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The photoacoustic effect has been broadly applied to generate high frequency and broadband
acoustic waves using lasers. However, the efficient conversion from laser energy to acoustic
power is required to generate acoustic waves with high intensity acoustic pressure (>10 MPa). In
this study, we demonstrated laser generated high intensity acoustic waves using carbon
nanofibers—polydimethylsiloxane (CNFs-PDMS) thin films. The average diameter of the CNFs
is 132.7 £ 11.2nm. The thickness of the CNFs film and the CNFs-PDMS composite film is
244 *143um and 579 *£2.80um, respectively. The maximum acoustic pressure is
12.15 = 1.35 MPa using a 4.2 mJ, 532 nm Nd:YAG pulsed laser. The maximum acoustic pressure
using the CNFs-PDMS composite was found to be 7.6-fold (17.62 dB) higher than using carbon
black PDMS films. Furthermore, the calculated optoacoustic energy conversion efficiency K of
the prepared CNFs-PDMS composite thin films is 15.6 x 107> Pa/(W/m?), which is significantly
higher than carbon black-PDMS thin films and other reported carbon nanomaterials, carbon nano-
structures, and metal thin films. The demonstrated laser generated high intensity ultrasound

source can be useful in ultrasound imaging and therapy. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905659]

High power ultrasound transducers can be used to apply
acoustic wave-induced thermal energy, radiation force, and
cavitation effects on tissues for therapy benefits. At present,
piezoelectric transducers are dominantly adopted for ultra-
sound diagnosis and therapy. Piezoelectric high intensity
focused ultrasound (HIFU) transducers for therapy usually
feature large apertures (several centimeters), large focusing
volumes (1-3mm in lateral direction and around 1cm in
axial direction), high driving voltage, and relatively low fre-
quencies (1-5 MHz),' which eliminates some applications on
therapies. High frequency HIFU with spatial and temporal
confinement could be used for precision therapies.?
However, due to the fact that the tissue attenuation increases
with frequency, higher acoustic intensity is required for high
frequency HIFU to reach the similar treating effect as using
the conventional HIFU. To match this acoustic intensity cri-
terion, a large aperture ultrasound transducer may be adopted
and driven with a high voltage. Even so, it is still challenging
to achieve the required therapeutic pressure in the high fre-
quency regime by using piezoelectric HIFU transducers due
to the mismatched impedance for a large aperture and the
de-poling problem with high driving voltages.” Moreover,
the bulky piezoelectric HIFU transducers and the associated
high driving voltage render them inappropriate for interven-
tional therapy” and imaging® applications. As an alternative
method, laser-generated ultrasound, which has the capability
of generating high frequency and wideband acoustic waves,
can be used to address the aforementioned challenges of
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conventional HIFU transducers.® The most common mecha-
nism of laser-generated ultrasound is based on the thermo-
elastic effect, which is also called the photoacoustic or
optoacoustic effect.” In a laser ultrasound transducer, the ma-
terial absorbs pulsed laser energy, leading to a transient ther-
mal expansion, generating an ultrasonic wave propagating
out from the absorber. The sketch of a laser generated ultra-
sound transducer is shown in Fig. 1. The laser light can shine
on flat or concave absorbing film to generate un-focused or
focused ultrasound, respectively. In this scheme, the laser
spot defines the active element of ultrasound generation, and
the element size can be manipulated with conventional optics
from several microns to centimeters. This approach provides
a strategy to miniaturize the ultrasound probe and even the
high density array with multiple beams. One example is a
laser ultrasound transducer using optical fibers, which was
demonstrated by coating high optical absorption materials on
the site of optical output from the optical fibers.*'° The size
of this handheld probe can be minimized to several hundreds
of microns, and such a small probe can be integrated into
interventional medical devices. In addition, no electromag-
netic interference is expected, as there are no electronic com-
ponents in the laser ultrasound transducers. The laser
ultrasound transducers can be integrated with piezoelectric
transducers or optical based ultrasound sensors to form all-
optical ultrasound transducers for a broad range of biomedi-
cal applications.''™'*

