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Abstract—Candle soot nanoparticles (CSNP) and polydimethyl-
siloxane (PDMS) composite has shown the highly efficient photoa-
coustic transduction owing to their high light absorption coefficient
and low interfacial thermal resistance. In this study, we report the
effect of candle soot structure and thickness on the photoacous-
tic transduction efficiency. Optical properties of the CSNP/PDMS
nanocomposites were characterized through both experimental
measurements and finite difference time domain analysis in the
visible wavelength range, indicating that the carbon volume frac-
tion and thickness of CS/PDMS composite are highly relevant with
light absorption. With a low laser energy input (<1 mJ/pulse),
the CS/PDMS composite with 2.15 psm thickness exerts an output
pressure of 3.78 MPa and a conversion efficiency of 9.69 x 1073,
which is two orders of magnitude higher than previously reported
results.

Index Terms—Photoacoustic efficiency, FDTD simulation, can-
dle soot, carbon nanoparticles, PDMS, nanocomposite.

1. INTRODUCTION

IGH-AMPLITUDE, pulsed ultrasound has been consid-
H ered as a versatile tool for noninvasive medical therapies,
including sonothrombolysis, sonoporation, drug delivery, and
lithotripsy [1]. Conventional piezoelectric materials have been
mainly used to comprise high power ultrasound transducers
in past decades [2]. In recent years, the photoacoustic mecha-
nism has been investigated with increasing attention due to its
broadband, high amplitude pulse-generation without electrical
breakdown [3]-[6]. The conversion of laser pulse (pulse dura-
tion <10 ns) into mechanical deformation through the thermal-
elastic interaction generates a wide-band ultrasound waves [3].
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The advantages of high-frequency acoustic output (>10 MHz),
short pulse (<100 ns) and broad bandwidth (—6 dB fractional
bandwidth of >100%) have been highlighted in cell removal,
drug delivery, and tissue incision applications [4], [7], [8]. The
two main components of photoacoustic transmitter are a light ab-
sorption layer and a thermal expansion layer [9]. As a absorption
layer, various types of nanostructures were exploited including
thin metal films, two-dimensional gold nanostructure arrays,
carbon nanotubes (CNT) and carbon nanofibers (CNF) [10]-
[12]. For enhancing thermal expansion, polydimethylsiloxane
(PDMS) has been usually selected as the interface between the
light absorption layer and the external medium because of its
excellent thermal expansion properties (0.92 x 1073 K1), As
evidence, the nanocomposite transducer with a Cr/PDMS film
exhibited approximately a 20 dB photoacoustic signal improve-
ment compared to a Cr film-only photoacoustic transducer [10].

To date, the composite film transmitters made of carbon-
based material and PDMS have shown its exceptional photoa-
coustic conversion efficiency (the ratio of the optical input to the
acoustic energy output) compared to other homogeneous film
materials [4], [12], [13]. Unique optical properties have been
observed in CNT, such as photonic effects and high absorptiv-
ity [14]-[16]. For photoacoustic applications, the photoacoustic
conversion efficiency of the CNT-PDMS composite is 1.4 x
10~3, which is approximately a hundred times higher than other
metal/PDMS composites [4]. Bao et al. used finite difference
time domain (FDTD) simulations to analyze the relation be-
tween absorption, volume fraction, and thickness. [17]. The
non-uniform, carbon black/PDMS mixture is even more effi-
cient than the metal film/PDMS composite, which shows great
potential in sonothrombolysis using a laser generated focused
ultrasound transducer [9], [18].

Recently, candle soot nanoparticles (CSNP) have attracted
increasing attention due to its simple synthesis process. Owing
to the excellent electrical properties and branch-like nanostruc-
tures, candle soot (CS) has been used to build superhydropho-
bic surfaces, fabricate infrared sensors, and improve volumet-
ric receivers [19]-[21]. More recently, we demonstrated that
CSNP/PDMS composite is an effective photoacoustic trans-
ducer structure with a high photoacoustic efficiency (4.41 x
1073) [13].

