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Abstract

This paper introduces recent successes in nanophotonics utilizing local electromagnetic interactions between a few nanometric ele-
ments (i.e., the optical near-field interaction). The sections of this paper review nanophotonic devices, nanofabrication, and systems
for operating nanophotonic devices efficiently. Using CuCl quantum dots, the operations of an optical switch measuring 20-nm in size
(i.e., a nanophotonic switch) and a nanometric optical condenser, which attracts optical energy into a 10-nm spot (i.e., an optical nano-
fountain), were verified experimentally. The power consumption of these devices is only 1/100000 that of conventional electronic devices.
A nanodot coupler fabricated from a linear array of closely spaced metallic nanoparticles has also been introduced for transmitting an
optical signal to a nanophotonic device. To increase the optical far- to near-field conversion efficiency for transmission, a surface plas-
mon polariton (SPP) condenser was fabricated from hemispherical metallic nanoparticles, so that it worked as a ‘phased array’. The SPP
can be focused with a spot size as small as 400 nm.
� 2006 Elsevier B.V. All rights reserved.

PACS: 42.65.Pc; 42.79.Ta; 78.70.�g; 78.67.�n; 73.20.Mf

Keywords: Optical microscopy; Nanocrystals; Quantum wells, wires and dots; Non-linear optics; Optical spectroscopy
1. Introduction

First, we present possible technical problems facing
future optical technology in order to explain our motiva-
tion [1]. Optical fiber transmission systems require
increased integration of photonic devices if data transmis-
sion rates are to reach 10 Tb/s by the year 2015. To support
this increase, it is estimated that the size of photonic matrix
switching devices should be reduced to a 100-nm scale, to
integrate more than 10000 · 10000 input and output chan-
nels on a substrate. Since conventional photonic devices,
e.g., diode lasers and optical waveguides including pho-
tonic crystals, have to confine the light wave within their
cavities and core layers, respectively, their minimum sizes
are limited by the diffraction of light. Therefore, they can-
0022-3093/$ - see front matter � 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.jnoncrysol.2006.03.023

* Corresponding author. Tel.: +81 42 788 6039; fax: +81 42 788 6031.
E-mail address: kawazoe@ohtsu.jst.go.jp (T. Kawazoe).
not meet this requirement, because the required size
exceeds this diffraction limit.

Consequently, it is evident that a novel optical nano-
technology that exceeds the diffraction limit is required in
order to support the optical science and technology of
the 21st century. To meet this requirement, Ohtsu pro-
posed a novel technology called nanophotonics [2]. Nano-
photonics is defined as a technology that utilizes local
electromagnetic interactions between a small nanometric
element and an optical near field (ONF). The primary
advantage of nanophotonics is the capacity to realize novel
functions based on local electromagnetic interactions.

Section 2 outlines the nanophotonic devices that we
have proposed. The operations of a nanophotonic switch
and an optical nano-fountain are described. Section 3
reviews a surface plasmon polariton (SPP) condenser,
which was fabricated from hemispherical metallic nanopar-
ticles and works as a ‘phased array’. Section 4 summarizes
the main points discussed here.

mailto:kawazoe@ohtsu.jst.go.jp
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2. Nanophotonic devices

The energy transfer from smaller to larger quantum dots
(QDs) has been studied in spectrally, spatially, and tempo-
rally resolved experiments. We proposed a model for the
unidirectional resonant energy transfer between QDs via
the ONF interaction and observed the energy transfer
among randomly dispersed CuCl QDs using an ONF spec-
trometer [3]. The theoretical analysis and temporal evolu-
tion of the energy transfer via the ONF interaction were
also discussed [4,5]. The nanophotonic devices that we pro-
posed are realized by controlling this energy transfer [6–9].

We used cubic CuCl QDs in a NaCl matrix as the device
material. For CuCl QDs, any possible energy transfer other
than the ONF interaction, such as carrier tunneling and
Coulomb coupling, can be neglected. To demonstrate the
switching operation, we found a QD trio in the sample with
effective sizes of 2.8, 3.9, and 5.6 nm, which is a size ratio
close to 1 :

ffiffiffi

2
p

:2, that could be used as the Input Dot, Out-
put Dot, and Control Dot, respectively. In these cubic
QDs, the quantized (1,1,1) energy levels in the Input
Dot, (2, 1,1) Output Dot, and (2,2,2) Control Dot resonate
with each other. Furthermore, the (1, 1,1) energy levels in
the Output Dot and (2, 1,1) in the Control Dot also reso-
nate. When the separations of the QDs are between 1
and 30 nm, resonant near-field energy transfer occurs
between the QDs before the carriers recombine in the
QDs [3]. For separations less than 1 nm, the quantized
Fig. 1. The experimental setup and energy diagram of the QD trio and
excitation lasers.
states in the QDs are coupled and change even before exci-
tation, and no energy transfer between spatially individual
QDs occurs, while the excitation energy relaxes among the
coupled states in the coupled system. Fig. 1 shows the
experimental setup and energy diagram of a QD trio and
the excitation lasers. In the experiment, second harmonic
generation (SHG) of Ti:sapphire lasers (k = 379.5 nm and
k = 385 nm), which were tuned to the (1,1,1) exciton
energy levels in the Input Dot and Control Dot, respec-
tively, were used as the input and control light sources. A
fiber probe collected the output signal, and its intensity
was measured using a cooled micro-channel plate after
passing through three 1-nm bandwidth interference filters
tuned to the (1,1,1) exciton energy level in the Output
Dot at k = 383 nm.

Fig. 2(a) and (b) shows the spatial distribution of the
output signal intensity in the OFF and ON states, using
near-field spectroscopy at 15 K. The two-dimensional
Fig. 2. The spatial distribution of the output signal from the nanopho-
tonic switch measured using a near-field microscope in the OFF (a) and
ON (b) states.



Fig. 3. (a) A schematic explanation of the optical nano-fountain and
unidirectional energy transfer. (b) The spatial distribution of the
luminescence intensity in an optical nano-fountain. The bright spot
surrounded by a broken circle is the focal spot.
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intensity distributions were obtained by scanning the fiber
probe. The spatial resolution of 20-nm was estimated from
the experimental results. The insets in Fig. 2 are schematic
drawings of the existing QD trio used for switching, which
was confirmed by the near-field luminescence spectrum. In
the OFF state, no output signal was observed, because the
energy of the input signal was transferred to the Control
Dot and swept out as luminescence at 385 nm. In the ON
state, we obtained a clear output signal in the broken circle.

The advantages of this nanophotonic switch are its small
size and high-density integration capability based on the
locality of the ONF. The figure of merit (FOM) of an opti-
cal switch should be more important than the switching
speed. Here, we define the FOM as F = C/(V Æ tsw Æ Psw),
where C, V, tsw, and Psw are the ON–OFF ratio, volume
of the switch, switching time, and switching energy, respec-
tively. The FOM of our switch is more than 10 times higher
than that of a conventional photonic switch, because its
volume and switching energy are 10�5 times and 10�3 times
smaller, respectively. The power consumption of these
devices, which generates heat, is only 1/100000 that of con-
ventional electronic devices, because only the sublevel tran-
sition generates heat, which is less than 30 meV/cycle at
room temperature. We consider this ultra-low heat genera-
tion to be one of the most important advantages of our
nanophotonic device.

As we and other research groups have reported, the
principle of the energy transfer among QDs is equivalent
to that of a light-harvesting photosynthetic system, which
concentrates and harvests optical energy in nanometric
photosynthetic systems. The optical energy concentrator
‘optical nano-fountain’ that we proposed operates in the
same manner as a light-harvesting system.

When different sized QDs with resonant energy sublevels
are distributed as shown in Fig. 3(a), energy transfer occurs
via the ONF, as illustrated by the arrows. Light incident to
the QD array is ultimately concentrated in the largest QD.
The size of the area of light concentration corresponds to
that of the QD. Therefore, this device realizes nanometric
optical concentration. Since the mechanism of the optical
nano-fountain is similar to that of the light-trapping system
in photosynthetic bacteria, the operation of the optical
nano-fountain is a biomimetic action. The device proposed
here is called an ‘optical nano-fountain’ because light
spurts from the largest QD after it has been concentrated
by stepwise energy transfer from smaller neighboring
QDs. In action, the device looks like a fountain in a basin.

For operation, we maintained a sample at the optimum
temperature of 40 K, at which the inhomogeneous line-
width of the energy levels in the QDs exceeds 1 meV.
Therefore, the resonant condition between the QDs is
looser and the possibility of energy transfer increases. By
contrast, at temperatures above 40 K, the probability of
energy transfer decreases with the back-transfer resulting
from thermal excitation. A 325-nm He–Cd laser was used
as the excitation light source. Fig. 3(b) shows the typical
spatial distribution of the luminescence emitted from
QDs that operate as an optical nano-fountain. Here,
the collected luminescence photon energy, Ep, was
3.215 eV 6 Ep 6 3.350 eV, which corresponds to the lumi-
nescence from QDs of size 2.5 nm 6 L 6 10 nm. The bright
spot inside the broken circle corresponds to a spurt from an
optical nano-fountain, i.e., the focal spot of the nanometric
optical condensing device. The diameter of the focal spot
was less than 20 nm, which was limited by the spatial reso-
lution of the near-field spectrometer. From the Rayleigh
criterion (i.e., resolution = 0.61 Æ k/NA), we obtained a
numerical aperture (NA) of 12 for k = 385 nm.

3. A surface plasmon-polariton condenser

Fig. 4(a) and (b) shows scanning electron microscopic
(SEM) images of the SPP condenser and nanodot coupler.
The nanodot coupler consisted of a linear array of nano-
particles with diameters of 230 nm separated by 70 nm.
The SPP condenser consisted of twelve scatterers 700 nm
in diameter, aligned on an arc with a diameter of 10 lm.

The spatial distribution of the optical near-field energy
was observed using a collection mode near-field optical
microscope. A light source with a wavelength of k =
785 nm was used. First, we checked whether the SPP con-
denser led to efficient scattering and resultant focusing of
the SPP by exciting the SPP mode through the grating cou-
pler. Fig. 4(c) and (d) shows a shear-force image of the SPP



Fig. 4. (a,b) SEM images of the fabricated nanodot coupler and SPP condenser. (c) Shear-force image of the SPP condenser. (d) The near-field energy
distribution of (a) taken at k = 785 nm. (e) The calculated spatial distribution of the electric-field energy using the FDTD method. The dashed and solid
curves in (f) are cross-sectional profiles along the dashed white lines in (d) and (e), respectively.
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condenser and the spatial distribution of the optical near-
field energy, respectively. As shown in the cross-sectional
profile (dashed curve in Fig. 4(f)) through the focal point
of the SPP (white dotted line in Fig. 4(d)), the full width
at half maximum (FWHM) of the spatial distribution of
the SPP was as narrow as 400 nm. Fig. 4(f) shows the spa-
tial distribution of the optical near-field energy in the SPP
condenser calculated using the finite difference time domain
(FDTD) method. These results imply that our device works
as an efficient phased array.
4. Conclusion

An optical near field generated on a nanometric element
is free from the diffraction of light and enables the opera-
tion and integration of nanometric optical devices. Using
the localized optical near field as the signal carrier, which
is transmitted from one nanometric element to another, a
nanoscale photonic device exceeding the diffraction limit
can be realized. The primary advantage of nanophotonics
is its capacity to achieve novel functions that are based
on local electromagnetic interactions, while realizing nano-
meter-sized photonic devices. Based on this idea, we intro-
duced a nanometric switch, an optical nano-fountain, and
a surface plasmon-polariton condenser in this paper. We
also demonstrated these unique devices using an optical
near field. In the nanophotonic device, the optical near field
is used as a carrier to transmit the signal. Owing to their
high spatial density and low power dissipation, nanopho-
tonic devices will play important roles in future photonic
systems.
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ABSTRACT We propose and demonstrate the operation of
a nanometric optical NOT gate using CuCl quantum dots
coupled via an optical near-field interaction. The device was
smaller than 20 nm and its repeated operation was verified. The
operating energy of this device was much lower than that of
a conventional photonic device. We also introduce all-optical
NAND and NOR gates using coupled quantum dots. Toward
an actual nanophotonic device, we discuss the possibility of
coupled InAlAs quantum dots. A double layer of InAlAs quan-
tum dots for nanophotonic device operation was prepared using
molecular beam epitaxial growth. We obtained a near-field
spectroscopy signal, indicating that the InAlAs quantum dots
coupled with the optical near field acted as a NOT gate. The ex-
perimental results show that the sample has great potential as an
actual nanophotonic device.

PACS 78.67.Hc; 07.79.Fc; 42.79.Ta

1 Introduction

It is felt that the size of photonic switching de-
vices should be reduced to a sub-wavelength scale in the next
10 years [1]. As conventional photonic devices have to confine
light waves within their cavities or core layers, their mini-
mum sizes are limited by the diffraction limit, and they cannot
meet a size requirement beyond the diffraction limit. It is
readily apparent that a novel optical nanotechnology, such as
nanophotonics, is required in order to surpass the diffraction
limit.

The optical near field generated on a nanometric elem-
ent is free from the diffraction of light and enables the op-
eration and integration of nanometric optical devices, i.e.
nanophotonic devices. The above requirements can be met in
nanophotonic devices by using a localized optical near field
as the carrier, which is transmitted from one nanometric elem-
ent to another. Based on this idea, we have proposed unique
optical nanotechnology that uses the optical near field. So
far, we have observed the optically forbidden energy trans-
fer between CuCl quantum dots via an optical near field [2]
and proposed several nanometric optical devices, including

� Fax: +81-42-788-6031, E-mail: kawazoe@ohtsu.jst.go.jp

a nanometric AND gate [3, 4], a surface plasmon–polariton
condenser [5], a nanometric XOR logic gate [6], and a nano-
metric optical condenser (optical nanofountain) [7].

Experimental demonstrations of the operation of these
devices, e.g. the AND gate, surface plasmon–polariton con-
denser, and optical nanofountain, have already been reported.
Since a nanophotonic NOT gate is a key device for realiz-
ing a functionally complete set of logic gates for nanopho-
tonic systems, we have been researching its operation using
a coupled quantum-dot system. In this paper, we propose
a nanometric optical NOT gate and demonstrate its operation
using CuCl quantum dots. For actual use, we prepared InAlAs
quantum dots and discuss a NOT gate using them in order to
avoid the weakness of CuCl quantum dots. Finally, the ex-
perimental results of NOT-gate operation using the coupled
InAlAs quantum dots are presented, which show the promise
of InAlAs quantum dots acting as an actual nanophotonic
device.

2 Principle of nanophotonic NOT gate

In cubic CuCl quantum dots, the energy eigenvalue
of an exciton is given by

Enx ,ny,nz = EB + h2π2

2M(L −aB)2
(n2

x +n2
y +n2

z) ,

where EB is the bulk Z3 exciton energy, M is the transla-
tional mass of the exciton, aB is its Bohr radius, nx , ny, and
nz are a set of quantum numbers (nx, ny, nz = 1, 2, 3, ...),
and d = L −aB corresponds to the effective side length after
considering the dead layer correction [8]. Figure 1 shows
a schematic explanation of our nanophotonic NOT gate. QDIN

and QDOUT correspond to the input and output terminals of
the NOT gate, respectively. Assuming a pair of quantum dots
with a size ratio of 1 +α/

√
2 (α � 1), the quantized energy

levels with the set of quantum numbers (2, 1, 1) in QDIN and
(1, 1, 1) in QDOUT are not resonant with each other. However,
they can be made nearly resonant by adjusting the size ratio.
The energy from the optical power supply generates an exci-
ton in QDOUT. Without the input signal, the exciton in QDOUT
disappears and emits a photon, which is observed as an output
signal, as shown in Fig. 1a (In = 0 and Out = 1). Conversely,
by applying the input signal, the energy level (2, 1, 1) in QDIN

becomes resonant to (1, 1, 1) in QDOUT due to broadening
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FIGURE 1 (a), (b) Schematic explanation of the operation of a nanopho-
tonic NOT gate using cubic quantum dots. (c) The experimental result of hole
burning for CuCl quantum dots embedded in a NaCl matrix at 5 K

of its line width. This broadening was confirmed experimen-
tally for CuCl quantum dots. Figure 1c shows the spectral hole
in the absorption spectrum of CuCl quantum dots observed
in a far-field hole-burning experiment at 5 K; anti-holes ap-
pear on both sides of the spectral hole. This experimental
result shows that the excitation broadens the homogeneous
line width of quantum dots. This broadening might arise from
shortening of the phase-relaxation time of the excitons in
quantum dots, due to carrier–carrier scattering. Consequently,
the exciton energy in QDOUT is transferred to QDIN via an op-
tical near-field interaction [2], which suppresses output-signal
generation (Fig. 1b; In = 1 and Out = 0). As a result, an out-
put signal with temporal behavior that is the inverse of that of
the input signal is obtained. These operations correspond to
a NOT gate.

3 Demonstration of a nanophotonic NOT gate

3.1 A nanophotonic NOT gate
using CuCl quantum dots

We used CuCl quantum dots embedded in a NaCl
matrix to verify operation of the NOT gate, as CuCl quan-
tum dots offer discrete energy levels similar to the exciton
described in Fig. 1 [8]. The mean size of the quantum dots
was 4.1 nm and the mean distance between the quantum dots
was 25 nm. In the experiment, the second-harmonic gener-
ation (SHG) of a continuous-wave (cw) Ti:sapphire laser
(hv = 3.2704 eV) and the SHG of a mode-locked Ti:sapphire
laser (hv = 3.2195 eV) were used as the optical power sup-
ply and the input-signal pulse, respectively. The respective
power densities of the optical power supply and input signal
were 1 and 2 W/cm2 at the sample surface. In the excitation
condition, there were fewer than 0.1 excitons in a quantum

FIGURE 2 The spatial distribution of the output signal from a nanopho-
tonic NOT gate measured using a near-field microscope at Input = 0 (a) and
Input = 1 (b)

dot. This laser light excited the sample from its back and the
output signal was observed in the collection-mode operation
of a near-field microscope. The sample temperature was con-
trolled at 15 K. In order to find the quantum-dot pair acting
as a nanophotonic NOT gate, we mapped the quantum-dot
positions by measuring the luminescence distribution on the
sample, which was obtained using a near-field spectrometer
using He-Cd laser excitation (hv = 3.81 eV). After several
quantum-dot pairs were selected as candidates for nanopho-
tonic NOT-gate operation, we tried to observe the operation
signal. Finally, we found a nanophotonic NOT gate and the
probability of obtaining a nanophotonic NOT gate was about
one device per 1 µm2 of scanning area. Figure 2a shows the
spatial distribution of the optical near-field output-signal in-
tensity without an input signal, i.e. with the optical power sup-
ply only. Figure 2b shows the distribution with an input-signal
pulse. These images were acquired using a near-field optical
spectrometer in one area of the sample. The insets in Fig. 3 are
schematic drawings of an existing quantum-dot pair for NOT-
gate operation, which was confirmed from the luminescence
spectra. The sizes of the two quantum dots, estimated from
the wavelengths of their luminescence, were 5.0 and 6.3 nm,
which satisfy the NOT gate operation condition, as shown in
Fig. 1. Note that the photon energy of the optical power sup-
ply (hv = 3.2704 eV) is not resonant to the (1, 1, 1) exciton
level in the 5.0-nm quantum dot (hv = 3.2304 eV) in order to
decrease the artifact of the laser by using narrow-band optical
filters and observe the output signal clearly. The optical power
was supplied to the 5.0-nm quantum dot from neighboring
quantum dots, which were smaller [2, 7]. The NOT-gated sig-

FIGURE 3 The temporal evolution of the output (upper) and input (lower)
pulse signals from and to the nanophotonic NOT gate circled in Fig. 2a
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nal appeared at the center of the broken circles in Fig. 2, from
which the size of the device was estimated to be 20 nm.

The dynamic behavior of the NOT gate was evaluated
using the time correlation single photon counting method.
Figure 3 shows the temporal evolution of the output sig-
nal. The horizontal broken line shows the output-signal level
without the input-signal pulses. Without the input pulses, the
output-signal level is constant, since a cw laser was used as
the optical power supply. With the input pulses, the output
signal rises within a time period shorter than the time reso-
lution of 20 ps due to the artifact of the input pulses, and it
decreases to a level lower than the initial level. The fall time
of the output signal is about 100 ps, which corresponds to the
energy-transfer time between quantum dots. The output signal
recovers to the level of the broken line within 10 ns. The re-
covery time is longer than the exciton lifetime in 6.3-nm CuCl
quantum dots (τ1 ∼ 1 ns), because the energy transfer from the
optical power supply disturbs the recovery. Namely, the re-
covery time depends on the competition between the exciton
lifetime and the energy-transfer time.

The experiment verified that a NOT gate using CuCl quan-
tum dots can operate at a 80-MHz repetition frequency, which
is not fast as a photonic device. However, the advantages of
this nanophotonic NOT gate are its small size and low power
consumption. We estimated that the switching energy of this
device was about five orders of magnitude smaller than that of
a conventional electronic gate [3].

3.2 A nanophotonic NOT gate
using InAlAs quantum dots
CuCl quantum dots embedded in a NaCl matrix

have the potential to form an optical near-field coupled sys-
tem [2, 8–10]. However, CuCl is unsuitable for an actual
device owing to its chemical instability and the low control-
lability of dot size and position. Therefore, we attempted to
construct actual nanophotonic devices using III-V compound
semiconductors. Of the III-V semiconductors, InAlAs is one
of the best materials for our purpose. Its band-gap energy can
be controlled widely from 0.3 to 2.2 eV and it is easy to pre-
pare samples with a high density of quantum dots. As the first
step, we prepared In0.5Al0.5As quantum dots using molecu-
lar beam epitaxy (MBE) in S-K mode growth [11] to make
the band-gap energy exceed 1.6 eV, at which standard pho-
todetectors have high sensitivity. Figure 4a shows the sample
structures and an atomic force microscope (AFM) image after
the growth of quantum-dot layers. To operate the nanopho-
tonic device, double-quantum-dot layers were grown. The
mean quantum-dot size was 5-nm high and 25 nm in diam-
eter. Using this fabrication method, the quantum dots could
be aligned vertically and the sheet density of quantum dots
was 1011 cm−2. Therefore, both the vertical and horizontal
distances between quantum dots were about 30 nm, and verti-
cal and horizontal coupling of quantum dots was expected via
the optical near-field interactions.

To investigate the suitability of the fabricated sample as
a nanophotonic device, we measured the far- and near-field
luminescence spectra. In Fig. 4b, the broken curve shows the
far-field luminescence spectrum at 12 K. The luminescence
around 1.8 eV comes from the In0.5Al0.5As quantum dots that
were broadened owing to their size inhomogeneity. The solid

FIGURE 4 (a) The structures of InAlAs quantum dots and an atomic force
microscope (AFM) image after the growth of quantum-dot layers. (b) Far-
field (broken curve) and near-field (solid curve) luminescence spectra of
InAlAs quantum dots

curve shows the typical near-field luminescence spectrum at
11 K. For near-field spectroscopy, we used a He-Ne laser
(hv = 1.958 eV) and obtained a luminescence peak from a sin-
gle quantum dot at 1.7569 eV in illumination–collection mode
operation. The spectral line width (FWHM) was less than
500 µeV; it was free from size inhomogeneity and limited by
the spectral resolution of the spectrometer. This narrowness of
luminescence indicates that the sample was of high quality.

