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We have investigated, both theoretically and experimentally, highly localized photothermal

conversions in Au nanoparticle array/dielectric layer/Ag mirror sandwiches, namely local plasmon

resonators. The depth profile of the optical absorption in the local plasmon resonators was calculated

using a simple model comprising homogeneous multilayers. The calculation results show highly

localized light absorption in the � 10-nm-thick Au nanoparticles layer (more than 99% of total

optical absorption). The photoacoustic measurements, which are sensitive to the surface temperature

of the sample, were performed on the fabricated local plasmon resonators. The photoacoustic

amplitude of the local plasmon resonator possessing a high optical absorption (A¼ 0.97) was 15

times larger than the absorbance of the bulk Si wafer (A ¼ 0.67) and 8 times larger than the

absorbance of graphite (A¼ 0.85). These results suggest that the photothermal conversion is localized

in the thin Au nanoparticles layer, which enables rapid modulation of the temperature of the

surrounding fluid. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818814]

I. INTRODUCTION

The photothermal effect in noble metal nanoparticles

(NPs) is critical to various applications, including biomedi-

cine,1,2 chemical catalysis,3 energy,4,5 microfluidics,6–8 and

photoacoustic effects,9,10 because they are capable of acting

as localized heat sources at nanometer scale. This effect is

based on the plasmon resonances in the noble metal NPs,

and there have been numerous attempts to maximize their

optical absorption and optimize their resonance wavelength

by manipulating their size and shape11,12 or by combining

them with dielectric materials.13 Recently, it was demon-

strated that Au NPs/dielectric layer/Ag mirror sandwich

structures, namely the local plasmon resonators, realize a

wide range of optical absorption from 0.03 to 0.97 because

of the strong interference.14 These sandwich structures can

be self-assembled by dynamic oblique deposition (DOD). In

our previous study,14 we demonstrated a large temperature

increase in water by photothermal conversion utilizing a

sample with high optical absorption and showed that heat

generation is proportional to optical absorption. These prop-

erties make the local plasmon resonators attractive as effi-

cient nano-heaters. However, we have not addressed the

optical absorption by each layer of the sandwich structure.

These materials contain two layers that possess high extinc-

tion coefficients: the Au NPs layer and the Ag mirror layer.

It is important to elucidate the contribution of these layers to

photothermal conversion in order to analyze and control the

local temperature at nanometer scale. In this study, we quan-

titatively determine the highly localized light absorption of

the Au NPs layer. Additionally, we experimentally demon-

strated efficient photoacoustic emission resulted in the

photothermal conversion of the thin Au NPs layer, which

was approximately 10 nm thick.

II. OPTICAL MODEL

First, we describe the optical properties of the local plas-

mon resonator which consists of Au NPs/SiO2 shape control

layer (SCL)/SiO2 phase control layer (PCL)/Ag mirror layer

by using a simple model (Fig. 1). Figures 1(a) and 1(b) show

the typical SEM images of the local plasmon resonator.14

Because the dimensions of the nanostructures in the various

layers are much smaller than the wavelengths in the near-

infrared or other longer wavelength regions, we treated our

thin films as homogeneous multilayers (Fig. 1(c)). The thick-

nesses of the layers have been defined in Fig. 1(c) and the

thicknesses of SCL, PCL, and Ag layers are determined from

the SEM images. Since we vary the PCL thicknesses in the

model, we represent their values by dpcl. For the Au NPs

layer, Au is deposited to an average thickness of 10 nm.

Because the Au NPs layer forms an island structure, its geo-

metrical thickness is defined as 10/f nm where f is the vol-

ume fraction of Au. The refractive index of each layer is

defined as follows. The Au NPs layer is treated as an effec-

tive medium of a mixture of a metal nano-sphere and a trans-

parent material having the same dielectric constant as the

SCL. The effective dielectric function is evaluated by the

Maxwell-Garnett model15 as

�av ¼ �scl
ð1þ 2f Þ�þ 2ð1� f Þ�scl

ð1� f Þ�þ ð2þ f Þ�scl
: (1)

Here, f is the volume fraction of the nano-spheres, � is the

dielectric function of the metal, and �scl is the in-plane

dielectric function of the SCL, which will be defined later.