In the laser ultrasound transducers, the optical absorbing
thin film with high optical absorption and high thermal
expansion is a critical component. Many different absorbing

© 2015 AIP Publishing LLC
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thin films have been studied. The metallic films (Mo,'> AL

and Cr'®) were used to generate high frequency ultrasound
(>50MHz), but the conversion efficiency (i.e., K¢, ~ 1073,
K: optoacoustic conversion efficiency)® from optical to ther-
moelastic power is poor due to the low thermal expansion
coefficient of the metallic films. Polydimethylsiloxane
(PDMS) has been used in fabrication of an elastomeric film
to overcome this limitation based on its high thermal coeffi-
cient of volume expansion of =310 x 10~°um/um/°C.
The PDMS was mixed with the carbon black powders with
high optical absorption and then spin coated onto the trans-
parent glass substrate. The conversion efficiency was
improved by over 20dB compared with that of the Cr
films.'® A two-dimensional gold nanoparticle (AuNP) array
with an overlying PDMS layer was adopted to improve the
laser ultrasound amplitude (~5dB) at the frequency range
over 50 MHz compared to those using carbon black-PDMS
thin films.'” The carbon-based nanomaterials, including the
graphene'® and the carbon nanotube (CNT) composite,'”
were also considered as the optical absorbing films for laser
ultrasound transducers. The reduced graphene oxide coated
aluminum film showed the capability of generating acoustic
pressure of 7.5 MPa near the transducer surface, which is
approximately 64 fold stronger than those using the alumi-
num thin film alone.'® For the CNT-PDMS composite, the
amplitude of generated ultrasound signals can be 18 fold
stronger than that of the Cr film and 5 fold stronger than that
of the AuNP-PDMS film."” However, the maximum acoustic
pressure from these previous works are not over 10 MPa
with a planar thin film design. The pressure amplitude was
further enhanced by coating the CNT-composite on the con-
cave lens with a focusing gain. Baac et al. demonstrated an
approach to generate high frequency (>15MHz) and high
acoustic pressure (>50 MPa) focused ultrasound using a con-
cave shaped CNT film,® which is the highest reported laser-
generated acoustic pressure so far. This high frequency and
unprecedented acoustic pressure suggest a high precision
ultrasound therapeutic tool for micro-scale ultrasonic frag-
mentation of solid materials, leading to single-cell surgery in
terms of removing the cell from the substrate.® Albeit the ini-
tial success on laser ultrasound using various thin film
absorbers, continuous enhancement of optoacoustic conver-
sion efficiency is needed to advance the laser ultrasound
transducer technology. In this paper, we investigated a car-
bon nanofibers—PDMS (CNFs-PDMS) composite thin film
for laser ultrasound. More specifically, we designed a CNFs-
PDMS thin film consisting of a layer of CNFs film
sandwiched between a transparent glass substrate and a
PDMS layer. A 532nm Nd:YAG pulsed laser was used for
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(Focused beam) FIG. 1. Sketch of (a) non-focused and

(b) focused laser generated ultrasound
transducer.

(Concave shaped)

delivering the laser energy to the film. The laser-generated
acoustic wave from this CNFs-PDMS composite film was
characterized and compared with that from carbon black
PDMS films.

Among carbon nanomaterials and nanostructures, the
CNFs are cylindrical nanostructures with graphene layers
showing strong light absorption and high thermal conduc-
tivity (~1950 W/m K),?® which may result in a highly effi-
cient energy transfer from laser light to thermal energy.
Since carbon-based nanostructures provide a huge interfa-
cial area to transfer heat quickly to the surrounding me-
dium, the CNFs film may be a good candidate to act as a
transformer for laser generated ultrasound. In addition,
CNFs are cost-effective materials compared with CNTs and
can be easily fabricated and handled in the experiment. To
date, the CNFs have not been demonstrated in high intensity
laser generated ultrasound.