Figure 5 shows the near-field luminescence spectra at dif-
ferent positions on the sample surface. The insets show the
intensity distributions of the respective luminescence peaks

FIGURE 5 Near-field luminescence spectra from different InAlAs quan-
tum dots at different positions. The insets show the luminescence intensity
distributions on the sample surface
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FIGURE 6 Temporal evolution of the output signals from the InAlAs quan-
tum dots acting as a nanophotonic NOT gate

QD1 and QD2. As their photon energies and intensity distri-
butions differed, the luminescence peaks QD1 and QD2 came
from different quantum dots. In this way, we confirmed the ex-
istence of several quantum dots within an area of 1 µm2. The
observed density of quantum dots was much lower than the
density of the quantum dots measured using AFM. We pos-
tulate that energy transfer to the non-radiative relaxation path
in the surface quantum-dot layer and non-radiative energy
dissipation caused the low quantum-dot density measured
using near-field spectroscopy. The luminescence efficiency of
quantum dots without a cap layer is very low due to non-
radiative recombination [12]. When horizontal and vertical
energy transfers to the top quantum-dot layer without a cap
layer occur, most of the quantum dots dissipate the excitation
energy non-radiatively. This supports the postulate that the
sample acted as the desired nanophotonic device, because the
energy transfer is necessary for the operation of the nanopho-
tonic device.

Figure 6 shows the temporal evolution of the signal ob-
tained from the InAlAs quantum dots. In the measurement, we
adjusted the probe position to the bright region on the sam-
ple surface, i.e. the bright spot shown in Fig. 5, and the bright
region was excited using a cw He-Ne laser (hv = 1.958 eV)
and a mode-locked Ti:sapphire laser (hv = 1.722 eV). The
photon energy of the luminescence collected using a spec-
tral filter was 1.745–1.796 eV. The output signal decreased
synchronously with the excitation pulse of the mode-locked
laser and recovered to the signal level without pumping. Spe-
cifically, the observed quantum dots acted as a NOT gate.
Here, we explain one of the possible mechanisms of this NOT-

gate operation observed in the double-layer InAlAs quan-
tum dots. With the cw laser only, part of the scanning re-
gion is bright because most of the excitation energy is dis-
sipated via non-radiative relaxation after the energy trans-
fer between quantum dots. Part of the excitation energy can
reach the radiative quantum dots. With the cw and mode-
locked lasers, the energy-transfer paths to the radiative quan-
tum dots disappear, because other relaxation paths to the non-
radiative quantum dots are generated due to spectral broad-
ening by the mode-locked laser pulses. Carrier tunneling and
Coulomb coupling are other possible interactions. In order
to determine the exact mechanism, more investigations are
necessary. In the experimental NOT-gate operation using In-
AlAs quantum dots, the two-dimensional scanning image
was not clear, due to the weak signal intensity of the NOT
gate.

4 Conclusion

We demonstrated the operation of a nanometric
optical NOT gate with a device size of 20 nm using CuCl
quantum dots. This device utilizes the resonant optical near-
field energy transfer between quantum dots. For an actual
nanophotonic integrated device, we fabricated a double layer
of InAlAs quantum dots and observed the luminescence of
a single quantum dot. Finally, we demonstrated operation of
the NOT gate using InAlAs quantum dots. We believe that
quantum dots of III-V materials are suitable for nanophotonic
devices using the optical near field, due to the other coupling
interactions between quantum dots, such as carrier tunneling,
Coulomb coupling, and spin interaction.
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ABSTRACT We confirmed that the light intensity (λ = 785 nm)
scattered from an isolated hemispherical Au nanoparticle was
resonantly enhanced at a diameter of 200 nm and a height
of 50 nm, as observed experimentally using a collection-mode
near-field optical microscope. The experimental results agreed
with the calculated results using Mie’s theory. Furthermore, we
observed resonant energy transfer of the optical near-field en-
ergy along a chain of Au nanoparticles. The magnitude of the
transferred energy increased resonantly at the size of resonant
light scattering for an isolated Au nanoparticle (200 nm diam-
eter with 240 nm center-to-center separation).

PACS 42.82.Et; 73.20.Mf; 78.67.Bf

1 Introduction

Future optical transmission and data processing
systems will require advanced photonic devices, as well as
their integration, in order to increase data processing rates
and capacity. Consequently, these devices will have to be
significantly smaller than conventional diffraction-limited
photonic devices. To meet this requirement, we have pro-
posed nanometer-scale photonic integrated circuits (nanopho-
tonic ICs) that are composed of nanometer-sized elemental
devices (nanophotonic devices) [1]. As representative de-
vices, a nanophotonic switch, an optical nanofountain, and
a nanophotonic not-gate were proposed and their operations
were demonstrated by controlling the dipole forbidden op-
tical energy transfer among resonant energy states in CuCl
quantum cubes via an optical near-field [2, 3]. To fabricate
nanophotonic devices, we also developed a near-field optical
chemical-vapor deposition technique and self-assembly with
nanometer-scale resolution and accuracy in size, position, and
separation [4–7]. Theoretical studies of these novel devices
and fabrications have also been carried out [8, 9].

For use in future photonic systems, the nanophotonic de-
vices and ICs must be connected to conventional diffraction-
limited photonic devices. This connection requires a far/near-
field conversion device, such as a nanometer-scale optical

� Fax: +81-42-788-6031,
E-mail: nomura@nanophotonics.t.u-tokyo.ac.jp

FIGURE 1 Schematic of a zigzag-shaped nanodot coupler

waveguide. As such a conversion device, we have already re-
ported a nanodot coupler that consists of a closely spaced
metallic nanoparticle chain [10]. We fabricated a linearly
aligned Au nanodot coupler and confirmed that the nanodot
coupler has a transmission length more than three times longer
than that of a metallic core waveguide with the same width of
230 nm at a wavelength of λ = 785 nm. Furthermore, we con-
firmed that the zigzag-shaped nanodot coupler has sufficiently
low transmission loss at the corner, owing to the efficient
coupling of transverse magnetic (TM) and transverse electric
(TE) modes through the nanodot coupler (Fig. 1).

Since a metallic nanoparticle has resonant light scattering
due to plasmon resonance [11], we examined the size depen-
dence of Au nanoparticles in this study in order to increase
the efficiency of the nanodot coupler. Based on the results, we
optimized the efficiency of optical near-field energy transmis-
sion along a chain of Au nanoparticles.

2 Experimental

First, in order to check whether Au nanoparticles
led to efficient scattering, we fabricated isolated Au nanopar-
ticles using the following three steps:

(i) A 50-nm-thick Au film was deposited on SiO2 substrate
using sputtering (Fig. 2a).

(ii) Carbon hemispheres were deposited on the Au film using
a focused ion beam (FIB) (Fig. 2b).

(iii) By irradiating the carbon on the Au film with Ga ions, the
shape of the carbon was transferred to Au (FIB milling
technique) (Fig. 2c).

Figure 2d shows a scanning electron microscopy (SEM)
image of hemispherical Au nanoparticles. They were ar-
ranged with sufficiently longer separation in relation to each
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FIGURE 2 (a)–(c) Cross-sectional images of the fabrication of Au
nanoparticles. (a) Sputtering Au film (step (i)). (b) Carbon nanoparticle de-
position using FIB (step (ii)). (c) Au film milling using FIB (step (iii)). (d)
SEM image of the fabricated Au nanoparticles

FIGURE 3 (a) C-mode NOM image of the scattered light intensity distri-
bution from individual Au nanoparticles. (b) Schematic image of the model
used for Mie’s theory of resonant light scattering. (c) Calculated polarizabil-
ity (solid curve) and peak intensity (In ) obtained at each nanoparticle (closed
circles)

diameter so that no Au nanoparticle coupled with the neigh-
boring nanoparticles via the optical near-field.

The spatial distribution of the optical near-field intensity at
isolated Au nanoparticles in the 2a diameter range from 100
to 300 nm was observed using a collection-mode near-field
optical microscope (C-mode NOM) at λ = 785 nm. Figure
3a shows the observed results, in which the optical near-
field intensity (I) resonantly takes the maximum for the Au
nanoparticle 200 nm in diameter (labelled e). In order to find
the origin of this size-dependent resonance, we made a cal-
culation based on Mie’s scattering theory, in which only the
lowest TM mode was considered [12]. A hemispherical Au on
SiO2 substrate was approximated as an oblate spheroid buried
in a medium whose dielectric constant (εm) is an arithmetic

FIGURE 4 (a) SEM images of Au nanodot couplers. The diameters of the
Au nanoparticles are A: 150, B: 200, C: 250, and D: 300 nm. (b) Schematic of
a cross-section of the Au nanodot coupler along the dashed white line in (a)

FIGURE 5 C-mode NOM images of nanodot couplers with respective
diameters of (a) 150, (b) 200, (c) 250, and (d) 300 nm (A–D, respectively).
The white dashed circles in (a)–(d) represent the positions of Au nanopar-
ticles. (e) Cross-sectional profiles of the detected intensity along the two
arrows in (a)–(d)

mean of those of SiO2 (εglass) and vacuum (εair): εm = (2.25+
1)/2 = 1.68 (see Fig. 3b). The solid curve in Fig. 3c repre-
sents the real part of the normalized polarizability Re(α2)/V
(α = polarizability, V = the volume of an Au nanoparticle)
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as a function of the diameter 2a of the Au oblate spheroid
whose short axis was fixed at 50 nm. The closed circles in
Fig. 3c show the normalized peak intensity (In) experimen-
tally measured for each nanoparticle. Both the solid curve and
closed circles exhibit size-dependent resonance, and the cal-
culated resonant diameter (190 nm) is in good agreement with
the experimentally confirmed particle size (2a = 200 nm) at
λ = 785 nm.

Next, we checked the size dependence of the optical near-
field energy transfer efficiency along the Au nanodot cou-
pler. As a nanodot coupler, a linear array of 50-nm-high Au
nanoparticles with 2a diameters ranging from 150 to 300 nm
with center-to-center separations of S = 2.4a was fabricated,
using the FIB milling technique. To couple the transferred
optical near-field with a two-dimensional surface plasmon po-
lariton (2D SPP) mode for input and output, nanodot couplers
were fabricated between 50-nm-thick Au films (Fig. 4). The
nanodot couplers labelled A to D correspond to the Au diam-
eter range of 150 to 300 nm. 2D SPP mode was used to ex-
cite the plasmon polariton modes along the nanodot couplers
and the optical near-field intensity distributions were detected
using the C-mode NOM at a wavelength of λ = 785 nm.

Figures 5a–d show the respective C-mode NOM images
of nanodot couplers A–D. Although optical near-field energy
was not detected over the nanodot coupler, owing to the low
coupling efficiency from the Au nanoparticles to the fiber
probe, we detected strong near-field energy at the outlet of
the nanodot coupler, which presumably resulted from scatter-
ing coupling [13] at the interface of the nanodot coupler and
Au film. Note that the output energy was obtained efficiently
only for the nanodot coupler labelled B (2a = 200 nm), which
is consistent with the experimental results shown in Fig. 3a.
These results confirm that the efficient energy transfer along

the Au nanoparticles originates from near-field coupling be-
tween the resonant plasmon polariton modes of neighboring
particles.

3 Conclusion

We directly observed the resonant light scattering
of an Au metallic nanoparticle 200 nm in diameter at a wave-
length of λ = 785 nm. Furthermore, we confirmed the effi-
cient energy transfer along a nanodot coupler of the resonant
size. As the size dependence of the transmission efficiency de-
pends on the photon energy, the results shown here suggest
possible applications such as an optical frequency filter.
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ABSTRACT We succeeded in depositing nanometric Zn dots
using near-field optical chemical vapor deposition (NFO-CVD).
Conventional optical CVD is based on an adiabatic photochem-
ical process and requires UV light to excite molecules from the
ground electronic state to the excited state for dissociation. By
contrast, in near-field optical CVD (NFO-CVD), non-adiabatic
photodissociation takes place, even with visible light, as a con-
sequence of the steep spatial gradient of the optical power of an
optical near field. This non-adiabatic process, which can be ex-
plained using the exciton–phonon polariton model, enables the
photodissociation of optically inactive Zn(acac)2. We discuss
experimental results using the exciton–phonon polariton model.

PACS 33.80.Gj; 82.50.-m; 81.16.Be

1 Introduction

The fabrication of future electronic and optical de-
vices will require advanced nanofabrication techniques that
realize high spatial resolution and high precision in control-
ling size and position, and that are applicable to various ma-
terials. Self-organized growth has been used for nanofabrica-
tion [1]; however, its spatial precision is insufficient to meet
these requirements. To improve precision, an e-beam [2],
a scanning tunneling microscope (STM) [3], and surface mod-
ification [4] have been used for site control of the substrate.
In situ patterning of nanoscale structures using a scanning
probe microscope, such as an STM [5], has also been investi-
gated; however, it has a fatal disadvantage in that the number
of materials that can be deposited is limited by the fact that
it cannot deal with insulators. In conventional optical chem-
ical vapor deposition (CVD), the vapors of organometallic
molecules are dissociated as a result of the photochemical re-
action with far-field light; however, it is difficult to deposit
subwavelength-sized materials due to the diffraction limit of
light.

Near-field optical CVD (NFO-CVD) was proposed to
solve these problems by utilizing the high spatial resolution
capability of the optical near field. Nanometric Zn, Al, and

� Fax: +81-42-788-6031, E-mail: kawazoe@ohtsu.jst.go.jp

ZnO dots and loops have been deposited successfully using
this method [6–9]. The precision of deposition was as high
as 1 nm [8]. As an outstanding advantage, we recently found
that photodissociation can take place even under non-resonant
conditions for the electronic transition of molecules, which re-
sults from the non-adiabatic process arising from the inherent
properties of the optical near field [10]. Conventional optical
CVD utilizes a two-step process: photodissociation and ad-
sorption. For photodissociation, far-field light must resonate
the reacting molecular gases to excite molecules from the
ground state to an excited electronic state [11]. The Franck–
Condon principle holds that this resonance is essential for
excitation. The excited molecules then relax to the dissocia-
tion channel, and the dissociated atoms adsorb onto the sub-
strate surface. However, the non-adiabatic photodissociation
process, which is observed in NFO-CVD under non-resonant
conditions, can violate the Franck–Condon principle, which is
for an adiabatic process [12]. In this paper, we discuss non-
adiabatic NFO-CVD and explain the experimental results
using optically inactive zinc-bis(acetylacetonate) (Zn(acac)2)

as a CVD gas source based on the exciton–phonon polariton
model.

2 Near-field optical CVD using Zn(acac)2

Figure 1 shows the experimental setup used for
NFO-CVD. Zn(acac)2 was used as the source of the reacting
molecular gas. An Ar+ laser (λ = 457 nm) was used as the
light source. The fiber probe used for NFO-CVD was a high-
throughput single-tapered fiber probe, which was fabricated
by pulling and etching a pure silica core fiber [13]. The cone
angle of the fabricated fiber probe was 30 degrees and its apex
diameter was 30 nm. To investigate the deposition effect of
non-resonant far-field light, a fiber probe without the usual
metal coating, i.e. a bare fiber probe, was used for deposition.
Therefore, the optical far field was generated by light leaking
through the circumference of the fiber probe, while the optical
near field was generated at the apex, as shown in Fig. 1. The
separation between the fiber probe and the sapphire substrate
was controlled to within a few nanometers using a shear-force
technique [13]. The laser output power from the fiber probe
was measured with a photodiode placed behind the sapphire
substrate. The sizes of the deposited Zn dots were measured
using shear-force microscopy. During deposition, the pres-
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FIGURE 1 Experimental setup for chemical vapor deposition using an op-
tical near field

sure of Zn(acac)2 was 70 mTorr. Details of the Zn deposition
procedures have been reported previously [8]. Note that the
deposition of Zn on the fiber probe and the resultant decrease
in the efficiency of optical near-field generation are negligi-
ble because the deposition time is sufficiently short, as pointed
out elsewhere [8].

Figure 2 shows shear-force topographical images after
NFO-CVD and the cross-sectional profile of a Zn dot de-
posited on the sapphire substrate. The diameter (full width
at half maximum; FWHM) and height of the topographical
image were 71 and 2.4 nm, respectively. The incident laser
power was 1 mW and the irradiation time was 15 s. Although
Zn(acac)2 is optically inactive, we observed the deposition
of Zn nanodots on the substrate just below the apex of the
fiber probe using NFO-CVD. The absorption spectrum of

FIGURE 2 Shear-force topographical images after NFO-CVD (a) and the
cross-sectional profile of a Zn dot deposited on a sapphire substrate (b)

Zn(acac)2 was observed and its absorption edge was less than
240 nm. Specifically, the light source used was non-resonant
for Zn(acac)2, and the deposition of Zn, i.e. the photodisso-
ciation of Zn(acac)2, originated from a non-adiabatic photo-
chemical process, even with non-resonant light. This photo-
chemical process occurred directly under the apex of the fiber
probe where the optical near field was strong. Furthermore,
while the bare fiber probe also leaked strong far-field light, no
Zn layer was observed outside the small area under the apex
of the fiber probe, because Zn(acac)2 is inactive for far-field
light.

It was difficult to observe the chemical composition of the
deposited nanodots using X-ray photoelectron spectroscopy,
because they were too small. During deposition, a little Zn
was also deposited on the fiber probe. We believe that the
chemical compositions of the materials deposited on the sub-
strate and at the fiber probe were the same. Therefore, we
measured the X-ray spectrum around the apex of the fiber
probe after deposition, which indicated that the purity of the
Zn exceeded 90%.

3 Exciton–phonon polariton model

Although we used a bare fiber probe, with an op-
tical field that broadened to more than 200 nm in diameter
(FWHM), the Zn dots were deposited directly under the apex
of the fiber probe. No known photochemical process for an
optical far field, such as the Raman process or two-photon
absorption, can explain our experimental results. In order to
explain our experimental results, we propose the exciton–
phonon polariton model.

Figure 3 shows the potential curves of an electron in a typ-
ical molecular orbital drawn as a function of the internu-
clear distance, which is involved in photodissociation [12].
The relevant energy levels of the molecular vibration mode
are indicated by the horizontal broken lines in each potential
curve. When far-field light is used, photo-absorption (indi-
cated by the white arrow in this figure) triggers typical dissoci-
ation [11]. By contrast, when a non-resonant optical near field
is used, there are three possible origins of photodissociation,

FIGURE 3 Potential curves of an electron in typical molecular orbitals. The
relevant energy levels of the molecular vibration modes are indicated by the
horizontal broken lines
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as we proposed elsewhere [10]: (1) a multiple photon absorp-
tion process, (2) a multi-step transition process via an interme-
diate energy level induced by the fiber probe, and (3) a multi-
step transition via an excited state of the molecular vibration
mode. Possibility (1) is negligible, because the optical power
density in the experiment was less than 10 kW/cm2, which is
too low for multiple-photon absorption. Possibility (2) is also
negligible, because NFO-CVD is observed for light in the ul-
traviolet to near-infrared regions, and the molecule used lacks
relevant energy levels for such a broad region. As a result,
our experimental results strongly support possibility (3), i.e.
the physical origin of the photodissociation caused by a non-
resonant optical near field is the transition to an excited state
via a molecular vibration mode. The three multi-step exci-
tation processes in Fig. 3, labeled �, �, and �, contribute
to this. Since we consider the system to be strongly coupled
to the vibration state, it must be treated as a non-adiabatic
system.

To evaluate these contributions, we propose an exciton–
phonon polariton model. In the exciton–phonon polariton
model, the optical near field excites the molecular vibration
mode due to the steep spatial gradient of the optical near
field. Figure 4 shows a schematic of the quasi-particle of the
exciton–phonon polariton. For an optical far field, the field in-
tensity is uniform in a neutral molecule smaller than the wave-
length. Electrons in the molecule only respond to an electric
field with the same phase and intensity. Therefore, an opti-
cal far field cannot excite molecular vibration. By contrast,
the field intensity is not uniform in a molecule for an optical
near field with a steep spatial gradient. The electrons respond
non-uniformly, and the molecular vibration modes are ex-
cited, because the molecular orbital changes and the molecule
is polarized as a result of this non-uniform response of the
electrons. We propose the exciton–phonon polariton model to
quantify this excitation process. The exciton–phonon polari-
ton is a quasi-particle that is an exciton polariton trailing the
phonon (lattice vibration) generated by the steep spatial gradi-
ent of its optical field, as shown in Fig. 4. The exciton–phonon
polariton model is formulated below.

The optical near field generated on the nanometric probe
tip [14] is described in terms of the following model Hamilto-
nian:

H =
∑

p

h

[
ωpa†pap +ωex

p b†pbp + iΩc

2

(
a†pbp −apb†p

)]

+
∑

p

hΩpc†pcp

+
∑

p,q

{
ihM (p −q) b†pbq

[
cp-q + c†q-p

]
+h.c.

}

=
∑

p

hωpol
p B†p Bp +

∑

p

hΩpc†pcp

+
∑

p,q

{
ihM′ (p −q) B†p Bq

[
cp-q + c†q-p

]
+h.c.

}
,

where the creation (annihilation) operators for a photon,
exciton, renormalized phonon, and exciton polariton are
denoted as a†p (ap), b†p (bp), c†p (cp), and B†p (Bp), respec-
tively, and their respective frequencies are ωp , ωex

p ,Ωp,

FIGURE 4 Schematic explanation of the exciton–phonon polariton

and ω
pol
p . The photon–exciton coupling, exciton–phonon

coupling, and exciton–polariton–phonon coupling are des-
ignated Ωc , M (p −q), and M′ (p −q) , respectively. The
first line of this description expresses the Hamiltonian for
a photon–exciton interacting system and is transformed into
the exciton–polariton representation in the third line, while
the second line represents the Hamiltonian for a phonon–
exciton interacting system. Note that the mode and anhar-
monic coupling of phonons are considered a renormalized
phonon; therefore, multiple phonons can interact with an ex-
citon or an exciton polariton simultaneously.

If the mean-field approximation of exciton polaritons near
the probe tip is
〈
B†k0

〉
= 〈

Bk0

〉 = √
I0 (ω0) V ,

using the unitary transformation
(

Bp

cp−k0

)
=

(
iv′

p u′
p

u′
p iv′

p

)(
ξ(−)p

ξ(+)p

)

we can diagonalize the Hamiltonian in the quasi-particle (the
exciton–phonon polariton) representation as [15]

H =
∑

p

hωpol
p B†p Bp +

∑

p

hΩpc†pcp

+
∑

p

{
ih

√
I0 (ω0) V M′ (p − k0)

(
B†pcp−k0 + Bpc†p−k0

)}

=
∑

p

hω (p) ξ†p ξp.

Here, I0 (ω0) is the intensity of an incident photon with fre-
quency ω0 and momentum hk0, and V represents the volume
to be considered. The transformation elements u′

p and v′
p are

given by

u′
p = 1√

2

(
1 + ∆√

∆2 + (2Q)2

) 1
2

,

v′
p = 1√

2

(
1 − ∆√

∆2 + (2Q)2

) 1
2

,

where the detuning between an exciton polariton and a phonon
is denoted as ∆ = ω

pol
p −Ωp−k0 , and the effective coupling



250 Applied Physics B – Lasers and Optics

constant is expressed as Q = √
I0 (ω0) V M′ (p − k0). There-

fore, in this model, a molecule located near the probe tip does
not absorb simple photons, but absorbs exciton–phonon po-
laritons whose energies are transferred to the molecule, which
excites molecular vibrations or induces electronic transitions.