Despite our initial success in CS/PDMS photoacoustic trans-
ducer demonstration, the transduction mechanism and the
relationship between the CS structural property and the pho-
toacoustic transduction efficiency have not been fully addressed

1536-125X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-1000-8121
https://orcid.org/0000-0002-0283-0548
https://orcid.org/0000-0003-3605-3801
mailto:wchang5@global advance �reakcnt @ne penalty -@M ncsu.edu
mailto:wchang5@global advance �reakcnt @ne penalty -@M ncsu.edu
mailto:xzhang27@ncsu.edu
mailto:jkim50@ncsu.edu
mailto:asbagal@ncsu.edu
mailto:cchang7@ncsu.edu
mailto:tfang2@ncsu.edu
mailto:xjiang5@ncsu.edu
mailto:whuang@global advance �reakcnt @ne penalty -@M cqu.edu.cn
mailto:whuang@global advance �reakcnt @ne penalty -@M cqu.edu.cn
mailto:global advance �reakcnt @ne penalty -@M felix.wu@ee.doe.gov
mailto:global advance �reakcnt @ne penalty -@M felix.wu@ee.doe.gov

986

Candle,
‘ Spincoat PDMS

PDMS

SRR W - T
ONCFA~ZAS
= ig‘ I @1 )
L NG IS

Glass

Fig. 1. (a) Photograph of candle soot deposition on a glass slide. (b) Scan-
ning electron micrograph of the deposited candle soot film. The inset shows the
interconnected carbon particle network. (c) Diagram of the candle soot/PDMS
nano-composite after PDMS spin coating. & and ¢ indicate the layer thick-
nesses of the upper PDMS and the CS/PDMS nano-composite, respectively.
(d) Scanning electron micrograph of the candle soot/PDMS nano-composite
with magnified view in the inset.

yet. In this paper, we demonstrate the effects of CS absorption
layer structure and thickness on the photoacoustic transduc-
tion. This work is built upon our previous work [13] to clarify
the dominant influence of CS structural conditions on highly-
efficient photoacoustic transduction. We studied the contribu-
tion of light absorption property to the photoacoustic transduc-
tion of CS/PDMS nanocomposites. The constitutive materials
were modeled with FDTD simulations and characterized using
a spectrophotometer. The photoacoustic transduction efficiency
was analyzed based on the characterized results.

1I. Methods
A. Fabrication of CS/PDMS Nanocomposite

A flame synthesis using a paraffin wax candle flame was
executed to generate carbon nanoparticles [19]. The overall fab-
rication procedure was modified from our previous work [13].
This modification was made for gaining more precise control of
the CS layer deposition. The CS was deposited on a glass slide
placed about 2 cm above the wick, resulting in a coated area
of approximately 25 mm by 25 mm, as shown in Fig. 1(a). By
changing the deposition time, different thicknesses of CS can
be deposited. The cross section of a sample with a 30 sec CS
deposition time is shown in Fig. 1(b). The diameter of each par-
ticle shown is 40 = 5 nm. When gas molecules collide against
evaporated CS nanoparticles, CS nanoparticles lose their ki-
netic energy and form clusters [19]. The CS particles stick at
the point of impact on the glass surface and then develop branch-
like porous structures with mechanical stability [17], [21]. The
mechanism is molecular diffusion, which depends on the ratio
of the characteristic pore dimension (r,) and mean free path ().
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The branch-like structures can be predicted and simulated by
Knudsen diffusivity calculations [22].

Meanwhile, a PDMS thermal expansion layer was fabricated.
The PDMS was prepared with a base and curing agent (Sylgard
184) with a ratio of 10:1, and then degassed for 30 min in a
vacuum chamber. For lowering viscosity of the uncured PDMS,
toluene was added to the PDMS by a weight ratio of 1:100
(toluene: PDMS). Next, PDMS was spin-coated directly on the
CS-coated glass slide to clear away extra PDMS, as well as
control the thickness of the pure PDMS layer shown in Fig. 1(c).
The CS/PDMS composite samples were later placed on a hot
plate at 65 °C for 1h (VWR, standard series 7 x 7 hotplate,
PA) to fully cure the PDMS and eliminate the added toluene.
A cross section view of the laminar (PDMS, CS/PDMS, and
glass layer) stack is shown in Fig. 1(d). Each CS nanoparticle
was fully covered with PDMS, with an average inter-particle
spacing of about 70 nm.