For the CNFs thin film preparation, an amount of 2.4 g
Polyacrylonitrile (PAN, Mw = 150000, Sigma-Aldrich, St.
Louis, MO) was added to 30g N,N-Dimethylformamide
(DMF). The mixture was first stirred at 50 °C for 24 h to pro-
duce a viscous and homogeneous solution, which was then
transferred into a plastic syringe with a tip needle. The needle-
aluminum collector distance of 15cm and the feed rate of
0.75 ml/min were set in the syringe pump system (NE-1000,
New Era Pump Systems Inc., Farmingdale, NY). A high volt-
age of 15kV from the high voltage power supply (ES40P-
20 W/DAM, Gamma High Voltage Research, Ormond Beach,
FL) was applied for the electrospinning of the obtained solu-
tion. The as-spun fibers were first stabilized at 250°C for 2h
in air with a heating rate of 5°C/min, and then carbonized
under a nitrogen atmosphere at 900 °C for 2h with a heating
rate of 2 °C/min. After carbonization, the CNFs were a paper-
like thin film. The scanning electron microscopy (SEM) pho-
tograph of the fabricated CNFs thin film is shown in Fig. 2(a).
The average diameter of the CNFs was 132.7 = 11.2nm, and
the thickness of the CNFs thin film was 24.4 = 1.43 ym. The

FIG. 2. SEM photograph of (a) CNFs thin film (10000x) and (b) carbon
black thin film (1600x).
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fabricated CNFs paper-like thin film was then attached to a
I'mm thick flat glass substrate (Plain glass micro slides,
Thermo Fisher Scientific, Pittsburgh, PA), and then the pure
PDMS was spun at 3000 rpm and coated on the top of the
CNFs film and cured at 65 °C for 1 h. The sandwich structure
is schematically shown in Fig. 3. The total thickness of the
CNFs-PDMS composite was 57.9 = 2.80 um. The UV-VIS-
NIR spectrometer (Agilent Cary 5000 UV-VIS-NIR, Santa
Clara, CA) was utilized to measure the optical density (OD),
optical transmission, and reflection of the film at the wave-
length of 532 nm. The optical transmission and the reflection
of the CNFs-PDMS film were 0.001% and 4.13%, respec-
tively. Thus, the corresponding OD for the CNFs-PDMS film
is 5. The optical absorption measured at different spots on the
2cm x 2.5cm CNFs-PDMS film was 95 % 0.72%, equally
distributed across the film surface, so the optical absorption
across the film surface is macroscopically homogeneous. For
comparison, the standard carbon black PDMS thin film con-
sisting of the carbon black powders mixed with the PDMS so-
lution was also prepared. The conversion efficiency of the
photoacoustic effect is linearly proportional to the optical
absorption coefficient of materials, which is corresponding to
the concentration of absorbers (the carbon black). The concen-
tration of carbon black was 61.28% (% w/w), which is the
maximum concentration we can apply since the film cannot be
cured well when the carbon black is over this amount. The
mixture was spun at 3000rpm and coated on the glass sub-
strate and cured at 65 °C for 1h. The thickness of the carbon
black PDMS film was 30 um, measured by the thickness
gauge (MS 45, Heidenhain Corp., Schaumburg, IL). The
thickness is close to what has been reported (25 um).'® The
thickness of the carbon black PDMS film cannot be further
reduced because the addition of the carbon black significantly
increases the viscosity of the mixture with this concentration.
The SEM photograph of the carbon black thin film is shown in
Fig. 2(b). In this image, the particle size is in the range of
1-10 pm.