We will now discuss the dissociation probability of
a molecule, assuming that the deposition rate of the metal
atoms is proportional to the molecular dissociation rate. We
consider the following initial and three final states of a system
consisting of the optical near-field probe and a molecule:

|i〉 = |probe〉⊗ ∣∣Eg; el
〉⊗|Ei; vib〉 ,

| ffirst〉 = |probe〉⊗ ∣∣Eg; el
〉⊗|Ea; vib〉 ,

| fsecond〉 = |probe〉⊗ |Eex; el〉⊗ |Eb; vib〉 ,

| fthird〉 = |probe〉⊗ |Eex′ ; el〉⊗ |Ec; vib〉 ,

where |probe〉 , |Eα; el〉, and
∣∣Eβ; vib

〉
represent the probe

state, molecular electronic states with energy Eα(
α = g, ex, ex′), and molecular vibrational states with energy

Eβ (β = i, a, b, c), respectively, as shown in Fig. 3. The tran-
sitions from the initial to the final states can be formulated
using the conventional perturbation method for the interaction
Hamiltonian expressed in terms of exciton–phonon polaritons
as

Hint =− {
µel (e+ e†

)+µnucl (v+v†
)}

×
∑

p

i

√
2πhωp

V

{
−vpv

′
p

(
ξp − ξ†p

)}
eipr .

Here, µel and µnucl are the electronic and vibrational dipole
moments, respectively, and the creation (annihilation) opera-
tors of the electronic and vibrational excitations are denoted
as e† (e) and v† (v) , respectively. The incident photon fre-
quency and transformation coefficients are ωp and vp (v′

p),
respectively. Then, the transition probabilities of one-, two-,
and three-step excitation (labeled �, �, and � in Fig. 3, and
denoting the corresponding final states as | ffirst〉 , | fsecond〉 ,

and | fthird〉) can be written as follows:

Pfirst
(
ωp

) = 2π

h
|〈 ffirst| Hint |i〉|2

= (2π)2

h
v2

pv
′2
pu′2

p

(
µnucl)2 (

hωp
)

I0
(
ωp

)
,

Psecond
(
ωp

) = 2π

h
|〈 fsecond| Hint |i〉|2

= (2π)3

h

v4
pv

′
p

6u′
p

2

|hω (p)− (Ea − Ei + iγm)|2
× (

µel)2 (
µnucl)2 (

hωp
)2

I2
0

(
ωp

)
,

Pthird
(
ωp

) = 2π

h
|〈 fthird| Hint |i〉|2 = (2π)4

h

× v6
pv

′
p

10u′
p

2

|hω (p)− (Ea − Ei + iγm)|2 ∣∣hω (p)− (
Eex − Eg + iγm

)∣∣2

× (
µel)4 (

µnucl)2 (
hωp

)3
I3
0

(
ωp

)
,

where u′
p and I0

(
ωp

)
represent the transformation coefficient

and the incident light intensity, respectively. In addition, Eα

(
α = g, ex, ex′) and Eβ (β = i, a, b, c) represent the molecular

electronic and vibrational energies, respectively, as shown in
Fig. 3, and γm is the line width of the vibrational states. It fol-
lows that these near-resonant transition probabilities have the
following ratio:

Psecond
(
ωp

)
/I2

0

(
ωp

)

Pfirst
(
ωp

)
/I0

(
ωp

) = Pthird
(
ωp
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/I3

0

(
ωp

)
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(
ωp

)
/I2

0

(
ωp

)

= h

2π

Pfirst
(
ωp

)

γ 2
m I0

(
ωp

)
(

v′
p

2

u′
p

2

) (
µel

µnucl

)2

.

Using this ratio, we analyzed the experimental intensity
dependence of the deposition rate to clarify possibility
(3). Using reasonable values of µnucl = 1 Debye, µel =
10−3 Debye, γm = 10−1 eV, and v′

p
2
/

u′
p

2 = 0.02, we obtain
the following value for the ratio:

Psecond (ω) /I2
0 (ω)

Pfirst (ω) /I0 (ω)
= Pthird (ω) /I3

0 (ω)

Psecond (ω) /I2
0 (ω)

= h

2π

Pfirst (ω)

γ 2
m I0 (ω)

(
v′

p
2

u′
p

2

) (
µel

µnucl

)2

� 10−15. (1)

4 Experimental results and discussion

Figure 5 shows the optical power (photon flux:
I) dependency of the rate R of Zn deposition. First, we in-
troduce previous work using diethylzinc (DEZn) as the re-
acting molecular gas source [12] for three different light
sources, which are He-Cd (hv = 3.81 eV), Ar: (hv = 2.54 eV)
lasers, and LD (hv = 1.81 eV) using DEZn and the broken
curves are the fitted results using the third-order function
R = aI +bI2 + cI3. The respective values of ahω, bhω, and
chω are a3.81 = 5.0 ×10−6, b3.81 = 0, and c3.81 = 0 for hv =

FIGURE 5 The optical power (photon flux: I) dependency of the rate of Zn
deposition (R). The solid and broken curves fit the results using R = aI +
bI2 + cI3
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3.81 eV; a2.54 = 4.1 ×10−12, b2.54 = 2.1 ×10−27, and c2.54 =
1.5 ×10−42 for hv = 2.54 eV; a1.81 = 0, b1.81 = 4.2 ×10−29,
and c1.81 = 3.0 ×10−44 for hv = 1.81 eV. These values sup-
port the theoretical result, i.e. (1), because the ratio of the
values satisfy the relation a : b ∼= b : c ∼= 10−15. In addition, the
experimental results using Zn(acac)2 indicated by the fitting
curve (the solid curve in Fig. 5) also support the theory, i.e.
the exciton–phonon polariton model. Here, the fitting values
were a = 2.5 ×10−10, b = 8 ×10−25, and c = 5 ×10−40 for
Zn(acac)2.

Note that the intensity gradient of the optical field is im-
portant in the non-adiabatic process because the intensity gra-
dient generates the possibility of a non-adiabatic transition. In
the experiment, we used a bare fiber probe, because the apex
diameter of the bare fiber probe is smaller than that of a metal-
coated fiber probe and its field gradient is steeper. In addition,
the spatial resolution of the topographical image is high for
a bare fiber probe.

5 Conclusion

In conclusion, we demonstrated NFO-CVD of
nanometric Zn dots based on the photodissociation of op-
tically inactive Zn(acac)2 using an optical near field under
non-resonant conditions. To clarify the physical origin of this
process, the optical power dependency of the deposition rate
was measured. We explain the dependency using a multi-step
excitation process via the molecular vibration mode and the
exciton–phonon polariton model, i.e. a non-adiabatic pho-
tochemical process. In this model, the enhanced coupling
between the optical field and molecular vibration originates
from the steep spatial gradient of the optical power of the op-
tical near field. Such a non-adiabatic photochemical process

violates the Franck–Condon principle, and can be applied to
other photochemical phenomena. The process involved in the
photochemical reaction based on an optical near field reported
here will open new methods in nanotechnology [16–18].
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ABSTRACT We propose a novel method to increase the reso-
lution of imprint lithography by introducing strong localization
of the optical near-field intensity, depending on the mold struc-
ture. By optimizing the thickness of the metallic film on a SiO2
line-and-space (LS) mold without a sidewall coating, we con-
firmed that the optical near-field strongly localizes at the edge
of the mold, using a finite-difference time-domain calculation
method. Based on the calculated results, we performed opti-
cal near-field imprint lithography using a mold with metallized
(20-nm-thick Al without a sidewall coating) SiO2 LS with
a 300-nm half-pitch that was 200-nm deep with illumination
using the g-line (λ = 436 nm), and obtained features as narrow
as 50 nm wide.

PACS 81.16.Nd; 81.16.Rf

1 Introduction

As next-generation lithography (NGL) for the
32-nm node and below, ArF immersion lithography, ex-
treme ultraviolet lithography (EUVL), and electron projection
lithography (EPL) have been studied. However, a practi-
cal problem is the increasing cost and size of NGL tools.
To solve these problems, optical near-field lithography has
been developed by introducing tri-layer resist. The fabri-
cation of sub-50 nm features has been realized using the
i-line (λ = 365 nm) [1], with conventional photolithography
facilities.

A further decrease in feature size has been reported with
the introduction of imprint lithography [2], which resulted in
the fabrication of 14-nm pitch features [3]. Although conven-
tional imprint lithography results in the same mold structure,
the use of the optical near-field intensity distribution should
realize features smaller than the mold structure, since a nano-
scale mold has a nano-scale optical field distribution at its
edge.

� Fax: +81-42-788-6031, E-mail: yatsui@ohtsu.jst.go.jp

In this study, we propose and demonstrate optical near-
field imprint lithography to introduce its ability to obtain
a higher resolution than the size of the mold features.

2 Optimizing the mold structure

To realize the efficient excitation of an optical near-
field on a mold, the thickness of the metallic film and the cov-
erage were optimized using the finite-difference time-domain
(FDTD) method [4]. For comparison with a conventional pho-
tolithographic mask, the optical field distribution for 80-nm
half-pitch, 200-nm-deep Cr line-and-space (LS) on the SiO2
(n = 1.5) substrate was calculated at a wavelength of 436 nm
(g-line). Here, the refractive index of Cr was assumed to be
n = 1.78 + i2.69 [5], and the line was parallel to the y-axis
(Fig. 1a). Since the imprint mold used in this study was fabri-
cated using SiO2, we also calculated the optical field distribu-
tion of 80-nm half-pitch, 200-nm-deep SiO2 LS, coated with
aluminum film (n = 0.56 + i5.2) [5] (Fig. 1b–d). The mini-
mum cell size was 5×12.5×5 nm.

Figure 1e shows the cross-sectional profile along the x-
axis 10 nm from the mold. The optical field intensity distri-
bution of the Cr LS used for conventional photolithography
resulted in a single peak corresponding to the space of the Cr
mask, which resulted from reducing the optical field inten-
sity through the 200-nm-thick Cr film (curve 1a in Fig. 1e).
By contrast, coating the SiO2 LS with a 20-nm-thick Al film
(Fig. 1b and c) enhanced the electric field intensity at the edge
of the mold (curves 2a and 3a in Fig. 1e). Higher localization
at the edge of the mold was realized without a sidewall coat-
ing (Fig. 1b and curve 2a in Fig. 1e). Since this localization
was not observed for the thicker coating ( a 50-nm-thick Al
film on top of SiO2 and a 20-nm-thick Al film on the side-
wall) and was not observed in the y-polarization (curve y in
Fig. 1f), this localized optical near-field originated from the
edge effect. Since efficient excitation of the surface plasmon
is obtained with a 15-nm-thick aluminum coating on glass in
the Kretschmann configuration [6], this size-dependent fea-
ture is attributed to localized surface plasmon resonance on
the Al film. Furthermore, the localization of the optical field
intensity to an area as narrow as 25-nm in curve 2a in Fig. 1e
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FIGURE 1 Schematic of the calculation mod-
els. (a) Cr LS on SiO2 substrate. (b–d) SiO2
LS coated with (b) 20-nm Al without a sidewall
coating, (c) 20-nm Al with a sidewall coating,
and (d) 50-nm Al at the top and 20-nm Al on
the sidewall. (e) Curves 1a–4a show the cross-
sectional profiles along the x-axis 10 nm from the
mold (plane a) with five grooves in the mold.
Curves 1b–4b show the cross-sectional profiles
along the x-axis 10 nm from the bottom of the
mold (plane b). The beam width at 1/e2 of inci-
dent light with a Gaussian shape was 1000 nm.
The x-coordinate is perpendicular to the grating
in (a–d). (f) The polarization dependence of the
cross-sectional profiles for x- (perpendicular to
the LS direction) and y- (parallel to the LS direc-
tion) polarization for the mold with five grooves
in the mold. The beam width at 1/e2 of incident
light with a Gaussian shape was 2000 nm (1/e2)

FIGURE 2 (a) Mold position before its release from PAK01. (b–d) show
AFM images of the surface of the PAK01 using a bare mold with x-
polarization (perpendicular to the LS direction), an Al-coated mold with
x-polarization, and an Al-coated mold with y-polarization (parallel to the
LS direction), respectively. (d) Curves A, B, and C show the cross-sectional
profiles along the dashed white lines in (b), (c), and (d), respectively

infers the realization of a resolution higher than the mold size.
This localization was also observed in curve 2b (Fig. 1e) ob-
tained in the plane along the x-axis 10 nm from the bottom of
the mold.

3 Experiment

We performed imprint lithography to confirm the
higher resolution capability using an optical near-field, as
discussed above. Commercial photocurable acryl PAK01
resin (blended by Toyo Gosei) was used; it is composed of
tri-propylene-glycol-diacrylate monomer with dimethoxy-

FIGURE 3 Tilted (30◦) SEM images using (a) a bare mold with x-
polarization (perpendicular to the LS direction), (b.1) (b.2) an Al-coated
mold with x-polarization, and (c) an Al-coated mold with y-polarization

phenyl-acetophenon as the photo-initiator and has good re-
lease properties [7]. Polycarbonate (PC) substrate was spin-
coated with PAK01. We used 300-nm half-pitch, 200-nm-
deep SiO2 LS as the mold.

To obtain the optimum structure shown in Fig. 1b (20-nm-
thick Al film with no sidewall coating), the mold was coated
with Al using vacuum evaporation (Fig. 2a). The mold was
pressed into the liquid polymer on PC substrate under a pres-
sure of 70 kPa using a conventional contact mask aligner
(MJB3, SUSS MicroTec KK). It was irradiated with UV light
(g-line: 436 nm, power density: 30 mW/cm2) for 30 s from
the back of the mold, while maintaining the imprint pressure
during exposure. After pressing the mold and UV curing, we
separated the PC substrate from the mold, and the pattern was
transferred.
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a b

FIGURE 4 Schematics of (a) conventional im-
print lithography and (b) optical near-field im-
print lithography

4 Results and discussion

First, we obtained topographic atomic force mi-
croscopy (AFM) images of the surface of PAK01 after re-
lease of the mold. Figure 2b–d show AFM images of a bare
SiO2 mold with x-polarization (perpendicular to the LS di-
rection), an Al-coated SiO2 mold with x-polarization, and an
Al-coated SiO2 mold with y-polarization (parallel to the LS
direction), respectively. Although the bare mold resulted in
a single pitch corresponding to the mold pitch (Fig. 2b and
curve A in Fig. 2e), we obtained sharp (50 nm) protruding
structures at the edge of the Al-coated SiO2 mold, when the
mold was pressed under x-polarization (Fig. 2c and curve B
in Fig. 2e). Although the pitch differs between the numeri-
cal and experimental results, these profiles with protruding
structures seen at the edge of the Al-coated SiO2 mold are in
good agreement with those calculated using FDTD (curve 2a
of Fig. 1e). The calculated value at the point next to the in-
terface is unstable in the FDTD calculation due to the drastic
change in the refractive index. Furthermore, since the distri-
bution of the optical near-field along the z-axis is as large as
that along the x-axis, the optical near-field is believed to be
localized to a region small as 20-nm along the z-axis. There-
fore, we compared the profiles at the second point from the
interface (10 nm apart from the interface). Although the cal-
culated and obtained profiles differ, the protuberances were
obtained only with x-polarization with an Al coating; there-
fore, we believe that the protuberances originated from the
plasmon resonance, as predicted by the FDTD calculation.
These results indicate that the resolution was higher than the
pitch of the mold.

Next, we obtained scanning electron microscope (SEM)
images of the transferred pattern (Fig. 3a–c). As shown in the
AFM images, the SEM images confirmed that there were pro-
tuberances where the edge of the mold was pressed (inside the
white solid ellipses in Fig. 3b.1 and b.2) using the Al-coated
mold with x-polarization.

The field distribution calculated using the FDTD method
did not predict the resist structure after release of the mold.
However, the correspondence between the AFM and SEM
images showed that protuberances were formed at positions

where a strong optical near-field was localized. Based on these
results, we concluded that using conventional imprint litho-
graphy, a strong uniform optical field intensity resulted in the
formation of the same pitch as that of the mold (Fig. 4a). In
contrast, with optical near-field imprint lithography, the resist
was deformed in the underexposed condition where the flat
surface of the mold was press, which was due to the Al coating
of the mold, and the resist was remained in the overexposed
condition arising from the strong optical near-field, which was
due to the edge effect from where the edge of the mold was
pressed. This enhancement originated from the resonant exci-
tation of the surface plasmon on the Al film, which resulted in
protuberances smaller than the pitch of the mold (see Fig. 4b).
Future evaluations, which will include the effects of power
and irradiation time, are required to explain the optimum dose
for the higher contrast of the protuberances.

5 Conclusion

We performed optical near-field imprint litho-
graphy to increase the resolution over conventional imprint
lithography. By introducing local field enhancement of the
optical near-field using a metallized LS SiO2 mold (300-nm
half-pitch and 200-nm deep) without sidewall coating, we ob-
tained features as small as 50-nm wide on illumination with
the g-line (λ = 436 nm). The resolution could be increased
further by surface treatment with Al or other durable metals
or semiconductors.
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We report on photoluminescence measurements of Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O multishell layers
on ZnO core nanorods. Dominant excitonic emissions in the photoluminescence spectra show a
blueshift depending on the ZnO shell layer thickness attributed to the quantum confinement effect
in the nanorod heterostructure radial direction. Furthermore, near-field scanning optical microscopy
clearly shows sharp photoluminescence peaks from the individual nanorod quantum structures,
corresponding to subband levels. © 2006 American Institute of Physics. �DOI: 10.1063/1.2162695�
Recent progress in semiconductor nanowire and
nanorod heterostructure synthesis allows us to explore
high-performance electronic, optoelectronic, and sensing
nanodevices.1–6 Especially, composition-modulated
nanowire/nanorod heterostructures have great potential as
building blocks for the fabrication of quantum devices, such
as high electron mobility transistors.7 Composition modula-
tion in the radial direction can efficiently confine both the
carriers and emitted photons: coaxial nanorod heterostruc-
tures are expected to suppress surface state mediated nonra-
diative recombination and to decrease thermal quenching of
emission intensity.8 Although there have been some reports
on coaxial nanowire and nanorod heterostructures, including
Ge/Si, Si/CdSe, and GaP/GaN,9–11 a quantum confinement
effect in a multishell nanorod heterostructure has not been
reported. The shell layer thicknesses of the reported multi-
shell nanorod heterostructures are a few tens of nm,3,9,11

which is generally too thick to confine charge carriers in the
shell layer.12,13 Moreover, many of the coaxial nanowire het-
erostructures show large lattice mismatches between their
core and shell layer components �for instance, 11% for
Si/CdSe and 71% for GaP/GaN�. This will result in strain-
induced crystal defects at the interface, which hinders the
appearance of quantum confinement.14 Precise control of
shell thickness and a negligible lattice mismatch in
ZnO/Mg0.2Zn0.8O coaxial nanorod heterostructures enable us
to successfully demonstrate the quantum confinement effect
in multishell quantum structures.

We fabricated ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O
multishell nanorod heterostructures on Al2O3�0001� and
Si�100� substrates using catalyst-free metalorganic vapor
phase epitaxy �MOVPE�. For core ZnO nanorod synthesis,
we used diethylzinc and oxygen as the reactants with argon
as the carrier gas.1,14 Subsequent Mg0.2Zn0.8O shell layers
were deposited by introducing bis-cyclopentadienyl-Mg as
the Mg precursor. Energy dispersive x-ray spectroscopy

a�Author to whom correspondence should be addressed; electronic mail:
gcyi@postech.ac.kr

b�Also at: the School of Engineering, University of Tokyo, 7-3-1 Hongo,

Bunkyo-ku, Tokyo 113-8656, Japan.

0003-6951/2006/88�2�/023102/3/$23.00 88, 02310
Downloaded 13 Jan 2006 to 131.112.188.11. Redistribution subject to
analysis confirmed Mg concentration in the Mg0.2Zn0.8O lay-
ers. The multishell nanorod heterostructures, as schemati-
cally depicted in Fig. 1, were prepared by repeated alternate
deposition of ZnO and Mg0.2Zn0.8O layers. The nanorods
with various ZnO quantum well �QW� widths, LW, were pre-
pared in order to investigate the quantum confinement effect.
Such distinctive coaxial nanorod structures were realized
by precise control of LW and LB in angstrom scale using a
computer-controlled gas valve system in our MOVPE sys-
tem. In particular, the formation of interfacial intermediate
alloy layers was prevented by purging the system with pure

FIG. 1. Schematic illustration of a ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O
multishell nanorod heterostructure and its band diagrams for different ZnO

�QW� shell widths �LW�.

© 2006 American Institute of Physics2-1
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argon whenever the reactants were delivered into the system,
leading to formation of clean and abrupt interfaces as con-
firmed by high resolution transmission electron microscopy.
A small lattice mismatch ��1% � between ZnO and
Mg0.2Zn0.8O layers is also helpful to reduce defects in the
interface.1,8

Far-field photoluminescence �PL� measurements were
performed using the 325 nm line of a He–Cd laser as an
excitation source at 10 K with an optical resolution of 1 Å.1

To obtain optical spectra from a single nanorod, near-field
scanning optical microscopy �NSOM� was used: a sharpened
ultraviolet �UV� fiber, coated with a 50-nm-thick aluminum
film, was used as a scanning probe, and a He–Cd laser
light ��=325 nm� was a light source to excite individual
ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O multishell nanorods
through the UV fiber probe.15 The fiber probe was used not
only for excitation but also for collecting PL signals from the
nanorods. The fiber probe was kept in close proximity to the
sample surface ��10 nm� using the shear-force feedback
technique. The probe collected light signal was analyzed by a
monochromator and the intensity was measured by a cooled
charge coupled device.

The general morphology of the nanorod heterostructures
was investigated using field-emission scanning electron mi-
croscopy. The mean diameter and length of bare ZnO nano-

FIG. 2. �a� PL spectra �10 K� of ZnO/Mg0.2Zn0.8O core/shell nanorod het-
erostructures and ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O multishell nanorod
quantum structures with different ZnO �QW� shell widths of 45, 30, 15, 8 Å.
�b� Well-width dependent PL peak positions in ZnO/Mg0.2Zn0.8O coaxial
quantum structures �solid circles� and theoretically calculated values �open
circles� in one period of one-dimensional square potential wells. In this
calculation, we employed the following parameters: 0.28 and 1.8 mo for the
effective masses of electron and hole, respectively, a ratio of conduction and
valence band offsets ��Ec /�Ev� of 9, and a band gap offset ��Eg� of
250 meV.
rods, grown at 800 °C for 2 h, are 26 nm and 2.5 �m, re-
Downloaded 13 Jan 2006 to 131.112.188.11. Redistribution subject to
spectively. Subsequent growth processes of the ZnO �QW�
and Mg0.2Zn0.8O �QB� shell layers gradually increased the
nanorod diameter: a growth time of QB layer of 30, 60, and
180 s produced nanorod heterostructures with various diam-
eters of 51, 52, and 58 nm, respectively. Growth rates of the
ZnO �QW� and Mg0.2Zn0.8O �QB� shells were roughly 0.25
and 0.33 Å/s.