B. Optical and Acoustic Measurements

The thicknesses of each constitutive layers were measured
using a field emission scanning electron microscope (FE-SEM,
FEI Verios 460L, OR). The measured thickness of PDMS and
CS/PDMS composite layer on five different points were av-
eraged. Light absorption properties of the CS/PDMS nano-
composites were measured. The absorption properties for the
visible wavelength range were measured using a spectropho-
tometer and an integrating sphere (Agilent, Cary 5000, CA) at
normal incidence at the samples with different CS/PDMS com-
posite thicknesses. Total transmission, 7, and reflection, R, of
each sample were measured, and absorption was obtained as
1-T-R.

The acoustic pressure output and bandwidth of prototyped
transmitters were measured using the setup reported in our pre-
vious work [13]. We used the laser source of 532 nm wave-
length Q-switched Nd:YAG pulse laser with a pulse duration
of 6 ns and a repetition rate of 10 Hz (SL-III-10, Continuum,
San Jose, CA). The calibrated hydrophone (HGL-0085, ONDA
Crop., Sunnyvale, CA) was positioned 7.5 mm away from the
transmitter radiation surface. The measurement location was in
the near field region to acquire Gaussian pulse shape with less
attenuated pressure amplitudes [23]. The detected shock wave
signals were monitored and acquired using a digital oscilloscope
(DSO7104B, Agilent, Santa Clara, CA). In this work, low laser
energy (less than 1 mJ/pulse) was used for the following reason.
In the low laser energy region, the output acoustic pressure is
proportional to the input laser energy, as reported by Bacc et al.
[4] and Chang et al. [13]. Hence, the low laser energy values
from 0.3 mJ/pulse to 1 mJ/pulse with various absorption layer
thicknesses were investigated.

C. Optical Simulation

Light absorption properties of the CS/PDMS composites were
simulated using Lumerical’s FDTD Solutions 8.9. This simu-
lation enabled an analysis of light absorption properties with
different volume fractions of CSNPs. While computation speed
for FDTD is limited by mesh size and simulation domain size,
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the accuracy is comparable to analytical methods when mesh
size is small. In addition, we regard FDTD technique as a com-
plementary method to analytical method in that FDTD simula-
tions can give more visual insights on light-matter interactions
within the composites. We believe this information is helpful
to further understand the mechanism of photoacoustic effect.
In the simulation, the diameter of carbon nanoparticles was
set uniformly to be 40 nm, as observed in the scanning elec-
tron micrographs. Since the inter-particle distance and particle
diameter are roughly ten times smaller than the visible wave-
lengths, the distribution of the carbon particles was simplified
to three-dimensional periodic square lattices in the simulation.
The inter-particle distances were fixed at about 65 nm and 72 nm
for carbon volume fractions of 12% and 9%, respectively. The
simulation was conducted in three dimensions with periodic
boundary conditions along x and y directions, and absorption
boundary conditions in z direction. Mesh size is 4 nm in all three
dimensions, which is 1/10 of the size of the carbon particle to
ensure accuracy. The structures were directly illuminated by a
pulsed light source for spectral analysis in the visible wavelength
range. The PDMS volume was assumed to be non-dispersive
with a constant refractive index of 1.41, and the refractive index
of amorphous carbon was from the reference work [31]. For
both experimental and numerical measurements, transmission
spectra under unpolarized illuminations were calculated by av-
eraging transverse-electric (TE) and transverse-magnetic (TM)
results. To ensure numerical stability, FDTD Solutions uses a
default stability factor value, which satisfies Courant’s condi-
tions. All the simulations in this work run successfully without
instability detected by the software.

III. RESULTS AND DISCUSSION
A. Characterization of CS/PDMS Composites

The fabricated CS/PDMS composite films were then char-
acterized for a photoacoustic transduction study. The scanning
electron micrographs of the CS/PDMS composite samples with
10 sec, 30 sec, and 120 sec CS deposition times are shown in
Fig. 2(a)—(c). Based on the observation of sample cross section,
a linear relationship between the thickness of the CS/PDMS
layer () and CS deposition time (7) is shown in Fig. 2(d).
The standard deviation of the CS/PDMS layer thickness for
each sample is less than 0.3 pym, which suggests that the thick-
ness of the light absorption layer (CS/PDMS) can be effectively
controlled under the deposition time control. The dashed line
in Fig. 2(d) shows the thickness of the pure PDMS layer ()
on different samples that were prepared with a spin speed of
3000 rpm, which is about 16 pm (standard deviation is less
than 0.65 pm). Previous work confirmed that the acoustic at-
tenuation of the pure PDMS layer (<0.1 dB/um at 100 MHz)
was negligible, and a PDMS layer greater than 2 pm thickness
was necessary to isolate light-induced-thermal waves from the
water-composite interface [11]. Thus, we maintained the pure
PDMS thickness (16 pm) as a constant variable, and evaluated
the effect of different thicknesses of CS/PDMS layers on the
photoacoustic transduction performance.

