
Download
C O M M U N I C A T I O N S
r
c
u
u
p
t
a
fi
r
a
�
p
a
a
s
m
w
a
m
p
i
t
s
a
i
t
t
d
f
i
m
w
r

b
w
d
m
g
d

s
d
�
l
a
w
t
T
t
i
t
A

Subwavelength optical imaging
through a silver nanorod

Yuan-Fong Chau
Ching Yun University
Department of Electronic Engineering
Jung Li, Taiwan
E-mail: yfc01@cyu.edu.tw

Din Ping Tsai, FELLOW SPIE

National Taiwan University
Department of Physics and Center for Nanostorage Research
Taipei, Taiwan

Guang-Wei Hu
Chinese Army Academy
Department of Electrical Engineering
Kaohsiung, Taiwan

Lin-Fang Shen
Electromagnetic Academy
Department of Information Science and Electronic Engineering
Zhejiang Province
Hang Zhou 310027, China

Tzong-Jer Yang
National Chiao-Tung University
Department of Electrophysics
HsinChu 300, Taiwan

Abstract. We numerically investigated subwavelength im-
aging in a silver nanorod of 50-nm height and 20-nm diam
buried in dielectric background �SiO2� with a finite-difference
time-domain �FDTD� method in the three dimensions. The
near-field components of the Gaussian incident beam were
plasmonically transferred through the input end of a silver
nanorod to reproduce the light distributions of the incident
wave at the output end. The field distributions were calcu-
lated at the different sectional planes of the rods, and it was
found that the spatial resolution was less than 40 nm given
by the rod size, which is much beyond the diffraction limit of
the conventional imaging system. The field intensity in the
image plane was well resolved due to the collection of sur-
face plasmon polaritons. The behaviors of the three compo-
nents of field distribution at entrance and exit from the nano-
rod and the influences of the optical field distribution
generated by some factors are also discussed in detail. The
proposed structure possesses a deep transfer of super-
resolution image and can be used with image transfer. © 2007
Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.2715929�

Subject terms: subwavelength imaging; finite-difference time-
domain �FDTD� method; surface plasmon polaritons; image
transfer.

Paper 060343CR received May 10, 2006; revised manuscript
received Sep. 21, 2006; accepted for publication Sep. 26, 2006;

published online Mar. 29, 2007. 0

Optical Engineering 039701-1

ed From: http://opticalengineering.spiedigitallibrary.org/ on 04/26/2014 Term
Due to conduction, electron charge density and its cor-
esponding electromagnetic field can undergo plasmon os-
illations, and metallic materials on a nanoscale can be
sed to enhance and exploit properties that become stronger
nder conditions of reduced dimensionality. The optical
roperties of metallic nanoparticles that the charge oscilla-
ions can propagate along the surface at optical frequencies
nd their mechanism to concentrate light into highly con-
ned regions has attracted considerable interest for a broad
ange of applications.1–3 The use of a sharpened metallic tip
s a probe in near-field scanning optical microscopy
NSOM� is proposed.4–6 This configuration has been ap-
lied to nano-imaging and analysis, including infrared
bsorption,7 spontaneous Raman scattering,8 and coherent
nti-Stokes Raman scattering.9 A concentric metallic nano-
hell showed strong coupling with resonant surface plas-
ons at the near-infrared �IR� spectra, and this technology
as applied to biological sensors and labels.10 Periodically

rranged nano-slits or nano-holes were investigated in
etal film beam anomalous light as a collection of surface

lasmon polaritons �SPPs�.11–13 Recently, subwavelength
mage transfer, which is another interesting property of me-
allic nanostructures,14–16 was proposed by Ono et al.17 in a
ubwavelength imaging transfer system that set the nano-
rray in air background and used a point source as the
ncident light focused onto the input end of the array. Al-
hough some significant optical properties were found in
he near-field zone, this system is hard to follow, and some
rawbacks in realizing this super-resolution in image trans-
er systems are found, because the nanoarray must be bur-
ed in dielectric materials such as glass, polymer, or alu-
ina, and the simulated incident wave must be a Gaussian
ave �to imitate the laser beam� in order to simulate a

eal-word situation.
Motivated by the previous work cited here and inspired

y these active issues, in this study, we investigated sub-
avelength imaging of a silver nanorod by using the three-
imensional �3D� finite-difference time-domain �FDTD�
ethod.18 The influences of the optical field distribution

enerated by some factors in a silver �Ag� nanorod will be
iscussed in detail.