Figure 2�a� shows 10 K PL spectra of the
ZnO/Mg0.2Zn0.8O core/shell and
ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O multishell nanorod
heterostructures. The schematic diagrams of the heterostruc-
tures are also shown in Fig. 2�a�. PL spectra of the
ZnO/Mg0.2Zn0.8O core/shell nanorods exhibited two domi-
nant PL peaks at 3.364 and 3.553 eV corresponding to exci-
tonic emissions from ZnO core nanorods �I2

ZnO�core�� and

Mg0.2Zn0.8O�IMgZnO� shell layers, respectively.1,16–18 Except
for these PL peaks, no PL peak is shown in the range be-
tween 3.364 and 3.553 eV, strongly suggesting that there is
no significant intermediate layer formation between ZnO
core and Mg0.2Zn0.8O shell layers. If there is an intermediate
layer between the ZnO core and Mg0.2Zn0.8O shell layers,
there should be at least one additional PL peak between
3.364 and 3.553 eV.

Meanwhile, ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O core/
multishell nanorod heterostructures with various LW, from 8
to 45 Å, and fixed LB of 120 Å, showed a new PL peak
marked by IZnO�QW�. The IZnO�QW� peak energy increases from
3.382 to 3.467 eV, as the LW is decreased from 45 to 8 Å. All
the IZnO�QW� peaks blueshift toward higher energy, compared
with 3.364 eV of IZnO�core�. Such a blueshift of the PL emis-
sion peak can be well understood by the fact that quantized
sublevel states are created due to the quantum size effect in
core/multishell nanorod heterostructures and quantized en-
ergy levels increase by decreasing the embedded ZnO �QW�
shell layer width, LW.19,20 Figure 2�b� also shows the domi-
nant PL peak positions obtained from experiments and theo-
retical predictions in finite periodic square-well potential of
ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O core/multishell nano-
rods. As shown in Fig. 2�b�, the experimental values agree
well with the theoretical calculation except small deviation
for the samples with the narrow quantum well widths below
20 Å, indicating that the systematic increase in PL emission
energy with reducing well width is consistent with the quan-

FIG. 3. PL spectra �10 K� of ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O multi-
shell nanorods upon variation of different Mg0.2Zn0.8O �QB� shell widths of
12 and 78 nm. The Mg0.2Zn0.8O �QB� shell layer thickness was fixed at 120
Å. Cross-sectional views, ZnO �QW� shell widths, and Mg0.2Zn0.8O �QB�
barrier widths of coaxial nanorod heterostructures are depicted in the inset,
respectively.
tum confinement effect.
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Compositional intermixing of ZnO and Mg0.2Zn0.8O
at the interface also may cause a blueshift of the
PL peaks. To rule out this possibility, we prepared
ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O multishell nanorods
with two different LW �12 and 78 nm� and fixed LB �30 Å�.
Intermixing at the interface may cause a couple of effects:
�1� the Mg mole fraction in the alloy becomes higher by
increasing the Mg0.2Zn0.8O shell layer thickness �or growth
time�, resulting in a larger PL peak blueshift;21 �2� effective
ZnO �QW� shell thickness can be altered. As shown in Fig.
3, the IZnO�QW� peak positions of the two nanorods are nearly
the same, ruling out the intermixing possibility.

Furthermore, we examined spatially resolved PL proper-
ties of a single nanorod quantum structure by near-field scan-
ning optical microscopy �NSOM�. Figures 4�a� and 4�b�
show the near-field images and spectra of a
ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O multishell nanorod
with LW of 8 Å and LB of 120 Å. As shown in Fig. 4�a�,
near-field PL intensity distribution taken at two photon ener-
gies of 3.364 �corresponding to I2

ZnO�core�� and 3.467 eV �cor-
responding to IZnO�QW�� are very similar, except for topo-
graphically induced emission intensity variation. This
indicates that uniform ZnO core and shell layers form along
the axial direction of the multishell nanorod. In addition,

FIG. 4. �a� Monochromatic PL images of
ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O multishell nanorods measured at dif-
ferent emission energies of 3.364�I2

ZnO�core�� and 3.467�IZnO�QW�� eV. In the
ZnO/Mg0.2Zn0.8O core/multishell nanorod quantum structures, ZnO �QW�
and Mg0.2Zn0.8O shell widths are 8 and 120 Å, respectively. �b� Near-field
PL spectra taken at different positions marked by A, B, and C in �a�. The
black solid curve �F� is the far-field spectrum.
near-field PL spectra, collected from different positions as
Downloaded 13 Jan 2006 to 131.112.188.11. Redistribution subject to
denoted by A, B and C in Fig. 4�a�, were obtained as shown
in Fig. 4�b�. This result demonstrates that constituent layers
of the multishell nanorod, ZnO and Mg0.2Zn0.8O,
are homogeneously grown throughout the entire nanorod
heterostructures.

It is worth noting that near-field PL spectra show two
distinct peaks at 3.435�IQW−1� and 3.460�IQW−2� eV �Fig.
4�b�� �far-field PL spectra exhibited only a single peak at
3.467 eV �Fig. 2�a��. The IQW−1 and IQW−2 are PL emission
peaks due to the ground state of the electrons and the two
different valence band states of the holes as depicted in the
upper right side of Fig. 4�b�.

In conclusion, catalyst-free MOVPE demonstrates fabri-
cation of high quality ZnO/Mg0.2Zn0.8O/ZnO/Mg0.2Zn0.8O
multishell nanorod quantum structures by fine tuning the
ZnO �QW� and Mg0.2Zn0.8O �QB� shell thicknesses. From
both far-field and near-field PL spectra of the nanorod quan-
tum structures, systematic PL blueshifts with decreasing well
layer widths were observed, resulting from the quantum con-
finement effect. This controlled growth of coaxial multishell
nanorod quantum structures realizes the artificial design of a
kind of semiconductor nanorod quantum structures, which
could open up significant opportunities for exploring high
performance electronic and photonic nanodevices.
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ABSTRACT

We report the self-assembly of a size- and position-controlled ultralong nanodot chain using a novel effect of near-field optical desorption. A
sub-100-nm dot chain with a deviation of 5 nm forms at a size based on plasmon resonance, depending on the photon energy; the resulting
structure forms a high-transmission-efficiency nanoscale waveguide. Using this method with simple lithographically patterned substrates
allows one to increase the throughput of the production of nanoscale structures dramatically at all scales.

Future optical transmission systems will require advanced
photonic switching device arrays and advanced photonic
integrated circuits (ICs) in order to increase data transmission
rates and capacity. Consequently, these devices will need to
be significantly smaller than conventional diffraction-limited
photonic devices. To fulfill this requirement, we propose a
nanometer-scale photonic IC consisting of sub-100-nm scale
dots and lines.1 As a representative device, a nanophotonic
switch can be realized by controlling the dipole forbidden
optical energy transfer among resonant energy states in CuCl
quantum cubes via an optical near field.2

However, coupling these photonic devices with external
conventional diffraction-limited photonic devices requires a
nanometer-scale optical waveguide for far/near-field conver-
sion. To realize this, it has been suggested that electromag-
netic energy can be guided along a nanodot coupler
consisting of chains of closely spaced metallic nanoparticles.3-5

The energy transfer in the nanodot coupler relies on dipole-
dipole coupling between neighboring nanoparticles. To
realize a nanodot coupler consisting of 50-nm gold nano-
particles with 50-nm separation, it is estimated that the
dispersion of their separation must be as small as 10 nm to
obtain an efficiency equivalent to 50% that of an ordered
array.3

Promising components for integrating such nanometer-
sized photonic devices include chemically synthesized
nanocrystals, such as metallic nanocrystals,6 semiconductor

quantum dots,7 and nanorods8 because they have uniform
size, controlled shape, defined chemical composition, and
tunable surface chemical functionality. However, position-
and size-controlled deposition methods have not yet been
developed. For greater precision, electron beams9 and scan-
ning probe microscopes10-12 have been used to control the
site on the substrate. However, these techniques have inherent
low throughput ratios for production.

To fabricate nanophotonic devices at all scales, we propose
a self-assembling method that builds nanodot chains by
controlling desorption with an optical near-field. Our ap-
proach is illustrated schematically in Figure 1A. A nanodot
chain of metallic nanoparticles was fabricated using radio
frequency (RF) sputtering under illumination on a glass
substrate. To realize self-assembly, a simple groove 100-
nm wide and 30-nm deep was fabricated on the glass
substrate. During deposition of the metal, linear polarized
light illuminating the groove directly above (E90) was used
to excite a strong optical near-field at the edge of the groove
(see Figure 1B), which induced the desorption of the
deposited metallic nanoparticles.13 A metallic dot has a strong
optical absorption because of plasmon resonance,14,15which
depends strongly on particle size. This can induce desorption
of the deposited metallic nanodot when it reaches the
resonant diameter.16,17 As the deposition of metallic dots
proceeds, the growth is governed by a tradeoff between
deposition and desorption, which determines dot size,
depending on the photon energy of the incident light.
Consequently, the metallic nanoparticles should align along
the groove (Figure 1B and C).
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Illumination with 2.33-eV light (50 mW) during the
deposition of aluminum resulted in the formation of 99.6-
nm-diameter aluminum nanodot chains with 27.9-nm separa-
tion that were as long as 100µm in a highly size- and
position-controlled manner (see Figure 2A and B). The

deviation of both nanodot size and separation, determined
from scanning electron microscopy (SEM) images, were as
small as 5 nm. Such a small deviation of 5% meets the
requirement of the nanodot coupler for an efficiency
equivalent to 50% of that of an ordered array. To identify

Figure 1. (A) Size- and position-controlled ultralong nanodot chain formation. The slanted light had a spot diameter of 1 mm. The groove
parallels axisy. E90 andE0 are perpendicular and parallel to axisy, respectively. (B and C) Cross-sections in planesXZandYZ, respectively.

Figure 2. (A and B) SEM images of deposited aluminum with perpendicular polarizationE90 (hυ ) 2.33 eV). (C and D) Respective AFM
images of the surface of the glass substrate before and after aluminum deposition, at the same position. (E) CurvesR and â show the
respective cross-sectional profiles of AFM images along dashed white lines a-a’ in C and b-b’ in D. Scale bars: (A) 500 nm, (B) 10µm,
(C and D) 500 nm.
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the position of the chain, we compared topographic atomic
force microscopy (AFM) images of the surface of the glass
substrate before (Figure 2C) and after (Figure 2D) aluminum
deposition, at the same position. CurvesR andâ in Figure
2E show the respective cross-sectional profiles along dashed
white lines a-a’ in Figure 2C and b-b’ in Figure 2D.
Comparison of these profiles showed that the nanodot chain
formed around edgeG2. Furthermore, illumination with
parallel polarization along grooveE0 resulted in film growth
along the groove structure and no dot structure was obtained.
Because the near-field intensity withE90 was enhanced
strongly at the metallic edge of the groove in comparison
with E0 owing to edge enhancement of the electrical field
(see Figure 1B), a strong near-field intensity results in
nanodot chain formation.

Dot formation at the one-sided edge originates from the
asymmetric electric-field intensity distribution, owing to the
slanted illumination. To confirm this prediction, we calcu-
lated the electric field intensity using a finite-difference time-
domain (FDTD) based simulator (Poynting for Optics, a
product of Fujitsu, Japan). We compared the electric field
intensity distribution between a bare glass groove (100-nm
wide and 30-nm deep) and one coated with 20-nm-thick

aluminum (n ) 0.867+ i6.42) with slanted (30°) illumina-
tion at a photon energy of 2.33 eV (Figure 3A and B).
Although the bare groove in the glass does not induce
localization of the electric field intensity (Figure 3C), we
found that the slanted illumination enhanced the electric field
intensity strongly at the backside of metallized grooveG2

(Figure 3D) only, inducing desorption of the metallic
nanoparticles. It is reasonable to assume that the desorption
was excited after the deposition of the aluminum film. The
oscillations in the electric field perpendicular to the edge
induce charges on the metallized edge of the groove, and
these induced charges generate a strong electric field and
the associated scattering.18

Aluminum-dot chain formation was also observed with
RF sputtering of aluminum under illumination with 2.62-
eV light (100 mW) withE90 using the same grooved (100-
nm wide and 30-nm deep) glass substrate, which resulted in
the formation of 84.2-nm nanodots with 48.6-nm separation
(see Figure 4A and B). Although the deviation of both
nanodot size and separation were as large as 10 nm, the dot
size was reduced in proportion to the increase in the photon
energy (99.6 nm× (2.33/2.62)) 88.5 nm≈ 84.2 nm). This
result indicates that the obtained size is determined by the

Figure 3. The field intensities (|E|2) calculated using the FDTD method for the bare glass substrate (A and C) and glass coated with
20-nm-thick aluminum film (B and D). Scale bars: (C and D) 100 nm.

Figure 4. (A and B) SEM images of deposited aluminum withE9.0 (hυ ) 2.62 eV). Scale bars: (A) 500 nm and (B) 5µm.
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photon energy and that the size-controlled dot-chain forma-
tion originates from photodesorption of the deposited metallic
nanoparticles.13 The period under 2.62-eV light illumination
(132.8 nm) was longer than that (127.5 nm) for fabrication
using the 2.33-eV light. However, the ratios of the center-
center distance (d) and radius (a) of the nanodots (d/a )
2.56 and 3.15 obtained under 2.33-eV and 2.62-eV light
illumination, respectively) are similar to the optimum value,
which is in the range of 2.4-3.0, for the efficient transmis-
sion of the optical energy along the chain of spherical metal
dots calculated using Mie’s theory,19 which is determined
by the tradeoff between the increase in the transmission loss
in the metal and the reduction in the coupling loss between
adjacent metallic nanoparticles as the separation increases.
Future theoretical analysis, which will include the effect of
a continuous metallic film below the nanodot chain, is
required to explain the optimum separation of the nanopar-
ticles depending on the photon energy. However, our
preliminary results imply that the center-center distance is
set at the optimum distance for efficient energy transfer of
the optical near-field, given that such a strong optical near-
field can induce desorption of the deposited metallic nano-
particles and result in position-controlled dot-chain forma-
tion.

We believe that the resulting structure should have high
transmission efficiency for optical near-field energy, which
is suitable for a nanodot coupler, given that the nanodot chain
forms at a size based on plasmon resonance, and we have
already reported the efficient energy transfer along a nanodot
chain involving a continuous metallic film below the nanodot
chain.5 Furthermore, because our deposition method is based
on a photodesorption reaction, illumination at multiple photon
energies using the simple lithographically patterned substrate
could realize the simultaneous fabrication of size- and
position-controlled nanoscale structures with different particle

sizes and with other metals or semiconductors. The use of
the self-assembling method with a simple lithographically
patterned substrate will increase the throughput of the
production of nanoscale structures dramatically, which is
required by future systems.
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PQRSTRUVW XYURQZW[ \T]ÛT_�̀â�bcdR����M�M Xefgfg[Xgfgfg[ Xgfgfg[

hciajR�kaQlc̀̀ RU�̂Q]UbĉcaU
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Abstract— Optical near-field interactions allow energy 
localization at scales smaller than the diffraction limit of light. 
They also show hierarchical responses, meaning that optical 
near-fields exhibit different physical behavior at different scales. 
In this paper, by combining these properties of optical near-fields, 
that is, energy-localization and hierarchy, we present a novel 
traceable optical memory that records the event of memory 
access to each of the bits, which is useful in applications such as 
high-security information transfer. The basic principle is 
numerically demonstrated using a metal nanostructure.  

Keywords: optical near-field; nanophotonics; plasmon; metal 
nanostructure; hierarchy; optical memory; information security 

I.  INTRODUCTION 
Optical near-fields allow localized interactions at scales 

smaller than the diffraction limit of light [1]. Microscopes and 
high-density optical memory systems based on optical near-
fields have been showing great progress, for instance by 
engineering nanostructures [2-4]. Furthermore, novel optical 
signal processing has also been proposed and experimentally 
demonstrated using quantum dots and optical near-field 
interactions on the nanometer scale [5, 6].  

Such higher integration density, however, is only one of the 
potential benefits of optical near-fields. For example, the 
intrinsic hierarchical nature of optical near-fields, meaning that 
optical near-fields exhibit different physical behavior at 
different scales, offers another degree-of-freedom for the 
design of systems [1, 7]. Also, the dissipation process is crucial 
in utilizing optical near-field interactions. In fact, irreversible 
signal flow between quantum dots is based on a relaxation 
process in addition to the near-field interactions [5]. This 
indicates that certain functionality may be attainable by 
engineering the energy-dissipating process on a nanometer-
scale.   

In this paper, by combining these properties of optical near-
fields, that is, hierarchy and energy dissipation, we propose a 
novel traceable optical memory, as schematically shown in Fig. 
1. Accesses to this memory will be automatically recorded 
based on localized energy dissipation, while at the same time, 
information will be readout based on the hierarchical nature of 
optical near-fields. These functions will be useful in 

applications such as high-security information transfer 
(confidentiality could be ensured) or managing data 
distribution in content delivery (the distribution of digital 
content could be physically recorded). 

This paper is organized as follows. In Section II, we discuss 
the basic physical principles of traceable memory. In Section 
III, we demonstrate an example using a metal nanostructure 
modeled by finite difference time domain simulations. We 
conclude the paper in Section IV. 

II. PHYSICAL PRINCIPLES 

A. Energy localization for recording memory-access events 
(recording trace) 
Localized energy dissipation is applied to recording a 

memory access. There are several physical principles involved 
in achieving this function.  

The first one is based on the generation of a strong electric-
field due to excitation of a plasmon induced in a metal 
nanostructure [8, 9]. Here, we assume that an electric-field-
sensitive material is placed at a position where the strong 
electric-field will be generated. Now, if a beam of light is 
irradiated, that optical access excites a plasmon and the 
induced strong electric-field will cause a physical change in the 
material. In other words, optical access to the memory is 
recorded though a plasmon excitation. For example, it is well-
known that when we irradiate a bow-tie-shaped metal 
nanostructure having a small gap between the two wedge-
shaped metallic plates, an optical near-field is generated 
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Figure 1.  Nanophotonic tracable memory. 
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between the two apexes due to the interaction of charges 
concentrated at those points. The intensity of the optical near-
field can be enhanced when a plasmon is excited in the metal. 
This is schematically shown in Fig. 2 (a).  Therefore, by 
placing an electric-field-sensitive material near the gap, an 
optical access to this structure will be recorded as a physical 
change in the material.  

Another physical principle for localized energy dissipation 
is based on the irreversible signal flow via optical near-field 
interactions between quantum dots, which is schematically 
shown in Fig. 2(b). Here, a larger quantum dot (QDC) is 
surrounded by smaller quantum dots, a configuration known as 
a nanophotonic fountain [10, 11]. Excitons generated in the 
smaller quantum dots are transferred to the larger one. Its basic 
operation can be explained by a two-quantum-dot system 
composed of dots QDA and QDC. The ratio of the sizes of QDA 
and QDC is 2:1 . There is a resonant quantized energy 
sublevel between those two dots, which are coupled by an 
optical near-field interaction. This allows the exciton 
population in the (1,1,1)-level in QDA to be transferred to the 
(2,1,1)-level in QDC [5]. It should be noted that this interaction 
is forbidden for far-field light. Since the intra-sublevel 
relaxation via exciton-phonon coupling is fast, the population is 
quickly transferred to the lower (1,1,1)-level in QDC, which 
effectively means that the exciton in QDA will be transferred to 
the lower level of QDC.  

What should be noted here is that, if the lower energy level 
of QDC is occupied, another exciton cannot be transferred to 
that level due to the Pauli exclusion principle. This means that 
the dissipation process at QDC is crucial to achieve the 
irreversible signal flow. Therefore, by designing a system so 
that dissipation in the larger dot may not be blocked, excitons 
in the smaller dots will be dissipated in the larger dot. 
Therefore, if we place a material which absorbs the dissipated 
energy from the QDC, a certain physical change occurs, and the 
system thus possesses the capability of recording the energy 
flow event.  

B. Information hierarchy in optical near-fields 
In addition to the capability of recording the memory-

access event described above, the system must store content 
information, meaning that the system should provide multiple 
physical states or different output signals, at least two for 
digital systems. In the following example, we discuss a binary 
situation, but a multi-valued system is also possible.  

To achieve this, we use the hierarchical nature of optical 
near-fields [7]. As schematically shown in Fig. 3, we can 
define various kinds of scales in viewing electromagnetic 
interactions. For example, at a relatively small microscopic 
scale, which is denoted by “Layer 1” in Fig. 3, local 
electromagnetic interactions will be observed. On the other 
hand, by observing the system rather macroscopically, which is 
denoted by “Layer 2” in Fig. 3, the overall system exhibits 
behavior that takes account of the structure present in Layer 2. 
That is, we can observe a kind of hierarchy in optical near-field 
systems.  

In the case of a traceable memory, the issue is to design a 
system that satisfies the following two conditions 
simultaneously:  

(I) Layer 1 should be capable of indicating a memory trace for 
each of the physical structures.  

(II) Layer 2 should be capable of indicating different digital 
signals (e.g. bits) of the content information, for example, by 
different physical structures. 

In the case of a bow-tie-shaped metal nanostructure, the 
local electric field enhancement will occur even if we alter the 
structure. As numerically demonstrated in detail later in Sec. III, 
an electric field enhancement on the order of hundreds is 
maintained even if the structure is altered.   

At the same time, the Layer 2 information, which depends 
on the overall structure of the nanostructure, will be different 
depending on the alteration made to the nanostructure. 
Therefore, proper design of the nanostructure can 
simultaneously satisfy the two conditions (I) and (II).  

Layer 1

Layer 2

Microscopic system

Macroscopic system

 
Figure 3.  Hierarchy in optical near-field interactions. 
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Figure 2.  Localized energy dissipation using optical near-field interactions. 
(a) Excitation of a plasmon in a metal nanostructure. (b) Irreversible flow of 
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III. EXAMPLES 
We demonstrate the principles of the traceable memory 

shown in Sec. II by using finite-difference time-domain 
simulations.  

Here we assumed a bow-tie-shaped metal nanostructure [9] 
where two wedge-shaped metal plates are placed facing each 
other with a small gap between them, as shown in row (i) in 
Fig. 4. We assumed that the metal was silver, the gap between 
the two wedges was 5 nm, the horizontal length of one wedge-
shaped plate was 215 nm, the radius of curvature of the apex 
was 20 nm, the angle at the apex was 60 degree, and the 
thickness was 30 nm. We irradiated a uniform plane wave with 
a wavelength of 830 nm. The polarization was parallel to the x 
axis in Fig. 4.  

Column (a) in Fig. 4 shows the electric field intensity 
distribution on a plane 5.4 nm away from the metal surface. A 
strong optical near-field was generated around the gap. The 
peak intensity was about 250 times larger than that of the 
incident light. The full-width half-maximum (FWHM) width of 
the generated strong electric field intensity was about 10 nm in 
the x direction and 23 nm in the y direction.  

