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Abstract: Efficient photoacoustic emission from Au nanoparticles on a
porous SiO2 layer was investigated experimentally and theoretically. The
Au nanoparticle arrays/porous SiO2/SiO2/Ag mirror sandwiches, namely,
local plasmon resonators, were prepared by dynamic oblique deposition
(DOD). Photoacoustic measurements were performed on the local plasmon
resonators, whose optical absorption was varied from 0.03 (3%) to 0.95 by
varying the thickness of the dielectric SiO2 layer. The sample with high
absorption (0.95) emitted a sound that was eight times stronger than that
emitted by graphite (0.94) and three times stronger than that emitted by the
sample without the porous SiO2 layer (0.93). The contribution of the porous
SiO2 layer to the efficient photoacoustic emission was analyzed by means
of a numerical method based on a one-dimensional heat transfer model.
The result suggested that the low thermal conductivity of the underlying
porous layer reduces the amount of heat escaping from the substrate and
contributes to the efficient photoacoustic emission from Au nanoparticle
arrays. Because both the thermal conductivity and the spatial distribution of
the heat generation can be controlled by DOD, the local plasmon resonators
produced by DOD are suitable for the spatio-temporal modulation of the
local temperature.

© 2013 Optical Society of America

OCIS codes: (110.5125) Photoacoustics; (310.4165) Multilayer design.
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1. Introduction

Photoacoustic emission from noble metal nanoparticles has gained much attention owing to
their potential applications in the field of sound-emitting devices, photoacoustic imaging, and
ultrasonic trapping with standing-waves in the high frequency range (> 1 MHz) [1–5], and
manipulation of fluid or particles by convection flow and thermophoresis in the low frequency
range (< 20 Hz) [5–7]. Although the frequency of the photoacoustic emission for these appli-
cations is varied over a very wide range, the fundamental mechanism of the acoustic emission
is essentially identical. The light absorbed by the nanoparticles is converted into heat that spon-
taneously causes thermal expansion of the surrounding gas. This expanding gas layer acts as an
acoustic piston and produces acoustic pressure. Thus, understanding and controlling of the cou-
pling between photons and phonons are of great importance in all of the practical applications
of the photoacoustic emission.

There are two general methods for generating the photoacoustic emission from noble metal
nanoparticles. The ultrasonic generation from the colloidal gold solutions irradiated by pulsed
or chopped light has been reported in several papers and has shown good potential for pho-
toacoustic imaging [1–3]. Although such solutions are suitable for generating strong photoa-
coustic emission from nanoclusters within a beam spot, it is difficult to define the location
of the sound-emitting sources. On the other hand, two-dimensional Au nanoparticle arrays,
which are often fabricated by the electron-beam lithography of Au thin films on a glass or Si
substrate, generate photoacoustic emission from a well-defined location [4]. This allows us to
achieve coherent photoacoustic emission from spatially arranged Au nanoparticle arrays. How-
ever, two-dimensional Au nanoparticle arrays absorb only a few tens of percent of the incident
light even at the wavelength of the local plasma resonance [8,9].

Recently, we demonstrated the self-assembly of Au nanoparticle array/structured dielectric
layer/Ag mirror sandwiches, i.e., a local plasmon resonator, using a dynamic oblique deposition
(DOD) technique [10]. The structured dielectric layer consists of two layers, which are named
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Fig. 1. (a) Schematic drawing of side view of local plasmon resonator with Au nanopar-
ticle array/SCL/PCL/Ag mirror structure. (b) Volume element of the SCL with cylindrical
columns. The filling factor,S, is equal to the area ratio.

Table 1. The list of samples, whereα represents the deposition angle.

With SCL Without SCL
thickness (nm) α (◦) thickness (nm) α (◦)

Au nanoparticle arrays 9.8 83.4 9.8 83.4
SCL (SiO2) 340 78.6 – –
PCL (SiO2) 0–280 0 310–500 0
Ag mirror 200 0 200 0

the shape control layer (SCL) and the phase control layer (PCL). The SCL is a porous SiO2

columnar layer and controls the shape of the Au nanoparticles. The PCL is a SiO2 plane layer
and controls the optical path length. Because of strong interference, local plasmon resonators
can be used to alter the optical absorption value of the two-dimensional Au nanoparticle arrays
in the range of∼ 0 to 0.99 by varying the thickness of the dielectric layer [11, 12]. In our
previous study, we reported the efficient photothermal conversion of local plasmon resonators
[13]. For these local plasmon resonators, we expect highly amplified photoacoustic emission
from the Au nanoparticle arrays owing to the thermal insulating effect of the porous SiO2 layer,
since the efficiency of the thermally induced acoustic emission from a thin metal film is known
to be largely dependent on the thermal properties of the underlying layer [14]. In this work, we
present a systematic study of the photoacoustic emission from local plasmon resonators and
clarify their structural advantages in the low frequency range (< 100 kHz), of which notion is
also useful in the treatment of high frequency photoacoustic emission.