The experimental setup for the laser ultrasound genera-
tion and characterization is shown in Fig. 4. The excitation
laser source was the 532nm Q-switched Nd:YAG pulsed
laser (Minilite I, Continuum Inc., Santa Clara, CA) with a
pulse duration of 4ns and a pulse repetition frequency of
10 Hz. The beam diameter was 12 mm after passing through
a 4x beam expander (HB-4x, Newport Optics Inc., Irvine,
CA). The laser beam penetrated through the glass optical
window on the water tank and shined on the CNFs-PDMS or
the carbon black-PDMS thin films. The CNFs or the carbon
black thin film absorbed laser energy, generating heat that
was then transferred to the high thermal expansion material,
PDMS, and resulted in acoustic wave generation. The spatial

Acoustic waves %
PDMS
T o o
T T Glass substrate

FIG. 3. Structural sketch of the CNFs-PDMS thin film.
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FIG. 4. Experimental setup for laser ultrasound generation and characterization.

beam profile of the laser beam is a Gaussian distribution,
with the acoustic pressure at the center much higher than
that on the off-axis location. A high-frequency hydrophone
(HGL-0085, ONDA Corp., Sunnyvale, CA) was utilized to
detect the generated ultrasound signals. The signals were
amplified by a preamplifier and then recorded by an oscillo-
scope (DSO7104B, Agilent, CA). The external trigger from
the laser system was utilized to synchronize the time series
of laser excitation with the oscilloscope data acquisition.

During the acoustic characterization, the hydrophone
was initially mounted close to the thin film to collect the sig-
nals with maximum acoustic pressure. To measure the acous-
tic attenuation with distance, the hydrophone was attached on
a precision stage and received the signals at different distan-
ces along the wave propagation axis from 0.78 mm to
41.48 mm. At each position, 4 measurements were conducted,
and the average peak-to-peak value was then calculated.

The acoustic signals were received by the hydrophone at
a position of 3.65 mm away from the absorbing thin film sur-
face to calculate the acoustic pressure. The acoustic pressure
waveforms of laser-generated ultrasound using the CNFs-
PDMS and the carbon black PDMS thin films under the
same laser fluence (3.71 mJ/cm?) are shown in Fig. 5(a). The
peak pressure generated from the CNFs-PDMS film was
12.15 = 1.35 MPa, which is 7.6 fold (17.62 dB) stronger than
that from the carbon black PDMS film. The frequency spec-
tra of the two generated signals are shown in Fig. 5(b). Both
spectra were normalized to the maximum amplitude of the
CNFs-PDMS signal. The —6 dB bandwidth of these two sig-
nals was 7.63 and 7.84 MHz, respectively. The frequency
distributions and bandwidth between these two films were
close to each other because of the similar optical penetration
depth in these two carbon absorbers,?! although the ampli-
tude generated from CNT-PDMS films was ~17.6 dB higher
than that of carbon black film.

Fig. 6 shows the acoustic amplitude at different axial dis-
tances. The ultrasonic decay in this test is primarily due to
the relaxation of higher frequency components of shock
waves. Since the shock wave front contains more high fre-
quency components, they are attenuated faster than other
parts of the shock wave profile. After traveling a few centi-
meters in water, the amplitude of the shock wave reduces and
its rise time increases, which means high frequency parts are
attenuated in the short distances. In addition, this “shock
effect” may also explain the faster decay of the CNFs sample,
since the higher amplitude pressure probably leads to a much
stronger shock (Fig. 6). The decay trends are consistent with
the numerical and experimental results.'®*? In Fig. 6, it was
found that the acoustic pressure from the CNFs-PDMS film is
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25 ; ; 42.4mJ/cm?. Thus, the energy conversion coefficient (surface
—e— CNF w/o focusing acoustic pressure/laser fluence)'® was 0.0097 MPa/mJ/cm?.
20 —o—CB w/o focusing || For our device, the peak pressure on the surface should be
o larger than 12.15MPa which was the measured value at
o215 3.65mm apart from the source and the laser fluence was
3 10 3.71 mJ/cm?®. Thus, the energy conversion coefficient was
é 3.27 MPa/mJ/cmz, which is more than two orders (337 fold)
g— higher than Baac’s CNT device. A further comparison was
< then made on the optoacoustic conversion efficiency. The
optoacoustic conversion efficiency (K) is defined by the
energy conversion from the laser light to the acoustic pres-

Distance (mm)

FIG. 6. The peak-to-peak acoustic amplitude along the axial direction.

much higher than that of the carbon black film at all different
axial distances. The pressure fluctuations are due to the fluc-
tuations of the excitation laser energy although 4 measure-
ments for averaging were conducted at the same location to
minimize the effect by the laser fluctuations. The stability of
the laser energy we measured is *+9.17%, which may cause
the fluctuations of measured acoustic pressures.