Also, in order to obtain different features in Layer 2, we 

made two holes in the structure, as shown in row (ii) in Fig. 4, 
whose radius was 50 nm. The center of each hole was 150 nm 
away from the center of the gap. A strong optical near-field 
was still observed, as shown in column (a), where the peak 
intensity is 122 times as high as the incident light. It was 
smaller than the case without holes shown in row (i), but it was 
still the same order of magnitude, namely, hundreds. The 
FWHM width of the generated strong electric field was nearly 
equal to that in the case without holes. These results are 
schematically summarized in Fig. 5, showing that nearly the 
same characteristics were obtained in terms of the electric field 
enhancement, or the capability of recording traces.  

Equally important, these results show different Layer 2 
signals. To analyze this, a scattering cross-section was 
calculated for each structure, with and without holes. As shown 
in column (b) in Fig. 4, the scattering cross-section of the 
structure without holes was nearly twice as large as that with 
holes. Therefore, it should be possible to easily obtain different 
signal levels by observing the structures in the far-field or at a 
scale equivalent to the scale of the entire metal structure.   

It is of course possible to obtain the same functional 
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Figure 5.  Providing circular-shape holes in the metal wedges does not 

substantially degrade the localized electric field.  
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Figure 7. Electric field distribution by a (i) a structure with no holes and (ii) a 
structure with square-shape holes.  
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behavior with other shapes and parameters. We tried to 
optimize the structure to (1) achieve a higher electric 
enhancement factor, and (2) increase the contrast of the 
scattering cross-section.  

We varied the radius of the holes from 10 nm to 70 nm 
while maintaining the same center position (150 nm away from 
the center of the gap.) All other parameters were the same as in 
the above examples. Fig. 6 shows the results. The electric field 
enhancement factor increases as the radius of the holes 
decreases. On the other hand, the scattering cross-section 
increases as the radius of the holes increases. In Fig. 6, the 
scattering cross-section is evaluated in terms of an ON/OFF 
ratio, which is defined as the scattering cross-section without 
holes divided by that with holes. Therefore, balancing those 
two conditions determines an optimal structure. A hole radius 
of 50 nm will satisfy both requirements, that is, increased 
electric field enhancement and ON/OFF ratio.  

The shape of the metal structure is another degree-of-
freedom of the traceable memory. As another example, Fig. 7 
shows an electric field distribution when we changed the shape 
of the holes in the wedges from circles to squares of side length 
100 nm. In this case, field enhancement was observed around 
the square-shaped holes in addition to the gap between the 
wedges. Electric field enhancement at the gap was only as high 
as 40, which is much smaller than the case of the circles. We 
believe this is due to the fact that the conditions necessary for 
exciting the plasmon were substantially destroyed in the case 
of the square-shaped holes.  

IV. CONCLUSION 
In summary, we propose a nanophotonic traceable memory. 

By using localized dissipation of energy based on optical near-
field interactions, a memory access event in the memory can be 
recorded. At the same time, information is read out as a global 
characteristic of a structure based on the hierarchical nature of 
optical near-fields. Its principles are verified by finite-element 
simulations assuming a metal nanostructure. This work offers 
the possibility of tracing memory accesses, which is potentially 

useful for security and content delivery applications. We are 
currently pursuing experimental verification of the fundamental 
principles described here.  
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Abstract: We report the self-assembly of a sub-100-nm dot chain, which depends on the photon 
energy and has a deviation of 5 nm over 100 µm using a novel effect of near-field optical 
desorption. 
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Future optical transmission systems will require advanced photonic switching device arrays and advanced photonic 
integrated circuits (ICs) in order to increase data transmission rates and capacity. Consequently, these devices will 
need to be significantly smaller than conventional diffraction-limited photonic devices. To meet this requirement, 
we propose a nanometer-scale photonic IC consisting of sub-100-nm scale dots and lines [1]. However, coupling 
these photonic devices with external conventional diffraction-limited photonic devices requires a nanometer-scale 
optical waveguide for far/near-field conversion. To realize this, it has been suggested that electromagnetic energy 
can be guided along a nanodot coupler consisting of chains of closely spaced metallic nanoparticles [2-4]. The 
energy transfer in the nanodot coupler relies on dipole-dipole coupling between neighboring nanoparticles. To 
realize a nanodot coupler consisting of 50-nm gold nanoparticles with 50-nm separation, it is estimated that the 
dispersion of their separation must be as small as 10 nm to obtain an efficiency equivalent to 50% that of an ordered 
array [2]. 

To fabricate the nanodot coupler and nanophotonic devices at all scales, we propose a self-assembling 
method that builds nanodot chains by controlling the desorption with an optical near-field. Our approach is 
illustrated schematically in Fig. 1(a). A nanodot chain of metallic nanoparticles was fabricated using radio frequency 
(RF) sputtering under illumination on glass substrate. In order to realize self-assembly, a simple groove 100-nm 
wide and 30-nm deep was fabricated on the glass substrate. During deposition of the metal, linear polarized light 
illuminating the groove directly from above (E90) was used to excite a strong optical near-field at the edge of the 
groove (see Fig. 1(b)), which induced the desorption of the deposited metallic nanoparticles [5]. A metallic dot has 
strong optical absorption due to plasmon resonance, which strongly depends on particle size. This can induce 
desorption of the deposited metallic nanodot when it reaches the resonant diameter [5]. As the deposition of metallic 
dots proceeds, growth is governed by a trade-off between deposition and desorption, which determines dot size, 
depending on the photon energy of the incident light. Consequently, the metallic nanoparticles should align along 
the groove (Figs. 1(b) and 1(c)). 

Illumination with 2.33-eV light (50 mW) during the deposition of aluminum resulted in the formation of 
99.6-nm-diameter aluminum nanodot chains with 27.9-nm separation that were as long as 100 µm in a highly size- 
and position-controlled manner (Fig. 2(a)). The deviation of both nanodot size and the separation, determined from 
scanning electron microscopy (SEM) images, was as little as 5 nm. The deviation, which was as small 5%, meets the 
requirement of the nanodot coupler for an efficiency equivalent to 50% of that of an ordered array. To identify the 
position of the chain, we compared topographic atomic force microscopy (AFM) images of the surface of the glass 
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Fig. 1. (a) Size- and position-controlled ultra-long nanodot chain formation. The slanted light had a spot diameter of 
1 mm. The groove parallels axis y. E90 and E0 are perpendicular and parallel to axis y, respectively. (b and c) Cross-
sections in planes xz and yz, respectively. 
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substrate before and after aluminum deposition, at the same position. Curves α and β in Fig. 2(b) show the 
respective cross-sectional profiles across the groove. Comparison of these profiles showed that the nanodot chain 
formed around edge G2. Furthermore, illumination with parallel polarization E0 along the groove resulted in film 
growth along the groove structure and no dot structure was obtained. Since the near-field intensity with E90 was 
strongly enhanced at the metallic edge of the groove in comparison with E0 owing to edge enhancement of the 
electrical field (see Fig. 1(b)), a strong near-field intensity results in nanodot chain formation. Dot formation at the 
one-sided edge originates from the asymmetric electric-field intensity distribution, owing to the slanted illumination. 

Aluminum-dot chain formation was also observed with RF sputtering of aluminum under illumination with 
2.62-eV light (100 mW) with E90 using the same grooved (100-nm wide and 30-nm deep) glass substrate, which 
resulted in the formation of 84.2-nm nanodots with 48.6-nm separation (Fig. 2(c)). Although the deviation of both 
nanodot size and the separation were as large as 10 nm, the dot size was reduced in proportion to the increase in the 
photon energy (99.6 nm × (2.33/2.62) = 88.5 nm ~ 84.2 nm). This result indicates that the obtained size is 
determined by the photon energy and that the size-controlled dot-chain formation originates from photo-desorption 
of the deposited metallic nanoparticles [5]. The period under 2.62-eV light illumination (132.8 nm) was longer than 
that (127.5 nm) for fabrication using the 2.33-eV light. However, the ratios of the center-center distance (d) and 
radius (a) of the nanodots (d/a = 2.56 and 3.15 obtained under 2.33-eV and 2.62-eV light illumination, respectively) 
are similar to the optimum value, which is in the range of 2.4-3.0, for the efficient transmission of the optical energy 
along a chain of spherical metal dots calculated using Mie’s theory [6]. This is determined by the trade-off between 
the increase in the transmission loss in the metal and the reduction in the coupling loss between adjacent metallic 
nanoparticles as the separation increases. Future theoretical analysis, which will include the effect of a continuous 
metallic film below the nanodot chain, is required to explain the optimum separation of the nanoparticles depending 
on the photon energy. However, our preliminary results imply that the center-center distance is set at the optimum 
distance for efficient energy transfer of the optical near-field, given that such a strong optical near-field can induce 
desorption of the deposited metallic nanoparticles and result in position-controlled dot-chain formation. 

Since our deposition method is based on a photo-desorption reaction, illumination at multiple photon 
energies using a simple lithographically patterned substrate could realize the simultaneous fabrication of size- and 
position-controlled nanoscale structures with different particle sizes, and with other metals or semiconductors. The 
use of the self-assembling method with a simple lithographically patterned substrate will dramatically increase the 
throughput of the production of nanoscale structures, required by future systems. 
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Fig. 2 (a) SEM image of deposited aluminum with perpendicular polarization E90 (hυ=2.33 eV). (b) Curves α and 
β show the respective cross-sectional profiles of AFM images across the groove before and after aluminum deposition, 
at the same position. (c) SEM image of deposited aluminum with perpendicular polarization E90 (hυ=2.62 eV). 
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Abstract: We observed nutation in the time-resolved photoluminescence signals from resonantly 
coupled ZnO double-quantum-well structures via optical near-field energy transfer, in which the 
period of the nutation was determined to be 550 ps. 
2006 Optical Society of America
OCIS codes: (320.7130) Ultrafast processes in condensed matter, including semiconductors, (260.2160) Energy transfer

Future optical transmission systems will require nanophotonic integrated circuits [1] composed of nanometer-scale 
dots to increase data transmission rates and capacity. ZnO nanocrystallite is a promising material for realizing room-
temperature nanophotonic devices, owing to its large exciton binding energy [2]. Furthermore, the recent 
demonstration of a semiconductor nanorod quantum-well structure enabled us to fabricate nanometer-scale 
electronic devices using single nanorods [3]. Recently, ZnO/ZnMgO nanorod single-quantum-well structures 
(SQWs) were fabricated and the quantum confinement effect was observed successfully [4]. Furthermore, spatially 
resolved near-field photoluminescence (PL) spectra of individual nanorod ZnO SQWs have been measured using a 
low-temperature near-field optical microscope (NOM), revealing the valence band anisotropy [5]. To observe the 
optical interaction between the ZnO quantum structures, we measured the time-resolved near-field PL signals of 
ZnO double-quantum-well structures (DQWs). 

ZnO/ZnMgO DQWs were fabricated on the ends of ZnO nanorods with a mean diameter of 40 nm using 
catalyst-free metalorganic vapor phase epitaxy [6]. The average concentration of Mg in the ZnMgO layers used in 
this study was determined to be 20 atm. %. The ZnO well layers, Lw, investigated in this study were 3.5 nm thick 
and the separation between the ZnO layers was 6 nm, while the thicknesses of the ZnMgO bottom and top barrier 
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Fig. 1 (a) Schematic of near-field spectroscopy of isolated ZnO DQWs on the ends of ZnO nanorod. (b) Time-
integrated far-field (FF) and near-field (NF) PL spectra obtained at 15 K using He-Cd laser (λ=325 nm). 

       a1351_1.pdf
       QTuK6.pdf



layers in the SQWs were fixed at 60 and 18 nm, respectively. After growing ZnO nanorod DQWs on sapphire 
(0001) substrate, they were dispersed on the substrate to be isolated. To observe the optical properties of individual 
ZnO DQWs, we used collection-mode NOM at 15K, using a UV fiber probe with an aperture diameter of 30 nm 
[Fig. 1(a)]. After determining the position of the DQWs and the emission peak energy of the DQWs using a He-Cd 
laser (λ=325 nm) [Fig. 1(b)], we obtained time-resolved near-field PL spectra using a 3.450-eV (λ=359.5 nm) 
second harmonic generation (SHG) of a mode-locked Ti-sapphire laser with a pulse duration of 10 ps for the 
resonant excitation of the ZnO DQWs. 

Figure 2(a) shows the time-resolved near-field PL signals measured at photon energies of 3.365 (I2
ZnO) and 

3.450 (IDQW) eV, which correspond to the emission from neutral-donor bound excitons in the ZnO nanorod stem and 
from excitons confined in the ZnO DQWs, respectively. Both time-resolved near-field PL signals fitted exponential 
decay curves well. The decay time constants of I2

ZnO and IDQW were found to be 280 and 180 ps, respectively, and are 
comparable to that of 330 (I2

ZnO) and 170 (ISQW) ps in ZnO nanorod SQWs [4]. Note that an additional peak was 
observed in the tail of signal of IDQW with a period of 550 ps. We believe that this originated from the nutation 
between the two resonantly coupled quantum wells via an optical near-field energy transfer [Fig. 2(b)]. 

The results shown here provide criteria for designing nanophotonic devices, such as the switching devices 
confirmed by the authors in CuCl quantum cubes by controlling the dipole forbidden optical energy transfer among 
resonant energy states in quantum dots [7]. 
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Abstract: We observed energy transfers among quantum dots dynamically. The energy transfer 
occurs from smaller to larger quantum dots in 150 ps and is applicable to the nanophotonic 
buffering device. 
©2006 Optical Society of America 
OCIS codes: (230. 3990) Microstructure devices; (999.9999) Optical Near Field 
 
Energy transfers among quantum dots enable several unique nanophotonic devices, such as an AND-gate 

[1], NOT-gate [2], an optical nanofountain [3], an optical nano content addressable memory (CAM) [4], and an 
optical digital to analog converter [5] and so on.  Investigations of the energy transfer are essential to construct and 
optimize these nanophotonic devices.  In this paper, we show the experimental results of time-resolved near-field 
spectroscopy and discuss the energy transfers among quantum dots.  The experimental results have indicated the 
delay time coming from the energy transfer is applicable to the novel optical buffer.  

Fig.1. (a) Explanation of the optical nanofountain composing many quantum dots. (b) the two-dimensional near-field 
scanning image of optical nanofountain.  

We have reported energy transfers among quantum dots via an optical near field [6].  The energy transfer 
occurs from a higher energy level to a lower energy level, i.e., from smaller to larger quantum dots.  This 
unidirectional energy transfer and successive relaxation are applicable to the optical energy concentration.  We 
have called this device an optical nanofountain, because its mechanism looks like a fountain, which concentrate 
and spurt water caught at high potentials.  Figure 1 (a) shows a schematic explanation of the optical nanofountain, 
which is composed of many different-sized quantum dots.  When these quantum dots have resonant energy 
sublevels of carriers, the energy transfer occurs via the optical near field as illustrated by the arrows in Fig. 1(a).  
Optical energy incident to the optical nanofountain is ultimately concentrated at the largest quantum dot whose size 
corresponds to the focal spot size of this device.  In the experiments, we used CuCl cubic quantum dots embedded 
in a NaCl matrix.  Since this has an inhomogeneous size distribution and a random arrangement of quantum dots, 
in some areas of the sample, the quantum dots are arranged to act as an optical nanofountain.  We maintained the 
sample temperature at 45 K, as at too low a temperature the resonant condition becomes tight, due to narrowing of 
the homogeneous linewidth, while at too high a temperature unidirectional energy transfer is obstructed by thermal 
activation of excitons in the quantum dots.  Figure 1 (b) shows the spatial distribution of the output intensity from 
the optical nanofountain found from the sample with an optical near-field microscope in the collection mode 
operation.  Here, the collected luminescence photon energy was from 3.297 eV to 3.215 eV, which corresponded 
to the luminescence from 3.1- to 10-nm quantum dots, respectively.  The bright spot at the center in the figure 

(a) (b) 
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corresponds to the spurt from the optical nanofountain. 

Fig.2. (a)Time evolution of output intensity from the optical nanofountain observed along with the white broken line in 
Fig.1 (b). (b) Time evolution of output intensity from the optical nanofountain at the spouting spot, i.e., the red broken 
line. 
 
Figure 2 (a) shows the time evolution of output intensities from the optical nanofountain observed at each 

position along with the white broken line in Fig.1 (b).  Here we used the SHG of mode-locked Ti: sapphire laser 
(λ=365 nm: pulse duration=2ps: repetition rate=80MHz) as a light source and a micro-channel plate as a 
photo-detector of the time correlation single photon counting method with a 20-ps time resolution.  The signal 
decay time at the center position (the red broken line) was slower than that of the other positions.  This 
experimental result shows the time-evolution of the energy transfer to the spouting spot of the optical nanofountain, 
as shown by the two arrows.   

Figure 2 (b) shows the time evolution of output intensity from the optical nanofountain at the spouting spot. 
AT the time origin, the small artifact of the pump pulse was observed and the signal quickly decayed.  The 
radiative life time of quantum dots was proportional to their volume (for example τ=2ns for 3.5-nm quantum 
dots)[7].  However, the intensity of the smaller quantum dots (QD size: 3-4 nm) decayed faster than the larger 
quantum dots (QD size: 5-8 nm) and their decay time was 150 ps and 410 ps, respectively, because the excitation 
energy in the smaller quantum dot transfers to the larger neighboring quantum dot.  After 300 ps, both signal 
decayed with the relaxation time of 700 ps.  This relaxation time agrees with the radiative lifetime of the 7-nm 
CuCl quantum dot [7], which was larger than mean quantum-dot size of the used sample (mean size: 4-nm).  
Namely, the energy transfers to larger quantum dots accelerate radiative recombination.  

These time-resolved experimental results are reasonable to previous works [1-6].  Additionally, we can 
propose a new nanophotonic device, which is the nanometric optical buffer by using the long recombination 
lifetime of smaller quantum dot.  For example, when 2-nm CuCl quantum dots are used as excitation energy 
buffers, we preserve the signal for 10 ns.  Such long time optical buffering function in nanometric region is only 
realized by the nanophotonic device using energy transfer and is very important for the nanophotonic system. 
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We have studied the application of optical near field to nanostructure fabrication using its novel 

properties, e.g., higher resolution than diffraction limit and unique photochemical reaction [1]. This 
unique photochemical reaction is called a nonadiabatic photochemical reaction [1], and can be explained 
by the exciton-phonon polariton (EPP) model [2, 3]. In the previous work of Chemical Vapor Deposition, 
we demonstrated the unique photodissociation involving multiple-step excitation via molecular vibration 
modes based on EPP model. In this paper, we have applied this nonadiabatic photochemical reaction to 
photolithography. Here, we call this novel method of photolithography “Nonadiabatic Near-Field 
Photolithography”. 

Recently, to satisfy the demand for mass production of photonic and electronic devices, various 
methods of nanofabrication are contrived. Among all, nonadiabatic photolithography is widely useful 
because it enables conventional photolithographic components and systems for nanofabrication beyond 
the diffraction limit of light. The wave properties of light can cause problems for nanometric 
photolithography, including not only the diffraction limit, but also coherency and polarization dependence. 
In photolithography of high-density nanometric arrays, the optical coherent length is longer than their 
separation between adjacent corrugations, even when an Hg lamp is used, and there is not enough 
photoresist absorption to suppress fringe interference of scattered light. The transmission intensity of light 
passing through a photo-mask strongly depends on its polarization, so the design of photo-mask structures 
must include such effects. The largest advantage of nonadiabatic photolithography is free from these 
problems coming from wave properties of light.  

By using the nonadiabatic near-field 
photolithography, we obtained the nano-
structures as shown in Fig.1, which is AFM 
image of photoresist (TDMR-AR87) after the 
development. This photoresist was optimized 
for the light of i-line (365 nm) and its 
photosensitivity for a g-line light of Hg (436 
nm) was very low. However, two dimensional 
arrays of nano-dots appeared clearly. Their 
height and width (FWHM) were 100 nm and 
70 nm, respectively. The sizes of fabricated 
structures were smaller than the diffraction 
limit, since the photoresist was exposed by 
the optical near-field.  In a presentation, we 
will show the experimental results, which 
indicate the advantages of the nonadiabatic 
near-field photolithography.  

A part of this work was supported by 
"Nanotechnology Support Project" of the 
Ministry of Education, Culture, Sports, 
Science and Technology (MEXT), Japan. 
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Fig.1. AFM images of photoresist (TDMR-AR87) 
exposed by g-line after development. 
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ABSTRACT 

Here we show our architectural approaches to nanophotonics to benefit from unique physical properties obtained by 
local interactions between nanometric elements, such as quantum dots, via optical near fields, that provide ultra high-
density integration capability beyond the diffraction limit of light. We discuss a memory-based architecture and a simple 
hierarchical architecture. By using resonant energy levels between quantum dots and inter-dot interactions, nanometric 
data summation and broadcast architectures are demonstrated including their proof-of-principle experimental 
verifications using CuCl quantum dots. Through such architectural and physical insights, we are seeking nanophotonic 
information systems for solving the integration density limited by diffraction limit of light and providing ultra low-
power operations as well as unique functionalities which are only achievable using optical near-field interactions. 
 
Keywords: nanophotonics, optical near-field, quantum dot, information and communications systems, hierarchical 

system  
 
 

1. INTRODUCTION 
 
To accommodate the continuously growing amount of digital data handled in information and communications 
systems1, optics is expected play a wider role in enhancing the overall system performance by performing certain 
functional behavior2 in addition to merely serving as the communication medium. In this regard, for example, so-called 
all-optical packet switching has been thoroughly investigated. Also, the application of inherent optical features, such as 
parallelism, in computing systems has been investigated3, 4. However, many technological difficulties remain to be 
overcome in order to adopt optical technologies in critical information and communication systems: one problem is the 
poor integrability of optical hardware due to the diffraction limit of light, which is much larger than the gate width in 
VLSI circuits, resulting in relatively bulky hardware configurations.  

Nanophotonics, on the other hand, which is based on local interactions between nanometer-scale elements, such as 
quantum dots, via optical near fields, provides ultrahigh-density integration since it is not constrained by the diffraction 
limit5. From an architectural perspective, this drastically changes the fundamental design rules of functional optical 
systems. Consequently, suitable architectures may be built to exploit this capability of the physical layer. In this paper, 
we approach nanophotonics from a system architecture perspective, considering the unique physical principles provided 
by optical near-field interactions and the functionality required for practical applications.  
This paper deals with two architectures utilizing several physical properties provided by nanophotonics. First in Sec. 2, 
we discuss a memory-based architecture in which a large lookup table is recorded by configuring the size and positions 
of quantum dots, as well as individually implementing the required logical operation mechanisms for each table entry. 
Two basic functions are derived from this architecture. One is a data gathering, or summation, mechanism suitable for 
similarity evaluation, which is discussed in Sec. 3. As an extension of this summation architecture, Sec. 3 also discusses 
digital-to-analog conversion by configuring the coupling strength between QDs. The other basic function is 
broadcasting where query data is distributed to multiple table entries, as described in Sec. 4. We will present enabling 
architectures by appropriate use of resonant energy levels between quantum dots and inter-dot interactions via optical 
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near-fields that are forbidden for far-field light. Experimental results are also shown using CuCl quantum dots. In Sec. 
5, we will discuss hierarchical systems that use the different natures of light exhibited in optical near fields and far 
fields. The overall structure of this paper is outlined in Fig. 1. Through such architectural and physical insights, we seek 
nanophotonic information and communications systems that can overcome the integration-density limit imposed by the 
diffraction limit of light with ultralow-power operation as well as unique, or silicon-complement, functionalities which 
are only achievable using optical near-field interactions.  
 

