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In order to work at higher ultrasonic frequencies, for instance, to increase the resolution, it is neces-
sary to fabricate smaller and higher frequency transducers. This paper presents an ultrasonic trans-
ducer capable of being made at a very small size and operated at GHz frequencies. The transducers
are activated and read optically using pulsed lasers and without physical contact between the instru-
mentation and the transducer. This removes some of the practical impediments of traditional piezo-
electric architectures (such as wiring) and allows the devices to be placed immediately on or within
samples, reducing the significant effect of attenuation which is very strong at frequencies above
1 GHz. The transducers presented in this paper exploit simultaneous optical and mechanical
resonances to couple the optical input into ultrasonic waves and vice versa. This paper discusses
the mechanical and optical design of the devices at a modest scale (a few um) and explores the scal-
ing of the transducers toward the sub-micron scale. Results are presented that show how the trans-
ducers response changes depending on its local environment and how the resonant frequency shifts

when the transducer is loaded by a printed protein sample. © 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4904487]
[VMK]

I. INTRODUCTION

Ultrasonics offers an intriguing route to high resolution
imaging and measurement because the speed of sound is
~5 orders of magnitude lower than the speed of light. For
the same wavelength this makes the frequency of sound with
optical scale wavelengths in the GHz range. Furthermore,
many small scale objects of interest (such as cells) exhibit
very little intrinsic optical contrast but may offer useful con-
trast for ultrasound.

There are significant practical problems to implement-
ing ultrasound in the GHz region using the sort of piezo-
electric transducer technology that is ubiquitous in the MHz
region, for instance, the attenuation of ultrasound is
extremely high in the GHz region [1900dBmm™' at
4.4GHz (Ref. 1)], making it difficult to use any form of
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couplant, the small size of the transducers required at multi
GHz frequencies makes it a considerable technical challenge
just to provide electrical wiring to the transducer, and the
electronics to drive and detect the multi GHz analog signals
are expensive.

It is possible to overcome these problems but as the fre-
quency increases beyond a GHz increasingly extreme meas-
ures are required, for instance Quate’s group' used 15 yum
focal length acoustic lenses and liquid helium as a couplant
to perform acoustic microscopy in the low GHz range.

It is also possible to generate and detect ultrasound in
the GHz region using picosecond laser ultrasonics. Here
short pulsed lasers are used to generate and detect the ultra-
sound. This arrangement overcomes some of these practical
problems associated with piezo-electric transducers because:
There is no need for a couplant, the lasers provide access to
high speeds, and the pump-probe architecture removes the
need for extremely fast electronics. This technique has been
used to investigate the optical and mechanical properties of

© 2015 Acoustical Society of America 219
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thin ﬁlms,3 semi—conductors,4 novel materials,5 liquids,6 and
recently picosecond laser ultrasonics has been shown to be
possible on biological cells.”® In these techniques the fre-
quency of the ultrasound generated depends on the optical
absorption in the sample and the frequency content of the
laser pulses and can reach over 100 GHz. However, the mini-
mum lateral extent or ultrasound beam size is usually deter-
mined by the optical spot size which limits the lateral
resolution despite the ultrasonic wavelength being signifi-
cantly shorter than the optical wavelength. Furthermore the
efficiency of optical generation and detection can be low,
resulting in the need to use a relatively large amount of laser
energy and averaging of the signal to overcome the low sig-
nal-to-noise level.

In this paper, we introduce an optically driven ultrasonic
transducer that acts simultaneously as an optical and ultra-
sonic resonator and is designed so that it couples from light
to ultrasound and vice versa efficiently.

Using a transducer, rather than the sample (as is com-
monly used in picosecond ultrasonic systems) to generate
and detect the ultrasound allows the signal-to-noise ratio to
be improved which, in turn, improves the speed of measure-
ment and enables imaging. Although not demonstrated in
this paper this technique has the potential to produce ultra-
sound with a smaller lateral extent than the optical
wavelength by using curved transducers or those with a sub-
optical wavelength size.