120 seg,
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Fig.2. (a)-(c) Scanning electron micrographs of the candle soot/PDMS nano-
composites with CS deposition time of 10 sec, 30 sec and 120 sec, respec-
tively. (d) Linear relationship between candle soot/PDMS nano- composite
thickness, t, and the CS deposition time, 7. The pure PDMS layer thickness
remains constant.

The optical absorption measurement results were compared
with the simulation results. The FDTD simulation model was
shown in Fig. 3(a). The measured absorption spectra are shown
in Fig. 3(b), where candle soot deposition time varies from 5 sec
to 30 sec. It can be observed that higher absorption occurs with
longer carbon deposition time due to longer absorption path
length. For carbon deposition times longer than 120 sec, the
composite becomes very absorptive and the absorption satu-
rates at around 96% due to the Fresnel reflection from the flat
glass/air interface. According to the reference for amorphous
carbon refractive index [24], the percentage errors in their in-
dex data are 3.5% for refractive index, and 7% for extinction
coefficient. For comparison between FDTD and experiments,
the maximum percentage error is 2.6% in the results shown
in Fig. 3(b). The absorption measurements for 20 sec, 60 sec
and 120 sec CS/PDMS samples were performed using the spec-
trophotometer as described above. The data plot is shown in
Fig. 3(c), where 60 sec and 120 sec samples show similar ab-
sorption near 96% while 20 sec sample exhibits lower absorp-
tion. The reflection could be mitigated by using anti-reflection
coatings [20]-[22].

B. Optical Simulation Results

Commonly-used hexagonal and square lattices were used in
FDTD simulations with same solid fraction of carbon. The ab-
sorption spectra for both lattice types are shown in Fig. 4. The
absorption difference is also plotted. In terms of the periodic
order type, it was found that the simulated absorptions from
simple squares and hexagonal lattices with the same carbon
volume fraction were not significantly different, both lattices
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Fig.3. (a) The FDTD simulation model. (b) Optical absorption measurement

(solid lines) and FDTD simulation results (dashed lines) for candle soot/PDMS
nano-composites with CS deposition time of 5 sec, 10 sec and 30 sec, re-
spectively. (c) Measured absorption for 20 sec, 60 sec and 120 sec CS/PDMS
nano-composites.
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Fig. 5. Light intensity distribution within the candle soot/PDMS nano-

composite with 10 sec CS deposition using FDTD simulation. Three-
dimensional periodic square lattice is used for carbon particle configurations.

follow the same trend and the maximum absorption difference
is about 0.006. Therefore, both lattices can be used to model the
carbon composites without significant difference. For simplic-
ity, square lattice was chosen in our FDTD modeling. From this
observation, we anticipated that the solid volume fraction of the
carbon particles would determine the absorption of the compos-
ite, while the carbon nanoparticle arrangement would play a less
important role. The refractive index of the amorphous carbon
was taken from previous work [24]. For the sample with a 10 sec
carbon deposition time, the simulated light intensity distribution
within the composite is depicted in Fig. 5, where a decaying in-
tensity pattern along the thickness direction is observed. Similar
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decaying intensity patterns are also found in other simulations
with different carbon deposition time, but the decay lengths can
vary. Here, we only show one simulated intensity map with
10 sec carbon deposition in Fig. 5 as an example. The struc-
ture in Fig. 5 shows actually three unit cells in the horizontal
direction, for the purpose of better data presentation. Since we
used square lattice for carbon particle arrangement, there is one
carbon particle in one unit cell in horizontal direction.