2. NANOPHOTONIC COMPUTING ARCHITECTURE BASED ON HIGH-DENSITY TABLE 
LOOKUP 

 
This section discusses the overall processing architecture. We begin with a concrete example of a packet forwarding 
application, which is an important function in routers. In this application, the output port for an incoming packet is 
determined based on a routing table. For such functions, a content addressable memory (CAM)6 or its equivalent is 
used; in a CAM, an input signal (content) serves as a query to a lookup table, and the output is the address of data 
matching the input. All optical means for implementing such functions have been proposed, for instance, by using 
planar lightwave circuits7. However, since we need separate optical hardware for each table entry if based on today’s 
known methods, if the number of entries in the routing table is on the order of 10,000 or more, the overall physical size 
of the system becomes unfeasibly large. On the other hand, by using diffraction-limit-free nanophotonic principles, huge 
lookup tables can be configured compactly.  

First, we begin by relating the table lookup problem to an inner product operation. We assume an N-bit input signal 
),...,( 1 Nss=S  and reference data ),...,( 1 Ndd=D . Here, the inner product ∑=

•=•
N

i ii ds
1

DS  will provide a maximum 

value when the input perfectly matches the reference data. However, the inner product alone is, in fact, not sufficient to 
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Fig. 1 Examples of system architectures utilizing the physics of nanophotonics, showing a memory-based architecture and a 
hierarchical architecture. 
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determine correct matching of the input and reference. This can be demonstrated as follows. Assume, for example, a 4-
bit input )1010(=S  and two items of reference data )1010(1 =D  and )1110(2 =D . Both inner products result in a 
value of 2, but the correctly matching data is only 

1D . Thus, the exclusiveness of the matching operations must also be 
considered. Correct matching can be achieved by also calculating the inner product of the inverted input signal and 
reference data. However, inversion is a difficult function to implement optically. One possible option is to properly 
design the modulation format8, for instance, by representing a logical level by two digits, such as Logic 1=“10” and 
Logic 0=“01”. Then, an N-bit logical input is physically represented by 2N bits, which makes the inner product 
equivalent to the matching operation.  

For packet data transfer, an operation known as longest prefix matching is important9. In this operation, a “don't care” 
state is required. In the format described above, it can be simply coded by “11”. Then, the resultant multiplication of a 
don’t-care bit with an input bit will be 1 for either Logic 0 or 1.  

Suppose that the reference data in the memory ),...,1( Mjj =D  and the input S  are represented in the above format. 
Then, the function of the CAM will be to derive j that maximizes 

jDS • . A nanophotonic implementation of such a 
function can be implemented in a highly dense form, as shown in Sec. 3. In addition, a large array of such inner product 
operations will allow a massively parallel processing system to be constructed.  
Consequently, multiple inner products are equivalent to a matrix-vector multiplication, which is capable of 
implementing a wide range of parallel computations4. As a simple example, digital-to-analog conversion will be 
demonstrated by tuning the near-field interaction strength, as discussed in Sec. 3.2. 

Furthermore, arbitrary combinational logic can be reformulated as a table lookup operation; more specifically, any 
computation is equivalent to performing a lookup in a table where all possible input/answer combinations are pre-
recorded. For example, consider a two-input, two-bit ADD operation, A+B. In the ADD operation, the third-bit of the 
output (the carry bit) should be logical 1 when the second bits (that is, the 21 bit positions) of both inputs are 1, 
regardless of their first bits, that is, when (A, B) = (1*, 1*). Therefore, following the data representation format 
introduced above (Logic 1 = 10, Logic 0 = 01, and don’t care = 11), the table lookup entry D should be (10111011), so 
that any input combination satisfying (A, B) = (1*, 1*) will provide a maximum inner product DS • . This procedure is 
summarized in Fig. 2(a).  
 

3. DATA SUMMATION USING NEAR-FIELD INTERACTIONS 

3.1 Data gathering mechanism 
As discussed in Sec. 2, the inner product operations are the key functionality of the present architecture. The 
multiplication of two bits, namely iii dsx •= , has already been demonstrated by a combination of three quantum dots10, 

11. Therefore, one of the key operations remaining is the summation, or data gathering scheme, denoted by Σxi, where all 
data bits should be taken into account.  

In known optical methods, wave propagation in free-space or in waveguides, using focusing lenses or fiber couplers, 
for example, well matches such a data gathering scheme because the physical nature of propagating light is inherently 
suitable for global functionality such as global summation. However, the level of integration of these methods is 
restricted due to the diffraction limit of light. In nanophotonics, on the other hand, the near-field interaction is inherently 
physically local, although functionally global behavior is required.  

Here we implement a global data gathering mechanism, or summation, based on the uni-directional energy flow via an 
optical near field, as schematically shown in Fig. 2(b), where surrounding excitations are transferred towards a quantum 
dot QDC located at the center12, 13. As a fundamental case, we assume two quantum dots QDA and QDB, as shown in Fig. 
2(c). The ratio of the sizes of QDA and QDB is 2:1 . There is a resonant quantized energy sublevel between those two 
dots, which are coupled by an optical near-field interaction10, 11, 14, which allows the exciton population in the (1,1,1)-
level in QDA to be transferred to the (2,1,1)-level in QDB

10, 14. It should be noted that this interaction is forbidden for far-
field light15. Since the intra-sublevel relaxation via exciton-phonon coupling is fast, the population is quickly transferred 
to the lower (1,1,1)-level in QDB. Similar energy transfers may take place among the resonant energy levels in the dots 
surrounding QDC so that energy flow can occur. One may worry that if the lower energy level of QDB is occupied, 
another exciton cannot be transferred to that level due to the Pauli exclusion principle. Here, thanks again to the nature 
of the optical near-field interaction, the exciton population goes back and forth in the resonant energy level between 
QDA and QDB, a phenomenon which is known as optical nutation10, 11, 14. Finally, both excitons can be transferred to 
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QDB. The lowest energy level in each quantum dot is coupled to a free photon bath to sweep out the excitation 
radiatively. The output signal is proportional to the (1,1,1)-level population in QDB. 

Numerical calculations were performed based on quantum master equations in the density matrix formalism. The 
model Hamiltonian of the two dots is given by  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Ω

Ω
=

B

A

U
U

H h                                                                          (1) 

where Uh  is the optical near field interaction, and AΩh  and BΩh  respectively refer to the eigenenergies of QDA and 
QDB. For a two-exciton system, we can prepare seven states, as summarized in Fig. 2(d), where one or two excitons 
occupy either one or two levels among the (1,1,1)-level in QDA  (denoted by A), the (2,1,1)-level in QDB (denoted by 
B2), and the (1,1,1)-level in QDB (denoted by B1). These seven states are interconnected either by inter-dot near-field 
coupling (U ), exciton-phonon coupling (Γ ), or relaxation to the radiation photon bath ( Aγ  for QDA and Bγ for 
QDB). Within the Born-Markov approximation of the Liouville equation14-16, we can derive multiple differential 
equations. In the following we assume ps 501 =−U , ps 101 =Γ− , ns  221 =−

Aγ , and ns 11 =−
Bγ  as a typical parameter 

set. 
First we consider an initial condition where there are two excitons in the system: one in QDA and the other in QDB 

(two-exciton system). The population of the (1,1,1)-level in QDB corresponds to the output signal, which is composed of 
three states indicated by (i), (ii), and (iii) in Fig. 2(d). The populations for those three bases, which are diagonal 
elements of the density matrix, are respectively denoted by )(1, tBAρ , )(2,1 tBBρ , and )(1 tBρ , the first two of which, 

)(1, tBAρ  and )(2,1 tBBρ , are related to the two-exciton dynamics of the system. They respectively show the time evolution 
of the one-exciton population in QDA or in the upper level of QDB, in addition to an exciton in the lower level of QDB. 
The time evolution of  )()( 2,11, tt BBBA ρρ +  is shown by the solid curve in Fig. 2(e). The other population, )(1 tBρ , has 
just one exciton in B1, and so it represents the output evolution of the one-exciton system, which is shown by the dashed 
curve in Fig. 2(e). Incidentally, the population when QDA has an exciton, namely the sum of the populations related to 
bases (i), (iv), and (v) in Fig. 2(d), is denoted by the dotted curve in Fig. 2(e). Nutation is observed as expected since the 
lower level of QDB is likely to be busy and the inter-dot near-field interaction is faster than the relaxation bath coupling 
at each dot. 
We then compare the population dynamics between one- and two-exciton systems. The dotted curve in Fig. 2(f) shows 
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Fig. 2 (a) Inner product operation as a table lookup. (b) Summation mechanism in quantum dots. (c) Inter-dot interaction via an 
optical near-field.  (d) Bases of two-exciton system in two quantum dots coupled by optical near fields. (e) Time evolution of the 
population in a two-exciton system. (f) Population comparison between one- and two-exciton systems. 
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the time evolution of the population in the lower level of QDB, where, as initial conditions, one exciton exists only in 
QDA. The solid curve in Fig. 2(f) is that for the two-exciton system. Physically the output signal is related to the 
integration of the population in the lower level of QDB. Numerically integrating the population between 0 and 5 ns, we 
can obtain the ratio of the output signals between the two- and one-exciton systems as 1.86:1, which reflects the number 
of initial excitons. This is the summation mechanism. 

A proof-of-principle experiment was performed to verify the nanoscale summation using CuCl quantum dots in a 
NaCl matrix, which has also been employed for demonstrating nanophotonic switches10 and optical nano-fountains13. 
We selected a quantum dot arrangement where small QDs (QD1 to QD3) surrounded a “large” QD at the center (QDC), 
as schematically shown in Fig. 3(a). Here, we irradiate at most three light beams with different wavelengths, 325 nm, 
376 nm, and 381.3 nm, which respectively excite the quantum dots QD1 to QD3 having sizes of 1 nm, 3.1 nm, and 4.1 
nm, respectively. The excited excitons are transferred to QDC, and their radiation is observed by a near-field fiber probe. 
Notice the output signal intensity at a photon energy level of 3.225 eV in Fig. 3(b), which corresponds to a wavelength 
of 384 nm or a QDC size of 5.9 nm. The intensity varies approximately as 1:2:3 depending on the number of excited 
QDs in the vicinity, as observed in Fig. 3(b). The spatial intensity distribution was measured by scanning the fiber 
probe, as shown in Fig. 3(c), where the energy is 
converged at the center. Hence, this architecture works 
as a summation mechanism, counting the number of 
input channels, based on exciton energy transfer via 
optical near-field interactions. 

Such a quantum-dot-based data-gathering mechanism 
is also extremely energy efficient compared to other 
optical methods such as focusing lenses or optical 
couplers. For example, the transmittance between two 
materials with refractive indexes n1 and n2 is given by 
4n1n2/(n1+n2)2; this gives a 4% loss if n1 and n2 are 1 
and 1.5, respectively. The transmittance of an N-
channel guided wave coupler is 1/N from the input to 
the output if the coupling loss at each coupler is 3 dB. 
In nanophotonic summation, the loss is attributed to the 
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Fig. 3 Experimental results of the nanometric summation. (a) A quantum dot arrangement.  (b) Luminescence intensity for three 
different numbers of excited QDs. (c) Spatial intensity distribution of the output photon energy.  

1

Power Dissipation (fJ/bit/search)

Nanophotonic

Optical waveguide

CAM chip [19]

CAM chip [18]

CAM chip [17]

10
-2

10
-1

10
0

10
1

10
2

10
3

Cell Size (µm2)

Cell size
Power Dissipation

10
-4

10
-3

10
-2

10
-1

 
Fig. 4 Power dissipation and cell size comparison with electrical 
CAM VLSI chips and optical waveguides. 
 

Proc. of SPIE Vol. 6017  601701-5



 

 

dissipation between energy sublevels, which is significantly smaller. Incidentally, it is energy- and space-efficient 
compared to electrical CAM VLSI chips17-19, as shown in Fig. 4.  

We should also note, in terms of interconnections, that the input data should be commonly applied to all lookup table 
entries, which allows another possible interconnection mechanism. Since the internal functionality is based on energy 
transfer via optical near-field interactions and it is forbidden for far-field light, global input data irradiation, that is, 
broadcast interconnects, via far-field light may be possible; this is discussed in Sec. 4.   

3.2 Digital-to-analog conversion using near-field interactions 
In the summation mechanism shown in Sec. 3.1, the coupling strengths between the input QDs and the output QD are 
uniform. However, these coupling strengths can be independently configured, for instance, by modifying the relative 
distances. Theoretically, this corresponds to configuring U of the Hamiltonian in eq. (1). For instance, consider three 
input QDs, QD0 to QD2, as schematically shown in Fig. 5(a). By choosing U-1 of 410 ps, 240 ps, and 50 ps between QD0 
to QD2 and the output QD, respectively, the simulated time evolution of the output population is as shown in Fig. 5(b). 
The time integrals of the output populations originating from QD0 to QD2 between 0 and 5 ns are approximately in a 
ratio of 1:2:4. This leads to a digital-to-analog conversion formula given by 

2
2

1
1

0
0 222 sssd ++=                                                                       (2) 

where d is the output, and s0, s1, and s2 represent the presence/absence of excitations in QD0 to QD2, respectively. Here 
each of the inputs si is optically applied to the system, whose frequency is resonant with the (1,1,1)-level in QDi. It 
should be noted that they are not coupled to the other QDs (i.e., input QDj )( ij ≠  and the output QD) since the 
corresponding energy levels are optically forbidden for the other QDs. Also, the initial state of the system is considered 
to be one in which an exciton is excited at each dot.   

In the experiment, CuCl QDs in a NaCl matrix were used, as in Sec. 3.1, and three different input light frequencies 
were assigned to the three-bit input. Here, the output signal is considered to be the radiative relaxation from the lowest 
energy level of the output QD, which is observed with a near-field fiber probe at a wavelength of 384 nm. One remark 
here is that not every excited exciton produces the output signal; for instance there will be loss due to relaxation at each 
of the input QDs when the output energy level is occupied. However, such effects may not be serious since, as discussed 
in Sec. 3.1, nutation occurs among resonant energy levels and the relaxation rate at the output QD, which is the largest 
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Fig. 5 (a) Digital-to-analog (DA) conversion. The near-field coupling is tuned so as to satisfy the relation for DA conversion. (b) 
Time evolution from each of the input bits to the output. (c) Experimental results of the output intensity level as a function of 3-
bit input combinations. 
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in the system in terms of size, is smaller than that at the input QDs. Fig. 5(c) shows output signal intensity as a function 
of the presence (1) or absence (0) of the input excitation, as specified by (s2, s1, s0), which were respectively 381.3 nm, 
376 nm, and 325 nm. The output intensity is approximately linearly correlated to the input bit set combination, which 
indicates the validity of the digital-to-analog conversion mechanism. Compared to known optical approaches, such as 
those based on space-domain filtering and focusing lenses3, 4, or optical waveguides and intensity filters20, the 
nanophotonic approach achieves a significantly higher spatial density. 
 

4. BROADCAST INTERCONNECTS 
 
Nanophotonics allows subwavelength scale device integration, but it imposes stringent interconnection requirements to 
couple external signals to nanophotonic devices. To fulfill such requirements, far- and near-field conversion has been 
pursued based on, for instance, plasmon waveguides21, 22. In this section, we show another interconnection scheme based 
on both far- and near-field interactions for data broadcasting purposes23.  

As discussed in Sec. 2, data broadcasting is a fundamental operation found in memory-based architectures in which 
multiple functional blocks require the same input data. Example of such architecture include matrix-vector product3, 4 
and switching operations, such as in a broadcast-and-select architecture24. For example, consider a matrix-vector 
multiplication given by sv A= , where ),...,( 1 mvv=v  and ),...,( 1 nss=s , and A  is  an nm×  matrix. Here, to 

compute every jv  from the input data s , broadcast interconnects are required if every jv  is calculated at distinct 
processing hardware. Optics is in fact well suited to such broadcast operations in the form of simple imaging optics3, 24 
or in optical waveguide couplers thanks to the nature of wave propagation. However, its integration density is physically 
limited by the diffraction limit, which leads to bulky system configurations.  

The overall physical operation principle of broadcasting is as follows. In nanophotonics, uni-directional energy 
transfer is possible between neighboring QDs via local optical near-field interactions and intrasublevel relaxation, as 
discussed in Sec. 3. 
 Suppose that arrays of nanophotonic circuit blocks, such as the nanophotonic switches described later, are distributed 
within an area whose size is comparable to the wavelength. Here, for broadcasting, multiple input QDs simultaneously 
accept identical input data carried by diffraction-limited far-field light by tuning their optical frequency so that the light 
is coupled to dipole-allowed energy sublevels, and described in more detail below. In a frequency multiplexing sense, 
this interconnection method is similar to multi-wavelength chip-scale interconnects25. Known methods, however, 
require a physical space comparable to the number of diffraction-limited input channels due to wavelength 
demultiplexing, whereas in our proposed scheme, the device arrays are integrated on the sub-wavelength scale, and 
multiple frequencies are multiplexed in the far-field light supplied to the device. 

Here we explain the far- and near-field coupling mentioned above based on a model assuming CuCl QDs, which are 
employed in experiments described below. The potential barrier of CuCl QDs in a NaCl crystal can be regarded as 
infinitely high, and the energy eigenvalues for the quantized 3Z  exciton energy level ),,( zyx nnn  in a CuCl QD with 

side of length L  are given by  
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+=
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                                                  (3) 
where BE  is the energy of the bulk 3Z  exciton, M  is the mass of the exciton for the center-of-mass (C. M. ) motion, 

Ba   is its Bohr radius, xn , 
yn , and zn  are quantum numbers for the C. M. motion ( ,...3,2,1,, =zyx nnn ), and BaLa −=  

corresponds to an effective side length, taking into account the dead layer correction26. The exciton energy levels with 
even quantum numbers are dipole-forbidden states15. According to (1) there exists a resonance between the quantized 
exciton energy sublevel of quantum number (1,1,1) for the QD with effective side length a and that of quantum number 
(2,1,1) for the QD with effective side length a2 . (For simplicity, we refer to the QDs with effective side lengths a and 

a2  as “QD a” and “QD a2 ”, respectively.) Energy transfer between QD a and QD a2  occurs via optical near 
fields, which is forbidden for far-field light10, 11, 14.  

We note that the input energy level for the QDs, that is, the (1,1,1)-level, can also couple to the far-field excitation. 
We utilized this fact for data broadcasting. One of the design restrictions is that energy-sublevels for input channels do 
not overlap with those for output channels. Also, if there are QDs internally used for near-field coupling, dipole-allowed 
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energy sublevels for those QDs cannot be used for input channels since the inputs are provided by far-field light, which 
may lead to misbehavior of internal near-field interactions if resonant levels exist. Therefore, frequency partitioning 
among the input, internal, and output channels is important. The frequencies used for broadcasting, denoted by 

{ }Aiiii ,2,1, ,...,, ϖϖϖ=Ω , should be distinct values and should not overlap with the output channel frequencies 

{ }Boooo ,2,1, ,...,, ϖϖϖ=Ω . A  and B  indicate the number of frequencies used for input and output channels, 
respectively. Also, there will be frequencies needed for internal device operations that are not used for either input or 
output (discussed later in the sum of product examples), denoted by { }Cnnnn ,2,1, ,...,, ϖϖϖ=Ω  where C  is the number of 
those frequencies. Therefore the design criteria for global data broadcasting is to exclusively assign input, output, and 
internal frequencies, iΩ , oΩ , and nΩ , respectively.  

Fig. 6(a) illustrates an example of frequency partitioning, where the horizontal axis shows QD size and the vertical 
axis shows energy sublevels. The 3-digit sets in the diagram are the quantum numbers of the QDs. In an example shown 
in Fig. 6(a), we used a nanophotonic switch (2-input AND gate) composed of three QDs with a size ratio of 2:2:1 . 
The details of the switching principle are shown in reference10. The two input channels are assigned to QD a and QD 2a, 
and the output appears from QD a2 . Here, multiple input dots QD a and QD 2a can accept identical input data via 
far-field light for broadcasting purposes. Adding more optical switches for different channels means adding different 
size dots, for instance, by multiplying the scale of the QDs by a constant while maintaining the ratio 2:2:1 , such as a 
QD trio of a22 , a4 , and a24 , so that the corresponding far-field resonant frequencies do not overlap with the 
other channels. More dense integration is also possible by appropriately configuring the size of the QDs.  As an 
example, consider a QD whose size is a3/4 . The (1,1,1)-level in this QD a3/4  can couple to the far-field excitation. 
It should be noted that this particular energy level is equal to the (2,2,1)-level in QD 2a, which is an already-used input 
QD; however, the far-field excitation in this particular energy level cannot couple to QD 2a since the (2,2,1)-level in 
QD 2a is a dipole-forbidden energy sublevel. Therefore, a QD trio composed of QDs of size a3/4 , a3/8 , and 

a3/16  can make up another optical switch, while not interfering with other channels, even though all of the input light 
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Fig. 6 Broadcast interconnects. (a) Frequency-and-QD-size-diagram. (b,c) Experimental results. Spatial intensity distribution of 
the output of 3-dot AND gates. (b) Output level: low (1 AND 0 = 0), and (c) output level: high (1 AND 1 = 1) 
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is irradiated in the same area.  
To verify the broadcasting method, we performed the following experiments using CuCl QDs inhomogeneously 

distributed in an NaCl matrix at a temperature of 22 K. To operate a 3-dot nanophotonic switch (2-input AND gate) in 
the device, we irradiated at most two input light beams (IN1 and IN2). When both inputs exist, an output signal is 
obtained from the positions where the switches exist, as described above. In the experiment, IN1 and IN2 were assigned 
to 325 nm and 384.7 nm, respectively. They were irradiated over the entire sample (global irradiation) via far-field light. 
The spatial intensity distribution of the output, at 382.6 nm, was measured by scanning a near-field fiber probe within an 
area of approximately 1 µm × 1 µm. In Fig. 6(b), only IN1 was applied to the sample where the output of the AND gate 
is ZERO (low-level), whereas in Fig. 6(c) both inputs were irradiated, which means the output is ONE (high-level). 
Note the regions marked by , , and . In those regions, the output signal levels were respectively low and high in 
Figs. 6(b) and (c), which indicates that multiple AND gates were integrated at densities beyond the scale of the globally 
irradiated input beam area. That is to say, broadcast interconnects to nanophotonic switch arrays are accomplished by 
diffraction-limited far-field light.  

Combining this broadcasting mechanism with the summation mechanism discussed in Sec. 3 will allow the 
development of nano-scale integration of optical parallel processing devices, which have conventionally resulted in 
bulky systems. 
 

5. HIERARCHICAL NANOPHOTONIC SYSTEMS 

5.1 Hierarchy and nanophotonics 
One of the problems for ultra high-density nanophotonic systems is interconnection bottlenecks, which have been 
addressed previously in Sec. 4 in terms of broadcast interconnects. Hierarchy is another perspective for solving 
interconnection issues in systems. One of the fundamental points differentiating nanophotnics from electronics is that 
nanophotonics is physically based on the flow of excitation, not electron transfer. This can be demonstrated simply by 
the fact that a certain nanostructure can be observed differently depending on how we see it. For instance, an object that 
has a structure with sub-wavelength precision cannot be resolved by far-field light due to the diffraction limit of light, 
but can be resolved by a near-field optical microscope (NOM), as schematically shown in Fig. 7(a) and (b). From a 
system perspective, therefore, we should deal with such hierarchical structures in nanophotonic systems in a systematic 
manner in future, but this section discusses a simple approach regarding a hierarchical optical memory system.  