There has been much interest in micro’'® and nano
sized structures, for both the measurement of their inherent
properties and their potential for many different sensing
applications. The structures studied to date range in shape
and size and include rings,11 rods,12 spheres,9 shells,13 and
cylinders/fibers.' These have been investigated for their op-
tical, mechanical, and plasmonic properties which has led to
a number of possible sensing applications, for example,
ultrasensitive mass detection,'* biosensing,'” and single mol-
ecule sensitivity surface enhanced Raman spectroscopy.'® It
is also possible to place small structures at this scale directly
into or onto cells.'”'*

Using optical resonances to improve the detection of
ultrasound has been known for some time, for example, the
trade-off between sensitivity, ultrasonic detection band-
width, and the structural properties of an etalon was dis-
cussed by Ref. 19, Fabry-Pérot detectors®” have been used in
photo acoustic measurements with an etalon substrate for the
detection of low frequency acoustic waves?'** and at high
frequencies with an air gap cavity formed between a reflector
and the sample being studied.”®> The transducers presented
here are small structures that form zero-order Fabry-Pérot
cavities. They are designed to be as thin as possible and we
also make use of the mechanical resonance of the devices for
generating high frequency ultrasound.

There are a number of different approaches to produce
these small scale structures and we introduce one method for
building these devices. At this time the devices are nanoscale
in one dimension only and we will discuss methods to reduce
the size of the devices to be nanoscale in all dimensions. The
devices have been extensively modeled so that the parame-
ters governing their behavior could be tuned to produce a

11-13
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device that is effective from a mechanical and optical point
of view. We have produced various different sizes of devices
which have been measured in a pump probe picosecond
ultrasound system.***

This paper describes the optical (Sec. II A) and mechan-
ical (Sec. II B) design and operation of the devices and how
to choose the correct parameters to get optimal performance.
Then follows a description of the fabrication process (Sec.
II C), the experimental setup (Sec. III A), the results obtained
imaging a protein coating (Sec. IIIC), and a discussion of
the future use and development of the transducers (Sec. IV).

Il. DESIGN AND FABRICATION OF THE
TRANSDUCERS

The structure of the devices is shown schematically in
Fig. 1. They are comprised of a sandwich structure of par-
tially transparent metal layers around an optically transpar-
ent filling. The transducers exploit the optical resonances
within the layers which form a zero-order Fabry-Pérot
interferometer.?%-*°

The optical design of the transducers is such that they
strongly absorb at one wavelength of light (/yump) (making
them efficient thermoelastic generators of elastic waves?’)
and, more crucially, strongly reflect at a second wavelength
(Zprobe). The thickness of the layers is chosen so that the
reflectivity of the transducer at Aprobe sits around half way up
one of the optically resonant reflectivity peaks (see Fig. 2
and Sec. II A) and changes in the thicknesses of the layers,
therefore changing the reflectivity of the transducer.

As a result when illuminated with a short (ps) pulse of
light at A,ump they generate elastic waves and when illumi-
nated by a short (ps) pulse of light at /probe the reflected light
intensity indicates any (instantaneous) change in size
(caused by mechanical vibration).

The sensitivity of the transducers depends on how the
energy of the two optical beams is absorbed and reflected at
these two optical wavelengths which is determined by the

PUmp\Probe\
B +

Reﬂected

metal

I AN - -
Vibration Thefrho—elastic generation
\ ITO
A Transducer
3
2
3
o3

FIG. 1. (Color online) Schematic of the transducer design showing pump
and probe laser beams, vibration, and critical dimensions Hpe and Hios
the top and bottom layers are assumed to be identical, typically the construc-
tion is gold:ITO:gold with dimensions Hyen ~ 30nm and Hipo ~ 150 nm.
The construction is chosen such that the pump beam is strongly absorbed
and the probe beam is strongly reflected (see text).
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FIG. 2. (Color online) Modeling the optical reflection coefficient (top) and
detection sensitivity coefficient (bottom) from transducer vs change in Hyro.
For this graph the top and bottom layers are 30 nm gold and the optical
wavelength is 780 nm.

layer structure, layer thicknesses, and materials used to fabri-
cate them.

From a mechanical point of view the transducers form a
simple plate structure which will resonate when excited and,
if in contact with another medium, radiate elastic waves. The
resonant frequency is determined by the same parameters as
the sensitivity, which needs to be properly combined to opti-
mize the design of the transducer. The frequency is also
strongly influenced by coupling to external media.