To estimate the carbon volume fraction, the lattice constant
of the square carbon lattice in the FDTD simulation was varied
to fit the measurement results. Using this method, the estimated
carbon volume fractions for the nano-composites with 5 sec and
10 sec candle soot depositions were about 12% and 9%, respec-
tively. For samples with carbon deposition times longer than
10 sec, the above fitting method can no longer yield accurate
results because the differences in light absorption for different
high carbon volume fractions are so small that a small error
in absorption measurement can lead to large error in volume
fraction calculations. Therefore, the carbon volume fractions
for samples with carbon deposition times longer than 10 sec
were all assumed to be 9%, based on the assumption that the
three-dimensional carbon nanoparticle arrangement would be
more stable for longer deposition times, thus the carbon volume
fraction would remain unchanged. However, at a 5 sec depo-
sition time, the carbon structures could easily collapse during
spin-coating, resulting in a larger volume fraction of about 12%.
Although 5 sec deposition results in the higher volume fraction
(12%) than >10 sec deposition cases (9%), a thin, porous layer
of carbon particles (< 1 pm) absorb lower amount of light
(<88%), whereas the thicker carbon layers (>2 pm) enable
enhanced light absorption (>94%) despite the slightly lower
volume fraction (9%). The FDTD simulations agree well with
the experimental measurement for thicker samples, as shown for
the sample with a 30 sec CS deposition time in Fig. 3(b). The
wavelength-dependent absorption coefficients of the nanocom-
posites were calculated as well, using the Maxwell-Garnett ef-
fective medium approximation [28]. Due to the coherent light
source in the simulation, a pattern as a result of interference can
be observed along the thickness direction. Incoherence was con-
sidered when comparing absorption spectra between simulation
and experiments using a Lorentzian spectral averaging method
described in literature [29]. Maxwell-Garnett theory takes the
following form, Eq. (1):

_ f ECc —E€pPDMS (l)

ec +2eppums

Eeff —EPDMS
€erf +2eppus

where €. is the effective dielectric constant for the CS/PDMS
nanocomposite, epp s 1S PDMS dielectric constant, e¢ is the
dielectric constant for amorphous carbon, and f is the carbon
volume fraction. By solving the effective dielectric constant of
the composite, the extinction coefficient, k, can be obtained by
taking the imaginary part of the effective refractive index. The
absorption coefficient, «;, is calculated by the following Eq. (2),
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Fig. 6. Absorption coefficients calculated by Maxwell-Garnett theory as a
function of carbon solid volume fraction and wavelength. Contours are plotted
for absorption coefficients.

where X is the wavelength. Fig. 6 illustrates that the absorption
coefficient for CS/PDMS nanocomposite is between 0.9 pm™!
and 2.3 sm~! for 9% carbon volume fractions within the visible
wavelength range.

C. Acoustic Pressure Output Measurement Results and
Energy Conversion Efficiency Calculation

The photoacoustic transduction efficiency was determined by
measuring the peak-to-peak pressure amplitudes. Fig. 7 shows
acoustic output as a function of laser energy for CS/PDMS
nanocomposites with CS deposition times longer than 5 sec. The
results of CS/PDMS nanocomposites with 5 sec CS deposition
times were separately analyzed, due to the unstable structure and
different carbon volume fractions (12%) of the nanocomposites.
The 5 sec CS/PDMS (¢t = 0.8 um) nanocomposite showed the
lowest acoustic output due to its lack of absorption material.
The 10 sec and 20 sec CS/PDMS (¢t = 2.2 ym and 4.3 pym) ex-
hibit higher acoustic output pressure than the 5 sec CS/PDMS.
On the other hand, as the thickness of CS/PDMS increases,
extra CS/PDMS consumes most of the laser energy and high-
frequency acoustic waves that have been attenuated in the ex-
tra CS/PDMS. Thus, the acoustic pressure decreases as the
CS/PDMS layer increases in thickness, as shown in the re-
sults from the 60 sec and 120 sec CS/PDMS nanocomposite.
Both positive and negative pressures showed highly linear re-
lationships with laser energy for each sample in Fig. 7(a) and
(b), which supports recent findings [30]. The —6 dB fractional
bandwidth and peak pressure decrease when the thickness of
the CS/PDMS layer increased. The waveforms and frequency
spectra of photoacoustic transducers are shown in Fig. 8. The
—6 dB frequency bandwidths of 10 sec, 30 sec and 120 sec
CS/PDMS samples are 22.8 MHz, 22.6 MHz and 19 MHz, re-
spectively. Atalaser energy of 1 mJ/pulse, the peak pressure of a
10 sec CS/PDMS sample is as high as 3.78 MPa, and it is close
to the output value of a focused optoacoustic transducer [4].
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Fig. 7. The photoacoustic transduction measurements. (a) Peak positive pres-

sure and (b) peak negative pressure output as a function of laser energy for
three different CS/PDMS nano-composite samples: 5 sec CS/PDMS, 10 sec
CS/PDMS, 20 sec CS/PDMS, 30 sec CS/PDMS, 60 sec CS/PDMS and 120 sec
CS/PDMS.