The structure we studied here is an Ag nanorod. Figure 1
hows the side view of a single Ag nanorod with diameter
=20 nm and height h=50 nm buried in dielectric material

SiO2, refractive index n=1.5�. The rod diameter is much
ess than the wavelength, and the rod axis is parallel to z
xis. In our numerical simulation, the 3D FDTD method
ith perfectly matched layer boundary conditions19 is used

o analyze the mechanism of plasmonic image transform.
he dispersive behavior of the Ag nanorod is simulated by

he Lorentz model.20 This analysis reveals several intrigu-
ng features of light propagation in the Ag nanorod. In par-
icular subwavelength resolution can be achieved with the
g nanorod when the localization of the light wave is
091-3286/2007/$25.00 © 2007 SPIE
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within areas whose sizes are less than a wavelength. This
provides the information concerning the spatial distribution
of the electromagnetic field emerging from the output end
of the Ag nanorod.

First, we observed the field distribution with the 3D
FDTD method of an Ag nanorod. The z-polarized input
Gaussian beam with wavelength of 488 nm �to have a reso-
nance of plasmon oscillation of Ar+ laser excitation at
wavelength of 488 nm� and implemented as an SF/TF
�scattering field/total field� source21 is focused onto the cen-
tral part of the Ag nanorod, located at the center of the rod
bottom. The nanorod is located 10 nm away from the inci-
dent beam at normal angle, as shown in Fig. 1. In order to
implement this optical image transfer system as an optical
device, the Ag nanorod must be buried in a dielectric back-
ground. We chose SiO2 as a dielectric medium, which has a
refractive index of 1.5. The SiO2 is used to imitate a silica
waveguide �SWG�, as shown in Fig. 1. An Ag nanorod was
used as an extra line defect inside the SWG, and the field
enhancement is anticipated with the local mode of the sur-
face plasmon polaritons �SPPs�.

We clarify the merits for image transfer that we use the
line defect �Ag nanorod in the SWG� to create an SWG for
the application of image transfer in the nano-dimension.
The SWG is illuminated normally by the incident beam
with z-polarization from below. Once the incident beam is
illuminated inside the SWG, it has nowhere else to go
where one channel �Ag nanorod� is dropped at one carrier
wavelength. The other parameters used are cell size �x
=�y=�z=�=1 nm, and the total space volume considered
consists of 101�x��101�y��101�z� cells. The time step is
chosen to be �t=0.95/c��x−2+�y−2+�z−2�−1/2, where c is
the speed of light. We iterate 5000 steps of the field calcu-
lations to achieve convergence. The incident Gaussian
beams with full width at half-maximum �FWHM� were
adjusted22 such that FWHM=0.5� /NA. The permittivity

Fig. 1 Side view of a silver nanorod with a diameter of 20 nm and a
height of 50 nm.
of Ag is set as �=−9.121+ i0.304 at wavelength � d
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488 nm,17,18 and the numerical aperture �NA� of the ob-
ective lens is 0.85.

Figure 2 shows the field intensity along x �at y=50�
ectional plane, shown in Fig. 1� in the plane of �a� z=10
the bottom of the rod�, �b� z=35 �the center of the rod�, �c�
=60 �the top of the rod�, �d� z=70 �imaging plane, at the
lane 10 nm away from the rod�, and �e� z=90 �at the plane
0 nm away from the rod�, respectively. It can be observed
n Fig. 2 that the field intensities along the x axis �at y
50 � sectional plane� in the plane of �a�, �b�, and �c� are
igher than those of �d� and �e� due to the collection of
PPs. This phenomenon can be explained. For an Ag nano-
od whose size is much smaller than the incident wave-
ength, the optical responses are similar to dipoles, and the
article-particle interactions are similar to dipole-to-dipole
nteractions. When the size of a metallic rod is very small,
or example, less than 100 nm, plasmons may play a role in
he interaction of optical radiation with a nanorod. In the
ear-field zone, the smaller the metal rod is, the more the
ffects of the surface atoms of the nanorod can be seen.
ndeed, according to the frequency-dependent metal prop-
rties, localized eigenmodes characterized by evanescent
ave functions may be sustained by small objects and even
y surfaces.

The atoms in the Ag nanorod along the circle edges of
he top and bottom and the edge rims of the rod ends �top
nd bottom� can be considered as many dipoles at the sym-
etry positions around the circumference of the rod ends.
he Ag nanorod we used here has an aperture opening of
0 nm at two ends of the rod. If we choose a rod diameter
arger than 100 nm, the effect of the near-field is not more
bvious than the smaller rod. The higher-order modes for
onger rods can be also excited at the same frequency. The
ropagation length of SPP along a nanorod was theoreti-
ally investigated,23 and an experimental result of SPP
ropagation along a nano-wire was also reported.24,25 From
he results of our simulations, we find that with the smaller-

ig. 2 The field intensity along x �at y=50 � sectional plane shown
n Fig. 1� in the plane of �a� z=10 �the bottom of the rod�, �b� z
35 �the center of the rod�, �c� z=60 �the top of the rod�, �d� z=70