From the SEM observations, f is estimated to be
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0:5 � f � 1. The dielectric function of the metal, �, for the

incident photon energy x, is represented by the Drude model

� ¼ �1 �
xp

2

xðxþ idÞ ; (2)

where xp is the plasma frequency, �1 is the dielectric con-

stant at high frequencies, and d is the reciprocal of the scat-

tering time. The bulk values of xp ¼ 8:96 eV, �1 ¼ 7:44 are

standard values,16,17 and d is used as the fitting parameter,

because corresponding value for nano-structures could be

larger compared to the bulk value. For the SCL, we assumed

in-plane refractive index
ffiffiffiffiffiffi
�scl
p ¼ nscl for normal incident

light. Because the packing density of an SCL is small, its in-

plane refractive index is estimated to be smaller than that of

the bulk SiO2, so that 1 � nscl � 1:47. The PCL consists of

SiO2 that has a refractive index of npcl¼ 1.47. The refractive

index of the Ag mirror layer is reported in the literature.18

The optical absorption spectra were calculated via a

transfer matrix formalism15 at normal incidence with unpo-

larized light and fitted to the experimental results using fit-

ting parameters f, d, and nscl (Fig. 2). Because the optical

transmittance and scattering of our samples are negligibly

small, the optical absorption A is evaluated as A¼ 1 – R,

where R is the optical reflectance. The value of nscl deter-

mines the cycle of the periodic undulation observed in the

optical absorption spectra, which arises from interference.

Thus, nscl was chosen to fit the peak positions of the undula-

tion of the calculated spectra to the positions of the measured

spectra. On the other hand, the peak shape and intensity are

sensitive to both d and f of the Au NPs layer. Therefore, nscl,

d, and f were chosen to reproduce the intensity and shape of

the absorption peaks. Figure 2 shows the fitting results,

which agree well with experimental results when d¼ 1.8,

f¼ 0.75, and nscl¼ 1.25. The fitting results of f and nscl are

consistent with the SEM images. The value of d is signifi-

cantly larger than the bulk value, because the scattering

probability increases as a result of the defects and surface

roughness of NPs. The calculation results agree well with the

experimental results for both the values of dpcl, i.e., 20 and

80 nm. Because this model reflects the optical characteristics

of our samples quite well, we utilized it to discuss the optical

absorption of each layer.

Each layer of the model structure was divided into thin

sub-layers of Dd thickness (Fig. 1(c)), and the optical absorp-

tion for each sub-layer was calculated by utilizing the

Poynting vector, px, which represents energy flux along the x
axis and is given by the following equation:

px ¼
1

2
Re EyH�z � EzH

�
y

� �
; (3)

where Ey, Hy, Ez, Hz are in-plane electromagnetic fields at

the position x, and the subscripts “y” and “z” denote the y
and z components. Regarding the sub-layer at the position

x¼ d (Fig. 1(d)), the optical absorption per unit length, aef f ,

can be deduced from following equation:

aef f ðdÞ ¼
pxðdÞ � pxðd þ DdÞ

DdI0

; (4)

where I0 is the intensity of the incident light. We name aef f

as “effective absorption coefficient,” because its integration

over the x axis gives the total absorption, A, of the sample.

Figure 3 shows the calculation results of the effective

absorption coefficient at the wavelength of 785 nm (1.58 eV)

as a function of the position from the surface. The effective

absorption coefficient of the Au NPs layer of the local plas-

mon resonator (A¼ 0.99) is three orders of magnitude higher

than that of the Ag mirror layer. Thus, the optical absorption

of the local plasmon resonator is localized in the � 10-nm-

thick Au NPs layer, which lies at the sample surface. On the

other hand, the effective absorption coefficient of the Si wafer

is three orders of magnitude smaller than that of the Au NPs

layer in the local plasmon resonator and nearly at a depth of

500 nm from the surface. It decreases gradually over several

micrometers (Fig. 3(b) inset). This result suggests that the Si

wafer has an absorption layer that is several micrometers

thick. Thus, local plasmon resonators realize highly localized

light absorption compared to bulk absorbing materials.

FIG. 1. Modeling of local plasmon resonators whose structures are shown in

the SEM images ((a) surface morphology and (b) cross section). They are

described by (c) multilayered homogeneous structures that have Au NPs/

SCL/PCL/Ag layers. Each layer is divided into sublayers in order to calcu-

late optical absorption distribution. Figure (d) shows energy balance within

a single sublayer.

FIG. 2. Calculated optical absorption spectra of local plasmon resonators

with dpcl ¼ 20 and 80 nm.
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For quantitative analysis, the optical absorption of each

layer of the local plasmon resonators was calculated for the

samples with dpcl¼ 20, 80, and 250 nm (Table I). It is impor-

tant to note that the calculated total absorption of these sam-

ples varies from � 0.01 to 0.99, which suggests that the

photothermal conversion of the local plasmon resonators can

be spatially controlled through the patterning of dpcl.