This can be explained by the fact that the thermal elastic prop-
erties of thin layers outperform those of thicker layers when the
light absorption of both layers is equal. The acoustic attenua-
tion is negligible in pure PDMS film due to a lack of absorption
material [10], [29]. In other words, when the thickness of the
absorption layer (CS/PDMS layer) is greater than the optical ab-
sorption thickness, the output acoustic pressure increases as the
thickness of the absorption layer decreases. As the composite
thickness exceeds the optical absorption thickness, the majority
of the light energy can be absorbed by the CS, becoming thermal
energy. The thermal energy is finally transferred into PDMS to
generate thermo-elastic expansion.

However, due to the large conductivity of CS and the branch-
like structure, thermal energy can travel along the CS thickness
simultaneously, resulting in a deeper heating domain in thicker
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CS/PDMS layers. Therefore, thermal energy is distributed more
evenly in thicker layers than that in thinner layers, and there-
fore, lower acoustic pressure, given the identical total energy
absorption. In addition, the observed acoustic wave has two
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parts. One is the forward traveling wave when PDMS is heated,
and the other is the wave reflected by the glass substrate. The
time delay between these two waves depends on the thickness
of absorption layer, and is much shorter than the acoustic pulse
duration over acoustic traveling depth [32]. These two waves
interfere constructively, and shorter time delay between them
results in higher acoustic output. In addition to acoustic pres-
sure and bandwidth, photoacoustic efficiency, which is defined
as Eq. (3) [13]

Eq
77 =
Eoptical

is also important in a photoacoustic transduction evaluation.
In the above equation, F, ;.. is the laser energy normalized
with the actual absorbed laser energy in the layer, and F, is the
output of acoustic energy. I/, can be estimated by the following
Eq. (4), assuming that the pressure was measured in water:

3)

B, =4 / PP () dt @)
peJo

Where p is water density, ¢ is sound velocity in water
(~1500 m/s), p is the acoustic pressure measured by hy-
drophone, and A is the acoustic aperture area which can be
considered as the same size of the laser beam in the near field.
The normalized laser energy, E,,icqa1, Was measured by a pyro-
electric energy sensor (J-50MB-YAG, Coherent, Portland, OR)
and multiplied with the absorption of CS/PDMS composite. For
the Gaussian pulse laser with a pulse energy of 1 mJ/pulse, the
calculated photoacoustic transduction efficiency for CS/PDMS
nanocomposites with different CS depositions can be found in
Fig. 9. In region I, the photoacoustic efficiency of a CS/PDMS
sample with a 5 sec CS deposition time is about 2.1 x 107%,
This low efficiency is likely caused by the insufficient thick-
ness of the absorption layer (~0.8 pm, too thin to absorb most
laser energy). The measured absorption and reflection are about
80.8% and 3.5%, respectively, indicating that about 15.7% of the

laser energy passes through the CS/PDMS layer at a wavelength
of 532 nm. In region II, the photoacoustic efficiency reaches
its peak at a CS/PDMS composite thickness of 2.15 um, sug-
gesting an optimal photoacoustic transduction thickness may
exist in a photoacoustic transduction structure. The photoacous-
tic efficiency exhibits a clear exponential decay profile when
t increases. The photoacoustic efficiency is 9.60 x 10~ and
3.89 x 107* for CS/PDMS thicknesses of 12.7 ym and 25.9
pm, respectively. We speculate that the occurrence of the highest
photoacoustic efficiency at the thickness of 2.15 pym is due to the
full absorption of the laser energy while the lowest acoustic at-
tenuation compared to that in thicker samples. Compare to 5 sec
CS/PDMS, the 10 sec CS/PDMS has thicker absorption layer
which can absorb and transform more laser light to acoustic pres-
sure. On the other hand, the 20 sec, 30 sec and 60 sec CS/PDMS
should absorb more laser energy. However, the thicker absorp-
tion layer becomes the higher resistance of heat transfer. In other
words, the 10 sec CS/PDMS shows more thermal expansion
than other thickness of CS/PDMS. The measured photoacoustic
transduction efficiency of 9.02 x 1072 is 51% more than that
of our previous work [13], about six times higher than 2.6 ;m
thickness of carbon nanotube composite [4], [11], and about
50 times higher than gold nanoparticles composite which is
about 105 pm in thickness [33]. The comparisons are shown in
Table I.