imaging plane�, and �e� z=90 �at 30-nm plane away from the top of
od�.
iameter �less than 100 nm� nanorod, a larger number of
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surface plasmons can be excited, which interact with the
incident field and form the localized field enhancement.
This is to be expected because many surface charge densi-
ties will be induced in the circumference of the two ends of
the rod by the incident electric fields. The strongest field
intensity �peak value� is found at the circumference of the
top and bottom facet of the Ag nanorod �see �a� and �c� in
Fig. 2�. Note that the localized electric field enhancement at
the edge along the top and bottom extends in the tens of
nanometers range from the rod top �see �d� in Fig. 2�. The
field enhancement of the Ag nanorod originates mainly
from the localized surface plasmon mode excited by the
evanescent field. These near-field optical phenomena of the
metallic nanostructure correspond to the near-field optical
properties that were found in previous simulations5 and
experiments.22

In order to realize the detailed behaviors of the field
distribution inside the nanorod, the three components of the
field distribution will be discussed here. To find the contri-
bution of SPPs, we plot the polarization components of the
field. The polarized incident wave is enhanced in the Ag
nanorod and decayed gradually after exiting the end of the
rod, producing two perpendicularly polarized electric field
components—that is, the incident field is entirely polarized
along the z axis and the scattered field also has components
along the x axis and y axis, respectively. These components
produce depolarization at this interface between the top of
rod and the dielectric background. A more-detailed calcula-
tion using the 3D FDTD method is shown in Fig. 3, which
illustrates the beam profile in the image transfer obtained at
each longitudinal position �x−y sectional plane at different
z positions�. Figure 3 shows the distributions of the total
electric field and field components in the plane away from
the object plane along �a� z=10, �b� z=35, �c� z=60, �d�

Fig. 3 Field propagation process in the image transfer obtained at
each longitudinal position, i.e., �a� to �e� �x-y sectional plane at dif-
ferent z values, as shown in Fig. 1� by the 3D FDTD.
z=70, and �e� z=90, respectively �from bottom to top�.

Optical Engineering 039701-3

ed From: http://opticalengineering.spiedigitallibrary.org/ on 04/26/2014 Term
rom left to right, Fig. 3 shows �Et� �the total intensity
istribution�, �Ex�, �Ey�, and �Ez�. The size of each image
lane displayed is 100�100 nm2. The x and y components
f the electric field are distributed symmetrically along the
im of the bottom �Fig. 3�a�� and top �Fig. 3�c�� of the rod,
howing two petal distributions much smaller than that of
he z component. As discussed earlier, an interesting en-
ancement occurs at the circumference of the rod ends.
oth �Ex� and �Ey� decay rapidly as the distance from the

od increases. The z component of the electric field leads to
ropagation mainly in the forward direction along the probe
xis. This component is the same as that of the polarization
irection of the incident field. The depolarization phenom-
non of components is the near-field effect. Note that the
omponents of Ex and Ey are not found at the middle plane
f the rod �Fig. 3�b��.

Figures 3�a�–3�e� gives us the mechanism of the image
ransfer shown in Fig. 1. A z polarized Gaussian beam near
he entrance surface of a nanorod excites a longitudinal
lectron oscillation along the rod. It can be seen in Fig. 3�d�
hat the intensity distribution at the plane 10 nm away from
he rod shows that the FWHM of the light spot is nearly
0 nm, and the light is well resolved. This oscillation cor-
esponds to the fundamental mode of the SPP resonance.
he oscillating �Ez�2 field is enhanced at the rod end to
rovide the intensity of the subwavelength image. The spot
iameter is as small as that of the rod. Figure 3�e� shows
he intensity distribution at z=90 nm, or 30 nm from the
od. The spots are somewhat blurred, while the light spot is
till clearly resolved. This result shows that the nano-
attern can be image-transferred through an Ag nanorod or
od array containing the subwavelength resolution. The
patial resolution is 40 nm, which is far above the diffrac-
ion limit.

In conclusion, we have presented the numerical results
or calculating the near-field distributions of a silver nano-
od by using the 3D FDTD method and confirmed that the
ilver nanorod is a useful device for super-resolution near-
eld imaging. The resolution in our case used parameters
igher than those of conventional diffraction-limited optics
ith spatial resolution exceeding the wavelength of the in-

ident illumination. Our device enables a deep transfer of
he image without loss and can be used for image transfer.
he high intensity of the optical field at the output end
merging from the nanorod may give rise to physically ob-
ervable phenomena in the near-field zone. These proper-
ies arising from the field at the output end of the nanorod
an be associated with the enhanced spatial resolution in
hotolithography, used to promote the data storage capabil-
ty in optical memory systems, used as functional building
locks for nanoscale wave-guiding devices and sensors and
ptoelectronics, as well as other applications.
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