2. Experiments

We prepared local plasmon resonators with Au nanoparticles/SCL/PCL/Ag mirror structure
(Fig. 1) by using DOD. The local plasmon resonators were prepared by electron beam evapo-
ration under a pressure of 5×10−4 Pa with a deposition rate of 0.2–0.3 nm/s. First, a smooth Ag
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Fig. 2. Experimental setup for photoacoustic measurements.

layer with 200 nm thickness was deposited on a Si wafer. Onto this Ag mirror surface, a phase
control layer (PCL) of SiO2 was deposited with the vapor normally incident to the surface. The
PCL thickness,lpcl , was varied from 0 nm to 280 nm as listed in Table 1 in order to obtain
samples with a wide range of optical absorption. This series of different SiO2 thicknesses were
realized on a single substrate by moving a shutter incrementally across the sample during SiO2

deposition. On the PCL, a shape control layer (SCL) of SiO2 was prepared; this layer was evap-
orated until it reached a thickness of 340 nm. During the deposition of the SCL, the deposition
angle (measured as an angle from the normal) was fixed at 78.6◦ and the substrate was rotated
continuously and rapidly. An Au nanoparticle layer with 9.8 nm thickness was deposited at a
deposition angle of 83.4◦ onto the SCL. In order to investigate the contribution of the porous
SCL layer to the photoacoustic amplitude, we also prepared local plasmon resonators without
an SCL. In the case of the preparation of samples without an SCL, the step of SCL deposition
was skipped and the PCL thickness was varied from 310 nm to 500 nm. The optical reflection
measurements at an angle of incidence of 2◦ were carried out using a single-beam spectropho-
tometer in the wavelength range of 300 nm< λ < 1700 nm. Since the optical transmittance
and scattering of our samples are negligibly small, their optical absorptionA is evaluated as
A = 1−R, whereR is the optical reflectance.

The photoacoustic measurements were performed using a photoacoustic cell (10.0 mm in
diameter and 3.5 mm height, MTEC Model 300) on the local plasmon resonators with and
without SCL, bulk graphite, and Ag thin film. The experimental setup used for the measure-
ments is depicted in Fig. 2. We loaded the sample, which was cut into a small piece of 4 mm×
4 mm× 0.5 mm size, onto the photoacoustic cell filled with air. Then, the chip was irradiated
with a laser (wavelength 785 nm), whose intensity was modulated sinusoidally, from the sur-
face normal. The photoacoustic signal detected by a microphone was measured with a lock-in
amplifier and recorded as a function of the laser modulation frequency over the range from 0.1
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Fig. 3. SEM images of (a) the cross section and (b) the surface morphology of the local
plasmon resonator with an Au nanoparticle array/SCL/PCL/Ag mirror structure. (c) and
(d) SEM images of the sample with an Au nanoparticle array/PCL/Ag mirror structure.

kHz to 100 kHz.

3. Results and discussion

3.1. Morphology and optical properties

Figure 3 show typical SEM images of the prepared local plasmon resonators with and without
SCL. From the SEM image of the cross section of each sample (Figs. 3(a) and 3(c)), it is clear
that the multilayered structures of Au nanoparticles/SiO2 dielectric layer/Ag mirror are realized
by DOD. In the case of the Au nanoparticle arrays, the local plasmon resonator with an SCL
has a porous SiO2 layer (340 nm thick), whereas the sample without the SCL has no pores in
the dielectric layer. However, the thicknesses of the Au nanoparticle layers are equally small
regardless of the existence of the SCL. In addition, as shown in Figs. 3(b) and 3(d), granular
morphology is realized in the samples with and without SCL. Although the structures in Fig.
3(b) are slightly larger than those in Fig. 3(d), heat transfer from Au nanoparticles to air may
not drastically differ dipending on the existence of the SCL.