The measured acoustic pressure of the prototyped laser
ultrasound transducers was compared with the published
results (Table I). The maximum acoustic pressure generated
from the CNFs-PDMS was 12.15 MPa with 4.2mJ (3.71 mJ/
cm?) laser energy. The 4.2mJ is the highest laser energy of
the laser used in this study. The obtained acoustic pressure is
the highest value compared with that generated from other
planar thin films. 3 10-17:18 However, the value is lower than
that of generated by the concave shaped CNT composite.®
The higher acoustic pressure reported in Ref. 6 was attributed
to the much higher laser energy (>50mJ/pulse) and with fo-
cusing gain of 54 by the concave optoacoustic lens. In the
Baac’s device, the peak positive pressure was 22 MPa with
the focusing gain of 54. It means that the pressure on the sur-
face was about 0.41 MPa. The laser fluence for this case was

TABLE I. Acoustic pressure and experimental parameters comparison.

sure, and it can be expressed as®

HTP(z)dt
! JTI (¢)dt

K:‘ Pa/Wmd)] )

T

where P(t) is the average acoustic pressure and /() is the av-
erage optical intensity during the period T (=100ms). In
Ref. 6, the K value of the CNTs optoacoustic lens with the
focusing gain of 54 is 1.4 x 107 Pa/(W/m?), so the K value
on the lens surface can be estimated to be 2.59 x 10> Pa/
(W/m?). The K value of the CNFs-PDMS thin films is
1.56 x 10~ >Pa/(W/m?), which is also two orders (602 fold)
higher than that of the Baac’s CNT material. These initial
results suggest that CNFs-PDMS composite films can serve
as a promising transducer for laser ultrasound.

In this study, we investigated CNFs-PDMS composite
thin films for laser ultrasound transducers. The average diam-
eter of the CNFs prepared for the study was 132.7 = 11.2nm
and the total thickness of the CNFs-PDMS composite film
was 57.9 £2.80 um. The maximum peak-to-peak pressure
was 12.15MPa, which is 7.6 fold (17.62dB) stronger than
that of the carbon black PDMS film under the excitation of
the same laser energy of 4.2mJ (532 nm Nd:YAG laser). The
acoustic pressure generated in this study is the highest value
among all the published pressure values using planar thin

Material Peak pressure Laser energy Aperture Energy density Shape
CNTs-PDMS film° 22MPa N/A 6 mm 42.4 mJ/em’ Focused
Periodic gold nanopores® 2.73kPa at 1.5 mm 3w 125 um 24.45 mJ/cm? Optical fiber
Multiwall CNTs/PDMS mixture'® 4.5MPa 11.4u) 200 um 36.3 mJ/cm? Optical fiber
2D gold nanostructure'’ 1.5MPa 100nJ 25 um 20.37 mJ/cm? Planar
Reduced graphene oxide coated thin aluminum film'® 7.5 MPa N/A N/A 43.28 mJ/em? Planar
Carbon black/PDMS mixture 2.13 MPa 4.2m] 12mm 3.71 mJ/em? Planar
CNFs-PDMS film 12.15 MPa 4.2mJ 12mm 3.71 mJ/cm2 Planar
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films. Furthermore, the calculated optoacoustic energy con-
version efficiency K of the prepared CNFs-PDMS thin films
is 15.6 x 10~ Pa/(W/m?), which is significantly higher than
that of the carbon black-PDMS thin films and other reported
carbon nanomaterials, carbon nanostructures, and metal thin
films. This finding strongly suggests that CNFs-PDMS thin

film is the promising composite for efficient laser ultrasound
transducers for a broad range of ultrasound applications.
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