The devices presented here can all be adequately mod-
eled using simple one-dimensional approximations because
the lateral size of the transducer and the lateral size of the
pump-beam excitation spot are significantly greater than the
thickness of the transducer. Where these conditions are not
met the modeling becomes significantly more complicated,
typically requiring three-dimensional (3D) numerical models
to describe the optical and mechanical behavior of the
transducers.

For our experiment the two optical wavelengths (390
and 780nm) are determined by our laser system and this
governs the choice of materials and layer thicknesses. Even
so, as can be seen in Secs. IIA and IIB there are a large
range of possible layer thicknesses that can be exploited to
allow some degree of freedom with which to tune the me-
chanical resonances. For a larger range of mechanical tuning
it would be possible to use higher order optical resonances
but at the expense of tighter fabrication tolerances.

A. Optical design and modeling

The devices operate in a manner similar to that of a
Fabry-Pérot interferometer. The layer structure is designed
so that the top and bottom metal layers are partial reflectors
(Fig. 1). Part of the probe beam incident on the transducer is
transmitted into the cavity formed between the metal layers
and is resonantly reflected (and transmitted) by the structure.
This is illustrated in Fig. 2 for a typical construction of gold
layers around a core of indium tin oxide (ITO). The top
graph shows the reflectivity of normal incident light at

J. Acoust. Soc. Am., Vol. 137, No. 1, January 2015

780nm as a function of the ITO thickness. The reflectivity
shows distinct, sharp dips and by carefully fabricating the
transducer with a core thickness corresponding to a thickness
half way down one of these dips then any change in the
thickness (for instance, caused by an elastic wave compress-
ing the structure) leads to a change in the reflectivity. This is
shown in the lower graph which plots dR /dH 1o or the sensi-
tivity of the transducer.

In addition to reflecting and transmitting light the trans-
ducer also absorbs some light leading to localized heating.
Through a careful choice of materials, optical wavelengths
and layer structures, it is possible to arrive at a design where
the absorption at Apmp and the sensitivity at Aprope are both
high. This produces a transducer that is both an efficient
thermoelastic generator and a sensitive detector.

Figure 3 shows a plot of the sensitivity of a gold:ITO:gold
structure against Hpe and Hipo calculated by considering
the Fresnel reflection coefficient of the structure® at
Jprobe = 780 nm. A similar plot can be made for the absorption
at Apump = 390nm which shows that if Hpyew > Snm the
absorption is uniformly high at around 0.6 by virtue of the
high absorption coefficient of gold at this wavelength.

The calculation of the Fresnel reflection coefficient
assumes the structure is of infinite width but is a fair approxi-
mation provided the width is greater than the optical
wavelength.

The effect the stress has on the refractive indices of the
materials (the photoelastic effect, commonly used detection
mechanism in picosecond ultrasonics) is not considered as it
is considerably weaker than the change in reflectivity caused
by optical cavity changes.>’*® Estimating the relative sensi-
tivity of the transducer compared with photoelastic detection
gives an improvement of over 2 orders of magnitude for an
optimal gold:ITO:gold transducer compared with photoelas-
tic detection on (commonly used) chrome.?’

0.05

0.04

Hmeizl (nhm)

0.01

100 120 140 160 180 200
Hiro (M)

FIG. 3. (Color online) Modeling the detection sensitivity as a function of
Hneta and Hyro for a gold:ITO:gold transducer at Zprobe = 780 nm. The posi-
tion of the greatest signal is marked with an “x.” However, because the
reflectivity is also varying, this point differs from the point of greatest sig-
nal-to-noise ratio which is marked with a, “°.” The (approximate) position
of the transducers presented here is shown by a “+.” A similar plot for
absorption (not shown here) for pump = 390 nm shows a uniformly high op-
tical absorption of around 0.6 provided H e > S nm.
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From Fig. 3 we can see that for a gold:ITO:gold sand-
wich the best sensitivity is achieved with a ~30 nm gold layer
and ~155nm ITO layer. Crucially, this region of good sensi-
tivity is reasonably broad in both H.et and Hito, meaning
that the device fabrication tolerances are acceptable.

