J/pulse, while it is not difficult to reduce the
noise equivalent pressure by at least another 20 dB bgasiog the probing laser
power from 4 mW to 20 mW and the etalon quality factomfrl50 to 300. Thus, the
SNR of a single shot pulse-echo signal from a singiment can easily exceed 50 dB
without damaging the device, a value more than suffiéeara 2-D array element.



5. Summary

We have designed, fabricated, and tested the broadbaraptiedl ultrasound
transducer. The pulse-echo signal displays good SNR»amdlent bandwidth. High-
resolution ultrasound imaging has been demonstrated usiig synthetic aperture
Planned next steps include optimizing the gold nanostructuremfiximal optical
absorption at the resonance wavelength, modifying thererental system to achieve
higher SNR, and expanding a single transducer elementdoay system for real-time
imaging. We believe that these all-optical ultrasoumshdducers are suitable for 2D
high frequency arrays providing real-time 3D high resoluinoeging capability.
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