The superior performance of the CSNP/PDMS composite
photoacoustic transducer is the result of the nano-scale spatial
configurations, and the reason can be explained in two ways.
The first explanation is that heat diffuses from CS particles
into adjacent PDMS by the temporal temperature gradient. The
CS/PDMS layer has a low interfacial thermal resistance thus
a high rate at which heat releases into PDMS [13], [34]. The
other explanation is based on the collectively-diffusive thermal
effect, which explains the thermal properties of nanoparticles.
Depending on the spacing between neighboring nanoparticles,
the thermal transport may be significantly different. When the
spacing of a neighboring heat source is small compared to the
dominant mean free paths, the phonons originating from neigh-
boring heat sources can interact with each other, resulting in a
more efficient thermal diffusion [35]. In other words, nano scale
heat sources cool faster when placed closer together, which is an
effect that can explain the efficiency of the CS/PDMS absorp-
tion layer. The three-dimensional structures of ball-shaped CS
particles are much more conductive for thermal energy releasing
than two-dimensional and one-dimensional structures, such as
carbon nanofibers or carbon nanotubes [5], [12]. Furthermore,
PDMS, as a highly thermal elastic material, makes direct contact
with the carbon nanoparticles to receive most of the heat energy
generated from the three-dimensional nanostructures, resulting
in low thermal transfer loss [36]. Herein an efficient photoacous-
tic conversion can be obtained. We also speculate that the small
volume fraction of carbon nano-particles (9%) leaves a larger
volume for PDMS (91%), which would allow for more thermal
expansion. As a result of the efficient CS-PDMS thermal trans-
fer and thermal expansion, high amplitude acoustic waves could
then be generated.



992

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 17, NO. 5, SEPTEMBER 2018

TABLE I
PHOTOACOUSTIC EFFICIENCY IN DIFFERENT MATERIAL

Thickness of composite

total thickness (absorption Laser power Photoacoustic Ref:
Material material thickness/PDMS (mJ/cm?) efficiency clerence
thickness)

CNT/PDMS 2.6 um (1.2 pm/1.4 pm) 42.4 1.4 x10™ [4],[11]
Gold-nanoparticle/PDMS 105 pm 8.75 1.8x10™ [33]
Cr/PDMS 25 (100 nm/25 pm) 3.57 8x107 [13]
Carbon black/PDMS 30 um 3.57 3.4x10™ [13]
Carbon nanofiber/PDMS 57.8 um (24.4 nm/33.4 pm) 3.57 1.66x107 [12],[13]
Candle soot/PDMS 25 pm (6 pm/19 pm) 3.57 4.41x10° [13]
Candle soot nano-composite/ PDMS 18 um (2 pm/16 pum) 1 9.02x107

IV. CONCLUSION

This study explores the relationship between the structural
property and device performance of photoacoustic transducers
by utilizing candle soot nanoparticle/PDMS nanocomposites.
The optical absorption of CS/PDMS nanocomposites are up to
96% in the experiment. The optical interactions with the carbon
nanoparticles in the composite are examined with FDTD simu-
lations, which indicates that the solid volume fraction of carbon
particles is a critical factor. At the same time, photoacoustic ex-
periments show a promising relationship between linear output
acoustic pressure and laser input, as long as the laser pulse en-
ergy is lower than 1 mJ/pulse. For samples with a CS deposition
time longer than 10 sec, photoacoustic efficiency decays expo-
nentially as the thickness of CS increases. At the laser pulse
energy of 1 mJ/pulse, the measured maximum acoustic output
pressure and efficiency are 3.78 MPa and 9.69 x 103, respec-
tively. These findings suggest that the design optimization of
CSNP/PDMS composite photoacoustic transmitters can real-
ize highly efficient laser-ultrasound patches for industrial and
biomedical applications.
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