One thing to note is that the probe laser pulse is not a
single wavelength as assumed above; it contains a range of
wavelengths due to the short pulse width. For example, our
150 fs pulse has a full width at half-maximum of approxi-
mately 5 nm. Whether this has an effect on the sensitivity of
the cavity depends on both the optical bandwidth and the
sharpness of the cavity peak (the finesse). For the device
described above the bandwidth of the cavity response is
much wider than the optical bandwidth (47nm vs 5nm,
respectively). This means that the slope of the response for
each wavelength present in the pulse is essentially the same,
and so the sensitivity is unaffected. However, if the finesse
was higher, e.g., in the 100-300 range as is more typical for
lower frequency ultrasound detection,'® then this would no
longer hold as the different wavelengths would see gradients
of differing size and more importantly of opposite signs,
thus the sensitivity would drop off rapidly.

B. Mechanical design and modeling

The biggest constraint on the design of the transducers
is meeting the optical conditions for generation and detec-
tion. Within this framework there is a considerable scope for
tuning the mechanical response of the transducers. In this pa-
per the ultrasonic frequency was not critical so the trans-
ducers were designed to give good optical responses and
good optical tolerances. However we modeled the structures
to determine their expected frequencies of oscillation and
(change in) response to the external media.

Since the structures have a number of boundaries and
the excitation is performed thermoelastically using an optical
source the modeling of the vibration does not lend itself to
easy analytical analysis. Instead we have modeled these
devices using finite element modeling (FEM) and used a
coupled optical-thermal-mechanical model to predict their
behavior when excited by a short laser pulse. Since the devi-
ces presented in this paper are a few um wide and, in any
event, excited with a laser spot at least several times the
thickness of the transducers, the modeling was performed in
one dimension.

Modeling the optical absorption at 390 nm shows that it
takes place predominantly in the metal layers (especially the
top metal layer) because of the high absorption coefficient of
gold.

Consequently the FEM models the excitation of the
pump pulse as an injection of heat into the metal layers. The
model then computes the temperature changes, stress, and
motion of the structure.

Finally, the effect on the movement of the structure on the
reflectivity of the pump beam can be calculated by computing
the Fresnel reflection coefficients as described in Sec. IT A.

The result from the mechanical model for a
gold:ITO:gold structure on a glass substrate where the gold
layers are 31 and 32 nm thick and the ITO is 160 nm thick is

222  J. Acoust. Soc. Am., Vol. 137, No. 1, January 2015

shown in Fig. 4 (the layer thicknesses were measured from
experimentally fabricated transducers and used in the mod-
els). The plotted value is the difference in displacement
between the top and bottom metal layers with time. We
observe a decaying oscillating signal composed of three or
four main frequency components. The frequencies that are
present are related (although not exactly) to the round trip
times of the acoustic waves through the different parts of the
structure. The signal decays quickly as the acoustic imped-
ance mismatch between the gold and the glass layers is low
and energy is quickly radiated into the glass substrate.

By placing the transducer on a polymer layer [in this
case polystyrene (PS)] which acts as a buffer between the
transducer and the glass substrate, the oscillations can be
extended over a much longer time period because the decay
(through radiated energy) is much lower. This is shown in
Fig. 5 for the same structure as Fig. 4 but with a PS (nomi-
nally ~1 um thick) layer between the transducer and the
glass substrate.

This model can be used to predict the resonant frequen-
cies of the transducers according to their construction and
layer thicknesses (see Fig. 6) and if there is a need to design
for a particular frequency this, together with the optical
design constraints discussed in Sec. IT A, can be used to
select the appropriate materials, construction, and layer
thicknesses. For the simple devices presented here it is
feasible to tune their frequency response over a wide range
(~5-20 GHz for our single wavelength laser).

C. Fabrication of the transducers

We have approached the fabrication of these transducers
from a “top down” method by building a large patterned sur-
face with photolithography techniques and then laying down
the films over the whole substrate one at a time. The trans-
ducers can then be liberated from the substrate and then
encapsulated and functionalized. In this paper the structures

Signal level (arb)
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FIG. 4. (Color online) FEM simulation of the mechanical response of a
31:160:32nm gold:ITO:gold transducer directly attached to a glass sub-
strate. The time trace (top) shows the separation of the top and bottom metal
layers. The frequency response (bottom) shows a fundamental resonance
around 10 GHz and secondary resonances at ~30 and ~50 GHz.
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FIG. 5. (Color online) FEM simulation of the mechanical response of the
structure shown in Fig. 4 with the addition of a PS layer between the trans-
ducer and glass substrate. This buffers the transducer, reducing the radiation
of elastic waves into the substrate and allowing it to oscillate longer. The
time trace (top) and frequency response (bottom) shows a much higher Q of
oscillation.

are made from gold metal outer layers and a filling of ITO
(see Fig. 7).