Figure 4 shows the optical absorption spectra of the local plasmon resonators with and with-
out an SCL. The optical absorption of the local plasmon resonators changes periodically as
a function of the photon energy, and the absorption peaks change drastically with the PCL
thickness. These spectral properties originate from the interference [10, 12, 13] and can be un-
derstood by multilayered homogeneous layers at least around NIR or longer wavelength region
because dimensions of the nanostructures in the layers are much smaller than that of the wave-
length. In those wavelength region, the Au nanoparticles layer is treated as an effective medium
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Fig. 4. Optical absorption spectra of the local plasmon resonators with an SCL (lpcl = 120
nm and 280 nm thickness) and without an SCL (lpcl = 360 nm and 500 nm thickness)

which includes the material with a constant permittivity and Au nanoparticles of which dielec-
tric function is represented by the Drude model. The SCL is also treated as a homogeneous
medium of which permittivity is 1.20–1.25. The PCL and the Ag mirror are of course uniform
SiO2 and Ag layers. The details have been reported in the previous paper [10] for Ag nanopar-
ticles/dielectric spacer/Ag mirror structures, which is essentially identical with the structures in
the present study. In the Fig. 4, the coupling of the light to the local plasmons in Au nanopar-
ticles is successfully modified, regardless of the existence of the SCL. At the wavelength of
785 nm (1.58 eV) in the photoacoustic measurements, the optical absorption,A, of the prepared
local plasmon resonators with the SCL changes from 0.03 to 0.95, while that of the samples
without the SCL changes from 0.28 to 0.93.

3.2. Photoacoustic properties

We performed photoacoustic measurements on the local plasmon resonators in order to eval-
uate the contribution of their optical absorption and of the porous SCL to the photoacoustic
amplitude. Figure 5 shows the typical photoacoustic spectra of the local plasmon resonators
with an SCL (A = 0.95 and 0.03) and without an SCL (A = 0.93), in addition to the photoa-
coustic spectra of graphite (A = 0.95) and Ag (A = 0.01). In the spectra, many distinct peaks are
observed. Since the peak positions are independent of the samples, the peaks originate from the
acoustic resonance in the photoacoustic cell. However, as indicated in Fig. 2, the shape of the
photoacoustic cell is too complex to analyze its resonance modes. Thus, we focus our attention
on the relative amplitudes of the obtained spectra.

In Fig. 5, the photoacoustic amplitude,P, of the local plasmon resonator with an SCL having
high optical absorption (A = 0.95) is approximately eight times larger than that of graphite (A
= 0.94) and three times larger than that of the sample without an SCL (A = 0.93). On the other
hand, the signal from the sample with an SCL having low absorption (A= 0.03) has the same
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= 0.01).

order of magnitude as that from the high reflective Ag thin film (A= 0.01). These results suggest
that the local plasmon resonators with an SCL can realize efficient photoacoustic emission and
spatial modulation by the tuning of the thickness of the PCL.

In order to understand the effect of nanostructures on the photoacoustic properties, we fo-
cused our attention on the properties of two series of samples with and without an SCL. For
both series of samples, we successfully realized the similar ranges of 310< lpcl + lscl < 510 nm
and 0.25< A < 0.95, while the amount of deposited Au was kept constant at 9.8 nm. Figure 6
show some of the photoacoustic spectra of those local plasmon resonators, with an SCL (Fig.
6(a)) and without an SCL (Fig. 6(b)), as a function of the laser modulation frequency. The sig-
nal amplitude of the samples with the SCL varies significantly depending on the sample, while
that of the samples without the SCL varies only slightly. For quantitative comparison, we listed
photoacoustic amplitude at the laser modulation frequency of 60 kHz, optical absorption,lscl ,
andlpcl of all samples in Table 2. The value ofP seems to show a monotonic increase with an
increasingA. However, it is worth noting that the photoacoustic amplitude of the Au nanoparti-
cle array depends not only onA but also on the thickness of the underlying dielectric layer [15].
Since the heat generated from the Au nanoparticles is expected to be proportional to their op-
tical absorption [13], we plotted the ratio ofP at the laser modulation frequency of 60 kHz to
A, for each sample, as a function of the dielectric thickness,lpcl + lscl (Fig. 7). The value of
P/A is almost independent of the thickness of the dielectric layer. This supports the result that
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Table 2. Properties of the local plasmon resonators with and without an SCL.

P at 60 kHz
(10−2 a.u.)

A lscl (nm) lpcl (nm)

With SCL 1.07 0.95 340 132
0.92 0.92 340 110
1.18 0.94 340 88
1.07 0.95 340 88
0.94 0.95 340 82
0.96 0.93 340 71
1.20 0.88 340 66
0.97 0.94 340 66
0.83 0.82 340 44
0.58 0.60 340 22
0.24 0.26 340 0

Without SCL 0.24 0.93 0 360
0.33 0.91 0 410
0.31 0.66 0 460
0.17 0.57 0 505
0.14 0.28 0 310

P is essentially proportional toA. On the other hand,P/A is highly sensitive to the existence
of the porous SCL, and the local plasmon resonators with an SCL are capable of producing
photoacoustic signals with an approximately threefold higher amplitude than those without an
SCL.