Regardless of the variation of the total absorption, the

absorption of the Ag mirror layer is negligibly small. In this

calculation, up to 99.6% of the total absorption is absorbed

by the Au NPs layer when the total optical absorption is high

(A¼ 0.99). This result suggests that the local plasmon reso-

nators can efficiently convert light energy to heat energy in

the AuNPs layer and can drastically alter the surface temper-

ature. Therefore, we focused our attention on the photoa-

coustic effect which is known to be sensitive to the sample

surface temperature modulation19 and performed photoa-

coustic measurements on the fabricated local plasmon

resonators.

III. EXPERIMENTS

The local plasmon resonators were self-assembled by

DOD. The preparation method of the Au NPs layer is essen-

tially the same as that reported in a previous publication.20

First, a 200-nm-thick smooth Ag layer and a PCL of SiO2

with dpcl¼ 20 or 80 nm were deposited on a Si wafer. On the

PCL, a 300-nm-thick SCL of SiO2 was prepared. During the

deposition of the SCL, the deposition angle measured from

the surface normal was fixed at 80�, and the substrate was

continuously and rapidly rotated. An Au NPs layer was de-

posited at a deposition angle of 83.4� on the SCL. The aver-

age thickness of the deposited Au was � 10 nm. The optical

reflection measurements on the fabricated samples at an

incidence angle of 2� were carried out using a single-beam

spectrophotometer with a wavelength range of 300 nm < k
< 1700 nm.

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,

as well as on a Si wafer and bulk graphite for comparison.

We loaded the sample, which was cut into a chip with

dimensions 4 mm� 4 mm� 0.5 mm, onto the photoacoustic

cell under ambient conditions. The chip was then irradiated

with a laser (wavelength 785 nm), whose intensity was

modulated sinusoidally, from the surface normal. The photo-

acoustic signal, which was 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 1 kHz

to 100 kHz.

IV. RESULTS AND DISCUSSION

Figure 4 shows the photoacoustic spectra of the local

plasmon resonators with A¼ 0.50 (dpcl¼ 20 nm) and

A¼ 0.97 (dpcl¼ 80 nm), graphite (A¼ 0.85), and Si wafer

(A¼ 0.67). These spectra have many distinct peaks at identi-

cal positions. The peaks originate from the acoustic reso-

nance in the photoacoustic cell. Apart from these resonance

peaks, we focused our attention on the relative amplitudes of

the obtained spectra, which qualitatively describe the surface

temperature modulation of the samples. The photoacoustic

amplitude from the sample with A¼ 0.50 is 8 times larger

than that of the Si wafer (A¼ 0.67) which has higher optical

absorption than the sample. Additionally, the sample with

A¼ 0.97 generates a photoacoustic amplitude 15 times larger

than that of the Si wafer. These results indicate that the local-

ized heat generation of the Au NPs layer, which is much

thinner than the photothermally converted layer of a Si wafer

(� 9 lm thick), contributes to the efficient photoacoustic

FIG. 3. Effective absorption coefficient, aef f ðnm�1Þ, as a function of position from surface for (a) local plasmon resonator with 80-nm-thick PCL (A¼ 0.99)

and (b) Si wafer (A¼ 0.67) at the wavelength of 785 nm. Inset in (b) shows a gradual decrease in aef f over several micrometers in the Si wafer.

TABLE I. Calculated optical absorption for each layer of local plasmon res-

onators with dpcl¼ 20, 80, and 250 nm at the wavelength of 785 nm.

Total absorption Absorption for each layer

dpcl (nm) A Au NPs SCL PCL Ag

20 0.404 0.339 0.000 0.000 0.005

80 0.993 0.990 0.000 0.000 0.003

250 0.012 0.008 0.000 0.000 0.004
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emission. The photoacoustic amplitude from the sample with

A¼ 0.97 is 8 times larger than that of the graphite

(A¼ 0.85). Consequently, highly localized heat generation in

the Au NPs enables rapid temperature-gradient modulation

in the vicinity of the local plasmon resonator surface.

V. CONCLUSION

In this report, we investigated the depth profile of optical

absorption in the local plasmon resonators. The transfer ma-

trix and energy balance calculations revealed that the light

absorption of the local plasmon resonators is highly localized

(more than 99%) in the Au NPs layer. This result suggests

that the heat generation is also localized in the thin Au NPs

layer (� 10 nm) and can rapidly increase the local tempera-

ture. Thus, photoacoustic measurements were performed on

the fabricated local plasmon resonators. The photoacoustic

amplitude of the local plasmon resonator with a high optical

absorption (A¼ 0.97) was 15 times larger than that of the

bulk Si wafer (A¼ 0.67), and 8 times larger than that of

graphite (A¼ 0.85). Local plasmon resonators are desirable

as nano-heaters which can control local temperatures with a

high degree of sensitivity.
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