We have used standard photolithography techniques to
fabricate patterned substrates to produce transducers with
lateral sizes of 5, 10, 15, and 20 um. The layers are deposited
using a direct current sputter coater which governs the
choice of the dielectric material used—ITO (Ref. 30). With
alternative deposition techniques a wider range of dielectrics
can be used.

The thickness of the films during fabrication is con-
trolled using a conventional film thickness monitor in the
sputterer but to aid the calibration and enhance the accuracy

Frequency (GHz)

100 120 140 160 180
Hiro (M)

FIG. 6. (Color online) Simulation of the mechanical resonance showing the
frequency of the first mechanical resonance vs Hyera and Hiro, the overlay
is a contour plot showing the usable optical detection region from Fig. 3. It
can be seen that the frequency can be tuned over a wide range (618 GHz
for this design). By combining this with Fig. 3 regions of high sensitivity
(the regions inside the black lines) may be found over a wide frequency
range. The + marks the position of the transducers experimentally demon-
strated in this paper.
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FIG. 7. (Color online) Schematic of the production process for transducers,
showing deposition dicing and releasing of devices and future steps of
encapsulation and functionalization.

of deposition we also measure the transmission spectra of
white light through the structures and determine the layer
thicknesses by comparison with Fresnel transmission
coefficients.

This approach gives fine control of both the thicknesses
and the overall device size. It allows easy monitoring of the
devices and in situ measurements to be made before release
to fine tune the design and fabrication process. However, the
size and total number of devices made is limited, which in
our case leads to a current minimum lateral device size of
5 um over an area of a few cm? leading to the production of
a few million devices per run. Obtaining a higher resolution
mask and improving the exposure or using another machin-
ing technique such as focused ion beam or e-beam lithogra-
phy will allow much smaller devices to be made.

The fabrication process is performed as follows: A
cleaned glass substrate is coated with a thin polymer layer
(PS dissolved in toluene) to act as a buffer layer for in situ
testing and to be dissolved later to release the transducers
into solution. Then a layer of photo resist is added, this is
exposed to ultraviolet light through the optical mask with the
device size of choice. The photoresist is then developed and
the sandwich structure is then laid down using a sputter
coater. The next stage is to lift off the remaining photoresist
to leave the arrays of transducers on the substrate (see Fig. 8,
left). The samples can then be measured in situ or the sacrifi-
cial PS layer can be dissolved by washing in toluene to leave
the devices in solution for re-attachment—see Fig. 8.

The devices could then be encapsulated and/or function-
alized. There are a number of different approaches to
achieve this; one method is to make self-assembled mono-
layers (SAMs) on the metal surfaces of the transducer. SAM
layers are a versatile coating as there is a wide variety of ter-
minating functional groups which can be used to interact
with a large number of molecules. This allows the SAM to

100 microns

20 microns
FIG. 8. Optical microscope image of (left) 15 um lateral width transducers

still in situ on the fabrication substrate and (right) liberated transducers in
water (mixture of sizes 5 yum — 15 um).

Smith et al.: Optically excited ultrasonic transducers 223
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be tuned for different applications, for example, to become a
bio-functional surface to interact with cells by selecting and
attaching different types of proteins®' or a smart surface hav-
ing the initial surface properties of the formed film which
changes in response to an external stimulus, e.g., chemical,
optical, electric, or thermal.*?

D. The design and fabrication of very small devices

The theory, modeling, and fabrication techniques used
in Secs. I A-IIC have all assumed devices with a lateral
width and optical illumination width greater than the thick-
ness of the transducer and greater than the optical wave-
length. There is no fundamental limitation on the lateral size
of the transducers but as the lateral size decreases beyond
these limits the approach to the theory, modeling, and fabri-
cation needs to take the finite size of the transducers into
account. In this paper, the transducers presented fall outside
this limit and can be safely considered “big” and a full dis-
cussion of the consideration needed for “small” devices is
beyond the scope of this paper but it is worth considering the
challenges:

(1) As the lateral size decreases below the optical spot size
the optical cross section decreases, leading to a reduced
coupling efficiency for generation and detection with an
associated decrease in the signal-to-noise ratio.