To achieve ultrahigh-capacity optical data storage, various methods to increase the storage density have been pursued, 
such as shortening the operating wavelength27. With such methods, the storage density is still bound by the diffraction 
limit of light. One technique to overcome this limitation is to use optical near-fields28. These high-density optical 
memories, however, need certain seeking or scanning 
mechanisms, which might be a problem, for instance, 
when searching entire terabyte- or petabyte-scale 
memories. In dealing with this problem, we first note 
that information has hierarchy in terms of its meaning 
or quality, such as “abstract” and “detailed” 
information, “low” and “high” resolution information, 
and so forth. Similarly, as discussed below, we can find 
physical hierarchy in the different modes of light 
propagation. For example, in a near-field, a spatial 
distribution of the individual dipole moments is 
obtained, whereas in a far-field, the macroscopic 
features of the dipole moments are obtained. We 
associate these hierarchies in the system demonstrated 
in this section, that is, a hierarchical optical memory 
system having both near- and far-field readout 
functions with a simple digital coding scheme. As 
schematically shown in Fig. 7, in the far-field mode, 
low-density, rough information is read-out, whereas in 
the near-field mode, high-density, detailed information 
is read-out.  
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Fig. 7 A simple example of inherent hierarchy in nanophotonics. 
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5.2 Physical and logical hierarchy using nanophotonics   
The two-layer hierarchical memory in this section is explained using the notations far-code and near-code. The far-code 
depends on the array of bits distributed within a certain area and is determined logically to be either ZERO or ONE. 
Each far-code is comprised of multiple smaller-scale elements, whose existence is determined by the near-code. To 
obtain such information hierarchically, we introduce the following simple logical model.  
Consider an (N+1)-bit digital code, where N is an even number. Now, let the far-code be defined depending on the 
number of ONEs (or ZEROs) contained in the (N+1)-bit digital code:   

    
.otherwise0

N/2 ONEs ofnumber   theIf1
codefar

⎩
⎨
⎧ >

=−                                                      (4) 

The (N+1) digits provide a total of 2N+1 possible different permutations, or codes. Here, we note that half of them, 
namely 2N permutations, have less than N/2+1 ONEs among the (N+1) digits (i.e., far-code = 1), and the other half, also 
2N permutations, have more than N/2+1 ZEROs (i.e., far-code = 0). In other words, 2N different codes could be assigned 
to two (N+1)-bit digital sequences so that their corresponding far-codes are ZERO and ONE, respectively. We call this 
(N+1)-bit code a near-code.  

In Fig. 8, example near-codes are listed when N = 8. The correspondence between 2N original codes and the (N+1)-bit 
near-codes is arbitrary. Therefore, we need a table-lookup when decoding an (N+1)-bit near-code to the original code. 
The example near-codes shown in Fig. 8(a) are listed in ascending order, but other lookup-tables or mappings are also 
possible.  

Fig. 8(b) schematically demonstrates example codes in which a 9-bit near-code is represented in a 3 × 3 array of 
circles, where black and white mean ONE and ZERO, respectively. Here, (1) if the number of ONEs in the near-code is 
larger than five, then the far-code is ONE; and (2) if the number of ONEs in the near-code is four or less, then the far-
code is ZERO.   

Suppose, for example, that the far-code stores text data and the near-code stores 256-level (8-bit) image data. Consider 
a situation where the far-code should represent an ASCII code for “A”, whose binary sequence is “0100001”. Here, we 
assume that the gray levels of the first two pixels, which will be coded in the near-code, are the same value. (Here, they 
are at a level of “92”.) However, the first two far-codes are different (ZERO followed by ONE). Referring to the rule 
shown in Fig. 8(a), and noticing that the first far-code is ZERO and the near-code should represent “92”, the first near-
code should be “001101010”. In the same way, the second near-code is “110001011”, so that it represents the level 
“92”, while its corresponding far-code is ONE.  

The far-code is determined based on the rule given by eq. (4), which depends on the number of ONEs coded in the 
near-code. Here, we employ a simple physical model where the near-code is represented by an array of dipole moments. 
As schematically shown in Fig. 7(b), dipole moments are distributed in an xy plane, where an (N+1)-bit code is assigned 
in an equally spaced grid. (In Fig. 7(b), each of the dipole moments is assumed to be induced in a small particle which is 
placed on a circle, and the distance between adjacent particles is b. ) The electrical field at position r  in Fig. 7(b) is 

0      000000000 (0)       000011111(31)
1      000000001 (1)       000101111(47)
2      000000010 (2)       000110111(55)

92     001101010 (106)  110001011(395)
93     001101100 (108)  110001101(397)
94     001110000 (112)  110001110(398)

253    111001000 (456)  111111101(509)
254    111010000 (464)  111111110(510)
255    111100000 (480)  111111111(511)

Given
8-bit code

Near-code
(far-code = 0)

Near-code
(far-code = 1)

92

1

92

0

254

0

254

0

94

0

255

0

255

1

Far-code

Near-code

253

0

Table-lookup

“A”(a) (b)

Gray-scale value
 

 
Fig. 8 Example of logical model for the near-code and far-code. Here, the original 8-bit information is coded differently in the 
near-code depending on its corresponding far-code, which is either ZERO or ONE. 
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where ϖ  is the operating frequency, k  is the wave number, and θs  represents the position of a dipole specified by 
index θ 29. The existence of the dipole at the position θs  is given by the near-code as 
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Suppose that the pitch of adjacent dipoles is b. Here, if we assume that b<<1<<r, then eq. (5) is simplified to 
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which means that the electrical field intensity at position r is proportional to the number of ONEs given by the near-code 
in that area.  

Simulations were performed assuming ideal isotropic metal particles to see how the scattering light varies depending 
on the number of particles for the far-code using a Finite Difference Time Domain-based simulator (Poynting for 
Optics, a product of Fujitsu, Japan).  Here we assume that 80-nm-diameter particles are distributed over a 200-nm-
radius circular grid with a constant interval, as shown in Fig. 9(a). The solid circles in Fig. 9(b) show calculated 
scattering cross-sections as a function of the number of particles. The assignment of particle(s) in the grid is also shown. 
A linear correspondence to the number of particles was observed. This result supports the simple physical model 
described above.  

In order to experimentally demonstrate such principles, we obtained far-field intensity distributions of an array of Au 
particles, each with a diameter around 80 nm, was distributed over a SiO2 substrate in a 200-nm-radius circle. These 
particles were fabricated by a liftoff technique using electron-beam (EB) lithography with a Cr buffer layer. Each group 
of Au particles was spaced by 2 µm. An SEM image is shown in Fig. 9(c) in which the values indicate the number of 
particles within each group. In order to illuminate all Au particles in each group and collect the scattered light from 
them, we used a near-field optical microscope (NOM) with a large-diameter-aperture (500 nm) metallized fiber probe, 
as shown in Fig. 9(d), in an illumination collection setup. The light source used was a laser diode with an operating 
wavelength of 680 nm. The distance between the substrate and the probe was maintained at 750 nm. Fig. 9 (e) is an 
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Fig. 9 (a) Each section consists of small particles. (b, circular marks) Scattering cross-sections are calculated depending on the 
number of particles in each section. (c) SEM picture of an Au particle array. (d) Experimental setup. (e) Intensity profile captured 
for the far-code. (b, square marks) Peak-intensity of each section. 
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intensity profile captured by the probe, by which the information in the far-mode is retrieved. The solid squares in Fig. 
9(b) indicate the peak intensity of each section, which increased linearly. Since the signal level difference in the far-
mode is small when the difference in the number of particles is small, a better way of resolving signals in the far-mode 
will be required. However, the experimental results shown here represent one fundamental architecture that we can 
exploit the physical hierarchy achievable by nanophotonics.  

To summarize this section, a hierarchical optical memory system is presented in which near-fields are used to read 
detailed dipole distributions, whereas far-fields are used to detect features within a region-of-interest. Simulations and 
experimental results were also shown. With hierarchical coding, near- and far-field accesses are associated with 
different hierarchical information, which should help overcome problems involved in searching huge memory spaces. 
General analysis and design issues for hierarchical nanophotonic systems are presently under investigation.  
 

6. SUMMARY AND DISCUSSION 
 
Two architectural approaches to nanophotonic information and communication systems are discussed. One is a 
memory-based architecture which is based on table lookup using near-field interactions between QDs. In addition, 
content addressable memories, digital logic, and matrix-vector multiplication can be implemented in this architecture. 
As fundamental functional elements, a data summation mechanism, digital-to-analog conversion, and broadcast 
interconnects are presented, and their proof-of-principle experiments are demonstrated using CuCl QDs. Owing to its 
high spatial density and low power dissipation, a massive array of such functional components will be useful in 
applications such as massive table lookup operations in networking and information processing systems. Another 
approach is one focusing on hierarchy. As an example, a hierarchical memory system is presented with simulations and 
experimental results using Au particles distributed on a sub-wavelength scale.  

Generality of processing remains an open issue since it requires random access memories; other design strategies, 
such as binary decision diagrams29, are other possible candidates. Delay-line buffers are also extremely important for 
optical networks to replace the bulky optical fiber loops used for buffering30; the possibility of using nanophotonic 
devices in these applications is now being pursued11. The extremely high spatial density will also lead to novel system 
design concepts, for instance, in redundancy or fault tolerance31. In addition, further investigation of system application 
issues is indispensable, such as interconnections, hierarchical architectures, the fabrication limitations of 
nanostructures32, and new applications unachievable by other technologies. 
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ABSTRACT 
 
We report on photoluminescent properties of ultrafine ZnO nanorods and ZnO/Zn0.8Mg0.2O nanorod quantum-well 
structures. The catalyst-free metalorganic chemical vapor deposition (MOCVD) technique enables control of ZnO 
nanorod diameters in the range of 5 to 150 nm. From the PL spectra of ultrafine ZnO nanorods with a mean diameter 
smaller than 10 nm, a systematic blue-shift in their PL peak position was observed by decreasing their diameter, 
presumably due to the quantum confinement effect along the radial direction in ZnO nanorods. In addition, we obtained 
time-integrated and time-resolved PL spectra of ZnO/Zn0.8Mg0.2O nanorod single-quantum-well structures (SQWs) in 
the temperature range of 10 K to 300 K. The nanorod SQWs also showed a PL blue-shift and the energy shift was 
dependent on ZnO well layer width. The PL peak position shift originates from the quantum confinement effect of 
carriers in nanorod quantum structures. Furthermore, we investigated spatially-resolved PL spectra of individual 
nanorod SQWs using scanning near-field optical microscopy. 

Keywords: ZnO, nanorods, quantum structures, photoluminescence 

 

1. INTRODUCTION 
 
One-dimensional (1D) semiconductor nanostructures can be used for the efficient transport of electrons and optical 
excitations, and are thus potentially ideal functional components for nanometer-scale electronic and optoelectronic 
device fabrication.1-3 Among numerous semiconductors, ZnO has attracted increasing interest due to its unique electrical 
and optical properties: ZnO has a direct band-gap (Eg = 3.37 eV) with a large exciton binding energy (60 meV)4-8. 
Recent demonstration of room-temperature ultraviolet lasing in ZnO nanowires stimulated extensive research activities 
on these nanostructures5. Furthermore, heteroepitaxial nanorod quantum structures may greatly enhance versatility and 
improve performance of the nanoscale devices, as various heterojunction planar devices have been proposed, including 
nanoscale resonant tunneling devices, field effect transistors, and light-emitting devices9,10. Nevertheless, difficulties in 
fabricating nanorod heterostructures have not allowed careful characterization of their intriguing properties. 

Optical characterization methods such as photoluminescence (PL) spectroscopy requiring no physical contacts are 
useful for defect characterization of the nanomaterials since it is difficult to make reliable metal contacts on nano-scale 
materials. In particular, low temperature PL spectroscopy is a very sensitive tool for characterizing radiative defects.11,12 
Nevertheless, low temperature PL spectroscopy of semiconductor nanorods has not been extensively investigated. In 
addition, time-resolved PL (TRPL) is a non-destructive and powerful technique for the optical characterization of 
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semiconductor thin films. Recently, TRPL measurements of ZnO nanorods have shown that the radiative recombination 
rates of ZnO nanorods, depending on their size, are different from those of ZnO bulk material epilayers.13 In addition, 
time-resolved second-harmonic generation and transient PL spectroscopy for ZnO nanowires and nanoribbons have 
been studied.14 Recently, we fabricated high quality ZnO nanorods and ZnO/Zn0.8Mg0.2O nanorod heterostructures using 
the catalyst-free metalorganic chemical vapor deposition (MOCVD) method: the monolayer control capability enables 
us to grow ZnO nanorods with diameters smaller than 10 nm, and single quantum well heterostructures with atomically 
sharp interfaces.9 Here, we report on time-integrated and time-resolved PL properties of ultrafine ZnO nanorods and 
ZnO/Zn0.8Mg0.2O nanorod SQWs. 

2. EXPERIMENTAL  
 
For ZnO nanorod growth, we used the metalorganic chemical vapor deposition (MOCVD) method without the aid of 
any catalyst.9 This non-catalytic approach can avoid unintentional impurity doping from metal catalysts which have 
been used for metal-catalyst vapor-liquid-solid nanowire growth and may be a source of defect centers.5 In our MOCVD 
technique, variation of growth temperature controlled the nanorod diameter. Ultrafine ZnO nanorods with diameters 
smaller than 10 nm were prepared at high temperatures of 800−1000°C while low growth temperatures of 400−600°C 
yielded thick nanorods with diameters larger than 20 nm. During nanorod growth, oxygen and diethylzinc (DEZn) flow 
rates, used as the reactants, were in the range of 20 sccm and 1.0–3.0 sccm at DEZn bubbler temperatures of –15 °C, 
respectively. Typical growth time was in the range of 0.5−2 hour.  

An arbitrary Zn1-xMgxO/ZnO quantum well structure, one of the most sophisticated heteroepitaxial structures, can be 
fabricated in nanorods by controlling layer thickness down to a few Å. Here we employed a Zn1-xMgxO (x < 0.3) alloy 
layer as a barrier layer because it has a lattice mismatch less than 1 % as well as a larger fundamental band gap energy 
than that of ZnO.16 ZnO well layer thickness (Lw) ranged from 1.1 to 9 nm, while the thicknesses of Zn0.8Mg0.2O bottom 
and top barrier layers in nanorod SQWs were fixed to be 30 and 6 nm, respectively. For Zn1-xMgxO layer growth, bis-
cyclopentadienyl-Mg (cp2Mg) was used as the Mg precursor and the Mg concentration was controlled by changing the 
Mg precursor partial pressure.16 Energy dispersive X-ray spectroscopy in a transmission electron microscopy chamber 
was used to determine the average Mg concentration in the (Zn,Mg)O layers to be about 20 at.%.  

 

Fig.1. Schematic diagrams of (a) single-quantum-well nanorod structures consisting of Zn0.8Mg0.2O/ZnO/Zn0.8Mg0.2O on 
the tips of ZnO nanorods and (b) near-field spectroscopy of the isolated ZnO SQWs on the ends of ZnO nanorod. 

For optical characterizations of the materials, both the time-integrated PL (TIPL) and TRPL of the ZnO films and 
nanorods were measured. TIPL measurements were performed using a continuous wave He-Cd laser (λ=325 nm) as the 
excitation source. Details on the TIPL measurements have previously been reported.17 A TRPL measurement system 
consists of a femtosecond Ti:sapphire oscillator, a home-built multi-pass Ti:sapphire amplifier operating at 5 kHz, a 
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frequency tripler, and a time correlated single photon counting system employing a microchannel plate photomultiplier 
tube. The fundamental output of the Ti:sapphire amplifier at 800 nm was frequency tripled to 267 nm (4.65 eV), and 
used as an excitation light. The instrumental response of the entire system was 39 ps (FWHM), providing ~8 ps time-
resolution with deconvolution. To confirm the promising optical properties of individual ZnO SQWs, we used 
collection-mode scanning near-field optical microscopy (SNOM) at 15K, in which a He-Cd laser was used for the 
excitation. We used a UV fiber probe with an aperture diameter of 30 nm [Fig. 1(b)]. 

3. RESULTS AND DICUSSION 
 
3.1. Photoluminescent properties of ZnO nanorods 

Figures 2(a) and (b) show typical field-emission SEM (FE-SEM) images of thick and ultrafine ZnO nanorods, respectively. 
Ultrafine ZnO nanorods grown at 800 ºC exhibited a very thin diameter of 9 nm and a long length above 3 µm while thick 
ZnO nanorods grown at 500 ºC showed a mean diameter of 30–45 nm. Thick ZnO nanorods are vertically well aligned but 
ultrafine nanorods are randomly oriented, as shown in Fig. 2. 

10 nm 1 �m

(a) (b) (c)

 

Fig. 2. FE-SEM images of thick ZnO nanorods with a mean diameter of 35 nm (a) and ultrafine ZnO nanorods with a 
mean diameter of 9 nm (b) and a TEM image of an ultrafine ZnO nanorod (c). 

More detail in the crystal structure of ultrafine ZnO nanorods was investigated using high-resolution TEM (HR-TEM). The 
HR-TEM image in Fig. 2(c) shows that the diameter of an ultrafine ZnO nanorod is as small as 7 nm with a normalized 
standard deviation value (a standard deviation divided by a mean) of 0.2–0.3. Furthermore, the TEM images displayed a 
highly ordered lattice image of the ultrafine ZnO nanorod, indicating that ZnO nanorods are almost defect-free and single 
crystalline.  

 

Fig. 3. Room temperature PL spectra of both ultrafine and thick ZnO nanorods with different mean diameters of 8±3.2 
nm, 9±3.1 nm, 12±2.9 nm, and 35±4.1 nm. 
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Figure 3 shows room temperature PL spectra of ZnO nanorods with various mean diameters of 8±3.2 nm, 9±3.1 nm, 12±2.9 
nm, and 35±4.1 nm. A dominant PL peak emission for the 35 nm-thick ZnO nanorods is located at 3.285 eV, and the peak 
position is almost the same of that for bulk ZnO15, 16. For ultrafine ZnO nanorods with diameters of 12, 9, and 8 nm, 
dominant peak energies are 3.301, 3.316, and 3.327 eV with corresponding peak shifts of 16, 31, and 42 meV, respectively. 
A larger blue-shift in the PL peak position for smaller nanorod diameter strongly suggests the 1D quantum confinement 
effect in ZnO nanorods. It is also noted that the energy shifts ( E∆ ) in our nanorods are much smaller than the reported 
value of 14-nm (120 meV) in PL spectra from 6-nm-thick ZnO nanobelts.18 For quantitative understanding of this quantum 
size effect, we calculated the energy shift ( E∆ ) for a cylindrical potential based on an effective mass model with a simple 
finite potential barrier. In these calculations, we employed the previously reported values for effective masses of electrons 
and holes of ZnO: 0.28 m0 and 1.8 m0, respectively19. The calculated values of E∆  were 24, 44, and 55 meV for their 
diameters of 12, 9, and 8 nm, respectively. In this simplified model, Coulomb interaction between electrons and holes, which 
reduces E∆ , was not considered but this may cause a larger energy shift in calculation than the experimental values. 
Nevertheless, these simple calculations strongly support the possibility that a blue-shift in the PL spectra of ultrafine ZnO 
nanorods results from the diameter-dependent quantum confinement effect. 

 

3.2. Photoluminescent properties of ZnO/ZnMgO nanorod heterostructures 

A schematic of ZnO/Zn0.8Mg0.2O nanorod QWs is shown in Fig. 1. ZnO well layer thickness (Lw) investigated in this 
study ranged from 11 to 90 Å while the thicknesses of Zn0.8Mg0.2O bottom and top barrier layers in nanorod single-
quantum-well (SQW)s were fixed to 300 and 60 Å, respectively. Electron microscopy images reveal the general 
morphology of ZnO/Zn0.8Mg0.2O nanorod SQW arrays. The nanorod SQWs with a mean diameter of 40 nm were well-
aligned vertically over Al2O3(0001) substrates. Typical mean lengths of ZnO/Zn0.8Mg0.2O nanorod SQWs were 
ascertained to be 970±20 nm. The normalized standard deviation value in length distributions was as small as 0.02, 
indicating that the nanorod SQWs exhibit uniform length distribution, which also implies uniform ZnO well width 
distribution.  

 

Fig. 4. (a) 10 K PL spectra of ZnO/Zn0.8Mg0.2O nanorod heterostructure and SQWs with different ZnO well layer widths. 
(b) ZnO well layer width vs PL peak energy position in ZnO/Zn0.8Mg0.2O nanorod SQWs (closed circles) and theoretically 
calculated values (dashed curves). 

 

Figure 4(a) shows low temperature PL spectra of ZnO/Zn0.8Mg0.2O nanorod heterostructure (with Zn0.8Mg0.2O layer 
thickness of ~200 nm) and SQWs with different ZnO well layer widths. As shown in Fig. 4(a), the nanorod 
heterostructure exhibited PL peaks only at 3.360 eV (IZnO) and 3.58 eV (IZnMgO) from ZnO nanorod stems and ZnMgO 
layers, respectively. No peak was observed between the ZnO and ZnMgO peaks. However, the nanorod SQWs 
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exhibited PL peaks at 3.360–3.366 eV and 3.375–3.518 eV, and the PL peak energy blue-shifted from 10 to 160 meV as 
the well layer width decreased from 90 to 11 Å. Furthermore electroreflectance spectra of the nanorod quantum 
structures clearly exhibited the existence of the quantized state. Variation in the IQW peak energy depending on the ZnO 
well layer width, as well as theoretical predictions in finite square-well potential, are depicted in Fig. 4(b). In this 
calculation, we employed the following parameters;20 0.28m0 and 1.8m0 for the effective masses of electrons and holes 
in ZnO, respectively, the ratio of conduction and valance band offsets (∆Ec/∆Ev) of 9, and the band gap offset (∆Eg) of 
250 meV. The experimental data agrees well with the results from theoretical calculations, indicating that the systematic 
increase in the PL emission peak by reducing the well layer width results from the quantum confinement effect. 

Further experiments on temperature-dependent evolution of the PL peaks in ZnO/Zn0.8Mg0.2O nanorod SQWs confirms 
the origin of the PL peaks. Figure 5 exhibits the typical PL spectra of ZnO/Zn0.8Mg0.2O nanorod SQWs with Lw of 30 Å 
measured in the temperature range from 10 to 300 K. At 10 K, the strong and sharp peak (I2) due to bound exciton 
recombination in ZnO nanorod stems was observed at 3.361 eV, while the broad peak (IQW) with a FWHM of 70 meV 
appeared at 3.45 eV. The IQW peak originated from the recombination of excitons at the thin ZnO well layers in the 
nanorod SQWs. As the temperature increased, the peak intensity drastically decreased and almost disappeared at 
temperatures above 90 K, whereas the IQW peak quenched rather slowly and survived even at RT. 