3.3. Heat transfer model

In order to clarify the contribution of the porosity and the thickness of the dielectric layer to
the photoacoustic amplitude, we investigated the thermally induced acoustic emission from the
local plasmon resonator with an SCL, on the basis of a one-dimensional heat transfer model,
as depicted in Fig. 8. We assume that the system of the local plasmon resonator and the pho-
toacoustic cell is composed of the Si, PCL, SCL, and gas (air) layers and that their thicknesses
are lsi, lpcl , lscl , and lg, respectively. Although the actual local plasmon resonators have the
Ag mirror layer (200 nm) on the Si wafer, its thickness is significantly smaller than the ther-
mal diffusion length of Ag and is negligible because of the uniformity of temperature inside
the layer. In addition, we assume the Au nanoparticle layer at the top of the sample as a heat
source whose thickness is negligibly small, because the thickness of the Au nanoparticle layer
is significantly smaller than those of the other layers and the incident light is absorbed and
converted into heat by the nanoparticle layer [10, 13]. This assumption is justified because the
temperature inside Au nanoparticles is expected to be uniform when excitation laser intensity is
modulated at lower than 100 kHz, although there are several reports on pulsed laser excitation
which causes inhomogeneous temperature distribution inside nanoparticles [16,17]. We define
the sample surface to be atx = 0, and hence, the heat applied by the photothermal conversion
is assumed to be

q(x, t) = AQ0 (1+ cosωt)δ (x) , (1)

wheret is the time (s),Q0 is the power density of the incident light (W/m2), andω is the laser
modulation frequency (s−1).

Assuming that there is no convection in the cell, the heat diffusion equation for each layer is
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written as
∂ui (x, t)

∂ t
= ai

∂ 2ui (x, t)
∂x2 . (2)

Here,ui is the temperature (K) andai is the thermal diffusivity (m2/s) defined byai = κi/ρiCi,
whereκi, ρi, andCi are the thermal conductivity (W/m s), density (kg/m3), and specific heat
(J/kg K) of the materiali, respectively. The subscripti becomes si, scl, pcl, and g for the Si
wafer, SCL, PCL, and gas (air), respectively. Equation (2) is solved under the boundary condi-
tions that the temperature and heat-flux are continuous at interfaces. In addition, we assume that
the temperature at the cell wallsx = lg andx = −lsi − (lscl + lpcl) is the ambient temperature,
T0.

The general solution foru(0, t)≡ uscl(0, t) = ug(0, t) can be written as

u(0, t) =Udc +Uac cos(ωt +φ), (3)

whereUdc andUac are complex-valued constants andφ is a real-valued constant for the phase
factor. This periodic temperature change of the sample surface simultaneously causes expan-
sion and contraction within a thin boundary layer of the gas next to the surface and produces
acoustic pressure signals [15]. According to the derivation of Rosencwaig and Gersho [15], the
photoacoustic amplitude can be written as

P = F
|Uac |

|Udc |
, (4)

whereF is a real-valued constant that can be determined by the shape of the photoacoustic cell
and the property of the surrounding gas. In other words,F is essentially independent of the
sample properties.

In order to obtain the value ofF for our measurement system, we focus on the photoacoustic
properties of the samples without an SCL that have a simple structure. For such samples,lscl = 0
and the analytical solution for Eq. (3) is written as

Udc = T0+
AQ0lg

(

κpcl lsi +κsilpcl
)

κpclκsilg +κg
(

κpcl lsi +κsilpcl
) , (5)

Uac =
AQ0

κpclσpcl

(1− b)exp(−σpcl lpcl)+ (1+ b)exp(σpcl lpcl)

(1+ c)(1+ b)exp(σpcl lpcl)− (1− c)(1− b)exp(−σpcl lpcl)
, (6)

where

σi = (1+ j)

(

ω
2ai

)1/2

,b =
κsiσsi

κpclσpcl
,c =

κgσg

κpclσpcl
. (7)