(2) As the lateral size < Aopiicar the infinite plate model used
to compute the Fresnel reflection coefficients is no lon-
ger valid. In particular the refractive index of the internal
dielectric layer becomes less significant as the bulk of
the optical energy carried between the metal “layers” is
now carried in the external medium which will lead to a
displacement of the optical resonances. Except for spe-
cial geometries this requires 3D numerical modeling to
predict the optical response.

(3) Any structure or illumination in the small limit can lead
to the generation and detection of more complex me-
chanical resonant modes, for example, shear, surface, or
edge resonances. These additional resonances have been
observed in 3D finite element models and can consider-
ably complicate the response of the transducer. Careful
design will be required to limit their impact on the trans-
ducers’ performance. However these additional modes
may also be put to good use and may provide additional
information about the transducer or environment.

(4) As the lateral size < Agpiical photolithography techniques
become increasingly difficult and expensive; however,
as this occurs alternative techniques such as direct e-
beam lithography, focused ion beam milling, and molec-
ular self-assembly techniques become possible.>

lll. EXPERIMENTAL TESTING OF TRANSDUCERS
A. Experimental setup

Figure 9 shows a simple schematic of the experimental
system used to test the transducers. The experiment is based
around a dual laser asynchronous optical sampling ASOPs
system.>*® This controls two femto-second pulsed lasers

224 J. Acoust. Soc. Am., Vol. 137, No. 1, January 2015
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FIG. 9. (Color online) Schematic of the experimental system; the lasers are
controlled using electronics that allows the delay between the pump and
probe pulse to be set and swept. The system also incorporates an inline
phase contrast microscope for simultaneously imaging the samples (not
shown).

(~150 fs pulse width) with repetition rates of ~100 MHz and
allows the delay between the pulses, AT, to be set and swept
electronically at a relatively high speed. In our system the
delay between the pump and probe pulses is swept from O to
10ns every 100 us (10 kHz).

The system uses a maximum of 4 mW average power in
the probe (780nm) and 1 mW in the pump (390 nm) corre-
sponding to pulse energies of 40 and 10 pJ and peak powers
of ~240 and ~60 W, respectively.

B. Transducer response

The response of the transducer is detected by monitoring
the low frequency (<30MHz) intensity variation of the
probe light on a photo-detector and captured and averaged
on a digital oscilloscope (DSO). The short pulses of the
probe “strobe” the transducer and mix down the very high
frequency (GHz) response of the transducer to a much lower
frequency. With this arrangement a signal detected at a delay
of T on the DSO corresponds to a real delay between the
laser pulses (AT) of T/10000 and a frequency measured on
the DSO of fiope corresponds to a real frequency of
10 000fscope-

As drawn in Fig. 9 the pump and probe beams are
focused to the same location on the top of the transducer;
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FIG. 10. (Color online) Experimentally measured time trace and spectrum
obtained from a 5 um transducer (compare with Fig. 4).
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FIG. 11. (Color online) Experimentally measured time trace and spectrum
obtained from a 5 um transducer fabricated with an intermediate PS layer
between it and the substrate (compare with Fig. 5).

however, the system allows for the beams to be separated in
X, y, and z and to come from both sides of the sample if
required.

The signals recorded on the DSO also contain a
“coincidence peak” which occurs when the pump and probe
pulses occur at the same time (which indicates AT = 0) and
a slow thermal decay. These are removed by subsequent sig-
nal processing to leave just the oscillatory signal correspond-
ing to the mechanical response of the transducer.?’-*

Figure 10 shows typical results obtained from a 10 um
transducer on top of a glass substrate. The gold layers were
30 and 32 nm thick and separated by a 160 nm layer of ITO.
The measured signal is very similar to the modeled result
presented in Fig. 4. The differences are likely due to slight
variations in the actual layer thicknesses created and the me-
chanical properties of the materials differing from those pub-
lished values used in the model.

Figure 11 shows the same for a transducer on top of a
PS layer to provide acoustic isolation—this can be compared
with the modeling result shown in Fig. 5. It can be seen that
the Q of the resonance is increased because the losses
through acoustic radiation are reduced. This shows that the
transducers’ response is closely coupled to the media they
are attached to and that it is possible to manipulate the
transducer through additional layers to control its bandwidth.

C. Application to the detection of protein

Figure 12 shows the ability of the transducers to sense
the presence of other materials on the device. A large plate
transducer was prepared by transfer stamping it with a 3%
solution in water of bovine serum albumin (BSA) protein
and drying to leave regions thinly coated with BSA. The
sample was then inverted so that the transducer was excited
and readout from underneath and the pump and probe beams
did not pass through the protein layer (see Fig. 13).

An optical image was taken of the protein on the
transducer simultaneously with the acoustic measurements
(Fig. 12, bottom). By exciting and detecting the ultrasound
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FIG. 12. (Top) Main resonant frequency of a sample with BSA protein de-
posited on the top surface of a large transducer. (Bottom) Microphotograph
of the protein deposits roughly corresponding to the same area. The acoustic
measurement was taken with the pump and probe light incident from the
substrate side (below the protein coated surface). The two images are
strongly correlated, demonstrating that the transducer is sensitive to the
presence of the protein. This image took an average of 50k signal at each
point taking ~30s /point. The scanning speed is currently limited by the
data acquisition system that can only capture ~ 1/6 of the available data.

using small (~2 pum) optical spots for the pump and probe
beam and then scanning these spots it was possible to build
up a map or image of the acoustic response. In Fig. 12, the
region with no protein, the transducers’ main resonance is
~8.5GHz but this is down-shifted to ~7.8 GHz in the
regions coated with protein as the additional mass of the pro-
tein adhered to the surface reduces the resonant frequency of
the device. The shift in resonance frequency could be used
to estimate the thickness of the protein layer. A simple simu-
lation suggests that for a similar transducer a protein layer of
~15nm would lead to the observed shift of 700 MHz. This
layer thickness is higher than expected for the protein stamp-
ing technique used on this sample but we can see from the
optical image that the protein has clumped together during
drying so the thicker value is not surprising. This was a
crude test but it can be seen that the acoustic image matches
the optical microscopy image taken of the protein on the top
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FIG. 13. (Color online) A cartoon of the arrangement for the stamped BSA
protein experiment: The pump and probe beams are both incident from
below; the reflected probe light is directed to the detector so that it does not
pass through the protein layer.

side of the transducer well and demonstrates the devices’
sensitivity to the environment.

IV. DISCUSSION

In this paper we have demonstrated an optical ultrasonic
transducer capable of generating and detecting high fre-
quency ultrasound (~1-50 GHz) with wavelengths of the
order and smaller than visible optical wavelengths. The
design of the transducer exploits optical and mechanical
resonances to achieve a good practical sensitivity. The
experimentally measured transducers show good agreement
with theory and modeling and experimental results showing
sensitivity to external media and mass loading are
demonstrated.

The fabrication techniques used currently limit the lat-
eral size of the transducers to 500 nm but this is not a funda-
mental limit; however, as the devices get smaller than this
limit the design and fabrication challenges increase.

There are a number of potential improvements that
could enhance the performance of the devices. For example,
the generation mechanism is currently based on the optical
absorption of the metal films at Ap,mp but as we typically use
gold films it would be possible to enhance the absorption by
utilizing surface plasmon polaritons. At the plasmon angle
the absorption is greatly increased and would allow the gen-
eration of higher amplitude acoustic waves. The incident
angle requirements are currently difficult to implement in
our present instrument configuration so the magnitude of this
improvement has not been investigated as yet.

The operating acoustic frequency range with an accepta-
ble sensitivity range was discussed in Fig. 6; this showed
that you can trade some sensitivity to tune to a specific
acoustic frequency. However, if a tunable laser is available
for the probe beam then there is much greater flexibility to
tune the operating frequency and still maintain maximum
sensitivity.

The optoacoustic transducers presented are simple to
make and could be used in a wide variety of applications; by
utilizing the generation and detection capabilities of arrays
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of transducers many of the acoustic imaging modes per-
formed at lower frequencies with piezoelectric transducers
could be performed. This would allow, for example, 3D to-
mography and acoustic imaging of small features or samples.
Using the devices for detection of acoustics waves generated
through photoacoustic conversion of absorbers in a sample
could allow photoacoustic imaging on the nanoscale. For
this application to be realizable the acquisition speed would
need to increase considerably; this could be achieved by the
parallelization of the detection electronics, for example, by
using a linear array of photodiodes and a fast multichannel
channel data acquisition solution.
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