The real part of Eq. (6) represents the actual physical temperature variation. In the experiment,
T0 = 2.9×102 (K), A < 1, Q0 = 4.0×104 (W/m2), κsi = 1.5×102 (W/m K), κpcl = 1.4 (W/m
K), κg = 2.4×10−2 (W/m K), lsi = 0.5×103 (µm), andlg = 3.5×103 (µm) [18]. Therefore,
the second term on the right-hand side of Eq. (5) is smaller than 1.4 (K). Consequently, we can
assume| Udc |≃ T0 = 290 (K). In Eqs. (6) and (7),apcl = 6.2×10−7 (m2/s), asi = 9.0×10−5

(m2/s), andag = 1.9× 10−5 (m2/s). By substituting Eqs. (5)–(7) into Eq. (4), we obtain the
photoacoustic amplitude of the local plasmon resonator without an SCL. Since the| Udc | in
Eq. (5) is almost constant and| σpcl lpcl | in the Eq. (6) is small (< 5× 10−7 (s1/2)), theP is
estimated to be almost independent of the dielectric thickness. The solid line shown in Fig. 7
shows the results of fitting the analytical solution to the experimental data, whereF is the fitting
parameter. We obtain the prefactorF = 76±5 from the fitting. The calculated data agrees well
with the experimental data, which is almost independent of the dielectric thickness.
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The value ofF evaluated for the samples without an SCL was utilized to discuss the pho-
toacoustic emission from the samples with an SCL. Since the samples with an SCL have many
layers, it is difficult to derive an analytical solution for| Uac/Udc | in Eq. (4). Thus, we per-
formed a numerical calculation for the heat transfer model. Before performing the calculation,
we needed to determine the SCL thermal diffusivity,ascl , and the thermal conductivity,κscl .
When we consider the one-dimensional energy balance of the volume element depicted in Fig.
1(b),κscl determines the heat flux in the direction normal to the interfaces, induced by the tem-
perature gradient. As can be seen in the SEM image of the local plasmon resonator with an
SCL (Fig. 3(a)), the SCL is composed of cylindrical SiO2 columns growing along the surface
normal. Therefore, the filling factor,S, is equal to the area fraction of SiO2, as depicted in Fig.
1(b). The magnitudes ofκscl andρsclCscl areS times as large as those in the case of SiO2. Thus,
the thermal diffusivity of the SCL,ascl = κscl/ρsclCscl , is equal to that of SiO2.

The results of the numerical analysis of the photoacoustic amplitude forS = 0.20, 0.25,
and 0.30 are shown in Fig. 7. The calculation agrees with the experimental results whenS is
in the range of 0.25–0.30. From the SEM images shown in Fig. 3 and in the previous paper
[19], the filling factor of the SCL deposited at the deposition angle of∼ 80◦ is estimated to
be in the range of 0.3–0.4. This value is close to that determined in the present numerical
analysis, even though the photoacoustic amplitude,P/A, exhibits high sensitivity to the filling
factor, S. This result suggests that the photoacoustic amplitude is strongly dependent on the
porosity of the SCL layer, which determines the thermal conductivity of the layer under the Au
nanoparticles. By reducing the thermal conductivity of the underlying layer, the heat flux from
the Au nanoparticles to the substrate is decreased and that to the air is increased. Accordingly,
the local temperature of the air is efficiently modulated and substantial photoacoustic emission
is realized. Consequently, the low conductivity of the layer that contributes to the efficient
photoacoustic emission is easily achieved by the DOD technique. Further improvement of the
photoacoustic amplitude can be achieved by reducing the filling factor of the SCL layer or by
utilizing materials with low thermal conductivity to form the layer.

4. Conclusion

We performed photoacoustic measurements on local plasmon resonators with Au nanoparticle
arrays/SCL (porous SiO2 layer)/PCL/Ag mirror structures achieved by DOD. The photoacous-
tic amplitude of the local plasmon resonator with high absorption (A = 0.95) is eight times
larger than that of graphite (A = 0.94) and three times larger than that of the sample without a
porous SCL layer (A = 0.93). In addition, the signal from the local plasmon resonator with low
absorption (A = 0.03) has the same order of magnitude as that from the highly reflective Ag
thin film (A = 0.01). In order to verify the contribution of the porous SCL layer to the efficient
photoacoustic emission, theoretical and numerical analyses based on the one-dimensional heat
transfer model were performed. The results suggest that the low thermal conductivity of the
porous SCL layer, which is easily formed by DOD, contributes to the reduction of the amount
of heat escaping to the substrate and to the efficient photoacoustic emission from Au nanopar-
ticle arrays. Overall, a very promising feature of the local plasmon resonators with a porous
SCL is their spatio-temporal controllability of heat generation. They are suitable for use in
nanoheaters, which can be used for microfluidic control using photoacoustic generation and
thermophoresis, as well as in sound-emitting devices.
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