It is remarkable that the nanorod SQWs showed excellent PL properties including strong RT luminescence, even though 
the nanorod SQWs were grown on Si substrates with a large lattice mismatch with ZnO. Since the PL thermal 
quenching rate is generally dependent on interface quality, the low thermal quenching and strong PL at RT implies a 
high structural quality of SQWs with clean ZnO/ZnMgO interfaces. High resolution TEM also confirmed that most 
defects due to large lattice mismatches were formed at the interface of ZnO/substrate rather than inside the nanorod 
SQWs,1 which leads to improved interface quality of the ZnO/ZnMgO quantum well layer on nanorods. 

The PL spectra clearly show temperature-dependent behavior of Iex
ZnO, I2

ZnO and IQW peak positions. The free exciton 
peak (Iex

ZnO) and I2
ZnO energies decreased with band gap energy shrinkage according to Varshni’s formula as generally 

observed from ZnO bulk crystals and films.21 However, the IQW emission peak position exhibits so-called “S-shaped” 
behavior, i.e., a red–blue–redshift of the peak position with increasing temperature.23 As traced by the solid curve in Fig. 
5, the IQW peak shows a blueshift of 7 meV in the range of 50–180 K. The blue-shift in the temperature-dependent PL 
emission is frequently observed from diverse semiconductor thin films with quantum structures, and has been explained 
in terms of localized states or a piezoelectric field (PEF) effect.22,23  

 

Fig. 5. Temperature-dependent PL spectra of ZnO/Zn0.8Mg0.2O SQW nanorods with a well layer width of 30 Å at 10-300 K. 
 

In addition to the TIPL, TRPL spectra of ZnO/Zn0.8Mg0.2O nanorod SQWs were measured in order to investigate 
exciton dynamics in nanorod SQWs. Figure 6 shows TRPL signals measured at photon energies of 3.36 and 3.43 eV, 
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which correspond to I2
ZnO emitted from ZnO nanorod stems and IQW emitted from thin ZnO single quantum wells in the 

nanorods, respectively. Both I2
ZnO and IQW peak positions from TRPL data fit well with a double exponential decay 

curve function with a 25–30 ps rise component. Double-exponential decay behavior was observed from epitaxial ZnO 
thin films,16 which strongly suggests that two different decay and/or capture processes are involved in the emission.  

 

Fig. 6. TRPL data of bound exciton (I2ZnO) emitted from ZnO nanorod stems and IQW emitted from thin ZnO quantum well 
layers obtained from ZnO/Zn0.8Mg0.2O nanorod SQWs with a well layer width of 30 Å. 
 

The TRPL of IQW shows a slower decay than that of I2
ZnO. From the curve fittings, the decay time constants of IQW are 

estimated to be 170 and 580 ps, much longer than those of I2
ZnO, 56 and 330 ps. The different PL lifetimes of IQW and 

I2
ZnO can be explained in terms of size-dependent light-matter interaction in low dimensional nanostructures.14 In 

particular, light-matter interaction based on exciton-polariton pictures predicted that radiative recombination time 
increases as size decreases in cases where particle size is small enough to be comparable to the exciton Bohr diameter.17 
Additionally, the thermal release effect of excitons from localized to delocalized states at the wells might also increase 
the PL life time.15,18,19 

Even though giant exciton-polariton coupling has been predicted in low dimensional quantum structures,24 recent 
experiments have shown strongly quenched excitonic emission of nanoparticles.25 This discrepancy may result from 
nonradiative processes, such as surface state trapping and defect-mediated deep level traps, and multi-phonon scattering. 
In addition, in quantum wells or dots buried in barriers with wider band gaps, carrier leakage through poor hetero-
interfaces leads to an increase of a nonradiative recombination rate, and thus decreases of PL lifetimes.26 From this point 
of view, it is remarkably noted that the decay time constants (170 and 580 ps) of IQW in nanorod SQWs is comparable to 
or even longer than those of localized excitons (88–190 ps) measured in a series of ZnO/ZnMgO MQW thin films by 
Chia et al.25 

In the near-field spectra, the emission peaks at 3.365 and 3.52 eV originate from the neutral-donor bound exciton (DOX) 
in the ZnO stem, and the free exciton in ZnMgO layers, respectively, which correspond to those of far-field spectra 
[dashed curves in Fig. 7(a)]. However, at the well layer, the emission from DOX was suppressed, while the blue-shifted 
PL emission peak emerged at 3.499 (Lw = 2.5 nm), 3.444 (Lw = 3.75 nm), and 3.410 eV (Lw = 5.0 nm), respectively. The 
value of the blue shift was consistent with the theoretical prediction using the finite square-well potential of the quantum 
confinement effect in the ZnO well layer. Spatial distributions of the optical near-field intensity for ZnO SQWs of Lw = 
3.75 nm [Figs. 7(b) and 7(c)] also supported the theory that the blue-shifted emission peaks were confined to the end of 
the ZnO stem. Furthermore, their spectral width (3 meV) for ZnO SQWs of Lw = 2.5 nm and Lw = 3.75 nm were much 
narrower than those of far-field spectra (40 meV). 

In order to estimate the linewidth of the isolated ZnO SQWs, we observed the power-dependent PL spectra of Lw = 
3.75 nm [Fig. 8(a)] at various excitation densities ranging from 0.6 to 4.8 W/cm2. The line shape of each spectrum can 
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be reproduced by the Lorentzian function indicated by the solid line. As shown in Figs. 8(b) and 8(c), the integrated PL 
intensity (IPL) linearly increases and the homogeneous width (∆) is maintained constant around 3 meV. These results 
indicate that the emission line at 3.444 eV can be identified as emission from a single-exciton state in ZnO SQWs, and 
the linewidth of the PL spectra is governed by homogeneous broadening, owing to the internal electric field effect in 
ZnO27 or large stem width (40 nm). 
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Fig. 7. (a) Size-dependent PL spectra of isolated ZnO nanorod SQWs with LW = 2.5 nm (FFa, NFa), 3.75 nm (FFb, NFb), 
and 5.0 nm (FFc, NFc), respectively, obtained at 15 K. FF: far-field spectrum of vertically aligned ZnO nanorod SQWs. NF: 
near-field PL spectrum of the isolated ZnO SQWs obtained at the well layer. Near-field intensity distributions of the 
isolated ZnO SQWs (LW = 3.75 nm) obtained at (b) 3.365 and (c) 3.444 eV, respectively. 
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Fig. 8. (a) Low-temperature (15 K) near-field PL spectrum of the isolated ZnO SQWs (LW=3.75 nm) at various excitation 
densities ranging from 0.6 to 4.8 W/cm2. Power dependence of (b) integrated PL intensity IPL and (c) linewidth (∆). 

 
 

Proc. of SPIE  601301-7



 

 

4. CONCLUSIONS 
 
In summary, we investigated the photoluminescent properties of ZnO single-crystal nanorods and ZnO/Zn0.8Mg0.2O 
SQW nanorods grown by catalyst-free MOCVD. Both materials exhibited free exciton peaks at 10 K with an extremely 
weak deep level emission, indicating high optical quality of materials. The excitonic emission peaks of the ultrafine 
ZnO nanorods were blue-shifted, presumably because of the quantum confinement effect along the radial direction in 
ZnO nanorods. The PL spectra of ZnO/Zn0.8Mg0.2O SQW nanorods showed strong ZnO well layer width dependence 
and a blue-shift of the near-bandedge emission peak. Temperature-dependent PL spectra of ZnO/Zn0.8Mg0.2O SQWs 
exhibited slow thermal quenching and a red-blue-redshift of the peak position of IQW with increasing temperature. In 
addition, TRPL showed that PL decay time constants of IQW (170 and 580 ps) were larger than those of ZnO nanorods 
(56 and 330 ps). Furthermore, spatially-resolved PL spectra of the isolated nanorod QWS were measured using SNOM, 
which exhibited a very narrow PL peak from the quantum well embedded in the nanorod. 
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Abstract — This paper introduces resent successes in 
nanophotonics utilizing local electromagnetic interactions 
between a few nanometric elements (i.e., an optical near-field 
interaction). Each section of this paper reviews 
nanophotonic devices, nanofabrications, and systems to 
operate nanophotonic devices efficiently. Using CuCl 
quantum dots, the operations of an optical switch with 20-
nm in size (i.e., a nanophotonic switch) and nanometric 
optical condenser, which attract optical energy into a 10-nm 
spot (i.e., an optical nano-fountain) were experimentally 
verified. Power consumption of these devices is only 
1/100,000 as high as that of the conventional electronic 
devices. A nonadiabatic photochemical reaction using optical 
near field enables secure and low-cost nanofabrication by its 
applications to an optical chemical vapor deposition (CVD) 
and a photolithography. The novel photochemical reaction 
dissociate a stable (optically inactive) molecule (Zn(AcAc)2), 
and expose even UV photoresist using a visible light source. 
Novel nanophotonic systems, a nanophotonic computing 
architecture based on high-density table lookup are also 
discussed for a telecommunication and a date processing in 
nanophotonics. A high-density packaging of nanophotonic 
devices enables a nanometric optical content addressable 
memory and a digital-to-analog converter. 

Keywords — Nanophotonics, Optical near field, Energy 
transfer, nanofabrication, nanophotonic system 
 

I. INTRODUCTION 

We first present possible technical problems that are 
faced by the future optical technology in order to explain 
the motivation [1].  

Optical fiber transmission systems require increased 
integration of photonic devices if data transmission rates 
are to reach as high as 10 Tb/s by the year 2015. To 
support this increase, it is estimated that the size of 
photonic matrix switching devices should be reduced to a 
100-nm scale, to integrate more than 10000×10000 input 
and output channels on a substrate. Since conventional 
photonic devices, e.g., diode lasers and optical 
waveguides including photonic crystals, have to confine 
the lightwave within their cavities and core layers, 
respectively, their minimum sizes are limited by the 
diffraction of light. Therefore, they cannot meet this 
requirement, because the required size is beyond this 
diffraction limit.  

Progress in electronic device technology, e.g., CPU and 
DRAM, has been supported by progresses in 
photolithography. It is anticipated that it should be 

possible to fabricate patterns narrower than 50 nm by the 
year 2010. Although several methods using special light 
sources, e.g., an extreme ultraviolet (UV) light source and 
a synchrotron radiation light source, have been developed, 
they require linewidth that far exceeds the diffraction 
limit of visible light.  

From these points, it can be readily understood that a 
novel optical nanotechnology that goes beyond the 
diffraction limit is required in order to support the optical 
science and technology of the 21st century. To meet this 
requirement, M. Ohtsu has proposed a novel technology, 
called nanophotonics [2]. Nanophotonics is defined as a 
technology that utilizes local electromagnetic interactions 
between a small nanometric element and an optical near 
field (ONF). Since ONF is free from the diffraction of 
light due to its size-dependent localization and resonance 
features, nanophotonics enables the fabrication, operation, 
and integration of nanometric devices. The primary 
advantage of nanophotonics is its capacity to realize novel 
functions based on local electromagnetic interactions. It 
should be noted that some of the conventional concepts of 
wave optics, such as interference, are no longer essential 
in nanophotonics. Instead, concepts of surface elementary 
excitation and nanofabrication technology are essential.  

Section II outlines of the nanophotonic devices which 
we proposed. Its function is based on a unique ONF 
energy transfer, which is allowed between nanometric 
elements by the exchange of near-field photons. 
Operations of a nanophotonic switch and an optical nano-
fountain are described. Section III reviews the chemical 
vapor deposition (CVD) process and photolithography 
using ONF. An essential feature of ONF interactions 
allows a nonadiabatic photochemical reaction which is 
applicable to these fabrication methods. Section IV 
reviews novel approach of a nanophotonics from a system 
architecture perspective, considering the unique physical 
principles provided by ONF interactions and the 
functionality required for practical applications. Section 
VIII summarizes the main points discussed in this paper. 

II. NANOPHOTONIC DEVICES 

The energy transfer from smaller to larger quantum dots 
(QDs) have been studied by the spectrally, spatially, and 
time resolved experiment [3]. We proposed the model for 
the unidirectional resonant energy transfer between QDs 
via ONF interaction and observed the energy transfer 



among randomly dispersed CuCl QDs using the ONF 
spectrometer [4]. The theoretical analysis and time 
evolution of the energy transfer via ONF interaction were 
also discussed [5, 6].  Crooker et al. also studied the 
dynamics of exciton energy transfer in close-packed 
assemblies of monodisperse and mixed-size CdSe 
nanocrystal QDs, and reported the energy-dependent 
transfer rate of excitons from smaller to larger dots [7].  
Nanophotonic devices which we proposed are realized by 
controlling this energy transfer [8-11]. 

Fig. 1.  Schematic mechanism of the proposed nanophotonic 
switch using cubic QDs.  The arrows input, output, and control 
refer to the switching system interface. 

 
Energy eigenvalues for the quantized exciton energy 

level in a cubic QD with the side length of L are given by  
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where EB is the bulk exciton energy, M is the translational 
mass of exciton, aB is exciton Bohr radius and (nx, ny, nz) 
are quantum numbers (=1, 2, 3,...), and d = (L-aB) 
corresponds to an effective side length given by 
consideration of the dead layer correction. When three 
cubic QDs with effective side lengths of ,d  2 ,d  and 
2d are closely spaced, as shown in Fig.1, the switching 
operation is expected. The quantized energy sublevels 
(2,2,2) in Control Dot, (2,1,1) in Output Dot, and (1,1,1) 
in Input Dot resonates with each other.  Under such 
resonant conditions, the coupling energy of near-field 
interaction between two resonant energy states is given by 
the following Yukawa-type function; 

r
rArV )exp()( ⋅−= µ  .                                        (2) 

Here, r is a separation between two QDs, A is a coupling 
coefficient. The values A should be determined from the 
experiment essentially, however, we estimated it from the 
result of the previous work on the interaction between a 
Rb atom and the near-field probe.  Assuming that the 
separation r between two QDs is equal to 10 nm, the 
transition time is about 100 ps which is much shorter than 
the few ns carrier lifetime.  In addition, inter sub-level 
transition is generally less than few ps and is much shorter 
than the transition time due to near-field coupling.  Thus, 

the switching operation is permitted by the following 
mechanisms.   

In the OFF state, i.e., without the control signal, almost 
all of the exciton energy in Input Dot is transferred to the 
(1,1,1) level in Control Dot, and finally, the input energy 
is dissipated from Control Dot by a recombination 
radiation, and consequently no optical output signals are 
generated from Output Dot.  In the ON state, i.e., with the 
control signal, by contrast, the escape routes to Control 
Dot are blocked by the excitation of Control Dots, due to 
state filling in Control Dot by applying the control signal. 
Thus, the input energy is transferred to Output dot and an 
optical output signal is generated.  

We used cubic CuCl QDs in a NaCl matrix as a device 
material. For CuCl QDs, any other possible energy 
transfer except for the ONF interaction, such as carrier 
tunneling, Coulomb coupling, and so on, can be neglected 
because a carrier wave function is localized in cubes due 
to deep potential depth of more than 4 eV and the 
Coulomb interaction is weak due to small exciton Bohr 
radius of 0.68 nm. The conventional optical energy 
transfer is also negligible, since the transition to the 
energy levels with an even principal quantum number in 
the cubic CuCl QDs are optically-forbidden, due to the 
long-wave and point-dipole approximations. However, 
the ONF interaction, which is incommensurate to such 
approximations, becomes a finite value, as mentioned 
above. Namely, this nanophotonic switching operation is 
ensured by the one of the essential features of ONF.   

To realize the switching operation, the fiber probe was 
carefully scanned to search for a trio of QDs that satisfied 
an effective size ratio of 2:2:1  for the switching 
operation.  Since the homogeneous linewidth of a CuCl 
QD increases with temperature, the allowance in the 
resonatable size ratio is 10 % at 15 K.  The separation of 
the QDs must be less than 30 nm for the proposed 
switching operation, because the energy transfer time 
increases with separation; however, it must be shorter 
than the exciton lifetime.  It is estimated that at least one 
trio of QDs exists in a m2m2 µ×µ      scan area that 
satisfies these conditions.  To demonstrate the switching 
operation, we found a QDs trio in the sample whose sizes, 
L, were 3.5, 4.6, and 6.3 nm.  Since their effective sizes d 
were 2.8, 3.9, and 5.6 nm, the size ratio was close to 

2:2:1   and they could be used as Input Dot, Output 
Dot, and Control Dot, respectively.  In the experiment, 
SHG of Ti:sapphire lasers (λ= 379.5 nm and λ=385 
nm), which were tuned to the (1,1,1) exciton energy levels 
in Input Dot and Control Dot, respectively, were used as 
the input and the control light sources. The output signal 
was collected by the fiber probe, and its intensity was 
measured by a cooled micro-channel plate after passing 
through three interference filters of 1-nm bandwidth tuned 
to the (1,1,1) exciton energy level in Output Dots at 
λ=383 nm. 



Fig. 2. Spatial distribution of the output signal from the 
nanophotonic switch measured by a near-field microscope, in 
the OFF (a) and ON (b) states. 

 
Figures 2 (a) and (b) show the spatial distribution of the 

output signal intensity in the OFF state and the ON state, 
using near-field spectroscopy at 15 K.  The insets in Fig. 
2 are schematic drawings of the existing QD trio used for 
the switching, which was confirmed by the near-field 
luminescence spectrum.  Here the separation of the QDs 
by less than 20 nm was theoretically estimated from time-
resolved measurements, as explained in the next 
paragraph.  In the OFF state, no output signal was 
observed, because the energy of the input signal was 
transferred to Control Dot and swept out as luminescence 
at 385 nm.  To quench the output signal in the OFF state, 
which is generated by exciton accumulation in Control 
Dot, the input signal density in Control Dot was regulated 
to less than 0.1 excitons.  In the ON state, we obtained a 
clear output signal in the broken circle.  The output signal 
was proportional to the intensity of the control signal, 
where its density in Control Dot was 0.01 ~ 0.1 excitons.  
The internal quantum efficiency was close to 1.  

Next, the dynamic behavior of the nanophotonic switch 
was evaluated by using the time correlation single photon 
counting method. As a pulse-control light source, the 385-
nm SHG of a mode-locked Ti-sapphire laser was used.  
The repetition rate of the laser was 80 MHz.  To avoid 
cross talk of the input and control signals, which 
originates from spectral broadening for the pulse duration, 
the pulse duration of the mode-locked laser was set to be 

10 ps.  The time resolution of the experiment was 15 ps.  
Figure 3 shows the time evolution of the control pulse 
signal (upper part) applicable to Control Dot and the 
output signal (lower part) from Output Dot.  The output 
signal rises synchronously within less than 100 ps, with 
the control pulse.  As this signal rise time is determined 
by the energy transfer time, the separation between the 
QDs can be estimated from the rise time as being less 
than 20 nm. The rise time can be shortened to a few ps by 
decreasing the separation of the QDs.  Since the decay 
time of the output signal is limited by the exciton lifetime, 
this nanophotonic switch is able to operate at a few 
hundred MHz, and it is anticipated that the operation 
frequency can be increased to several GHz by means of 
exciton quenching using a plasmon coupling.  The ON-
OFF ratio was about 10, which is sufficient for use as an 
all-optical switch, and can be increased by a saturable 
absorber and electric field enhancement of the surface 
plasmon.   

Fig. 3. Time evolution of the control pulse signal (upper part) 
and the output signal (lower part) from the nanophotonic switch 
at the broken circle in Fig. 2 (b).  The duration and repetition 
rate of the control pulse were 10 ps and 80 MHz, respectively. 

 
The advantages of this nanophotonic switch are its small 

size and high-density integration capability based on the 
locality of ONF.  The figure of merit (FOM) of an optical 
switch should be more important than the switching speed.  
Here, we have defined the FOM as F=C/(V•tsw•Psw), 
where C, V, tsw, and Psw are the ON-OFF ratio, the volume 
of the switch, the switching time, and the switching 
energy, respectively.  The FOM of our demonstrated 
switch is more than 10 times higher than that of a 
conventional photonic switch, because its volume and 
switching energy are 10-5 times and 10-3 times smaller, 
respectively. Power consumption of these devices, which 
generates heat is only 1/100,000 as high as that of the 
conventional electronic devices, because only the 
sublevel transition generates heat which is less than 30 
meV/cycle at room temperature operation. We consider 
this ultra low heat generation is most important advantage 
of the nanophotonic device. 

As we and other research groups mentioned, the 
principle of the energy transfer among QDs is equivalent 
to that of the light-harvesting photosynthetic system, 
which skillfully concentrates and harvests optical energy 



in nanometric photosynthetic systems.  The 
photosynthetic purple bacteria Rhodopseudomonas 
acidophila has two light-harvesting antennae: LH1 and 
LH2.  LH1 contains a 32-bacteriochlorophyll (BChl) ring, 
and LH2 contains a B800 ring with 9 BChls and a B850 
ring with 18 BChls.  They harvest photons and efficiently 
transfer the excitation energy from B800 to LH1, where 
the excitonic energy of B800 is higher than that of LH1.  
This unidirectional energy transfer is due to the 
nanometric dipole-dipole interaction, i.e., an ONF 
interaction, among BChl rings with low energy 
dissipation.  The optical energy concentrator “optical 
nano-fountain”, which we propose, operates in the same 
manner as the light harvesting system in the 
photosynthetic bacteria [10]. 

Fig. 4. (a) Schematic explanation of the optical nano-fountain 
and unidirectional energy transfer. (b) Spatial distribution of the 
luminescence intensity in an optical nano-fountain.  The bright 
spot surrounded by a broken circle is the focal spot. 

 
When different sized QDs with resonant energy 

sublevels are distributed as shown in Fig. 4(a), energy 
transfer occurs via ONF, as illustrated by the arrows.  
Light incident to the QD array is ultimately concentrated 
in the largest QD.  The size of the area of light 
concentration corresponds to that of the QD.  Therefore, 
this device realizes nanometric optical concentration.  
Since the mechanism of the optical nano-fountain is 
similar to that of the light-trapping system in 
photosynthetic bacteria, the operation of the optical nano-
fountain is a biomimetic action.  The device proposed 
here is called an “optical nano-fountain” because light 
spurts from the largest QD after it is concentrated by 
stepwise energy transfer from smaller neighboring QDs.  
In action, the device looks like a fountain in a basin.   

For the operation, we maintained a sample at the 
optimum temperature T (40 K).  At T<40 K, the resonant 
condition becomes tight due to narrowing of the 
homogeneous linewidth of the quantized energy sublevels, 
while at T>40 K, the unidirectional energy transfer is 
obstructed by the thermal activation of excitons in the 
QDs.  A 325-nm He-Cd laser was used as the excitation 
light source.  A double-tapered UV fiber probe with an 
aperture 20 nm in diameter was fabricated using chemical 
etching and coated with a 150-nm-thick Al film to ensure 
sufficiently high detection sensitivity.  We have never 
observed luminescence of the exciton molecules due to 
the low excitation density of less than 1 W/cm2.  At 40 K, 
it is not so difficult to find the QD array acting as optical 
nano-fountain.  We found about one optical nano-fountain 
in 5x5 µm2 region on the sample surface experimentally. 

Figure 4 (b) shows the typically spatial distribution of 
the luminescence emitted from QDs that operates well as 
an optical nano-fountain.  Here, the collected 
luminescence photon energy, Ep, was 3.215 
eV≤Ep≤3.350 eV, which corresponded to the 
luminescence from QDs of size 2.5nm≤L≤10nm.  The 
bright spot inside the broken circle corresponds to a spurt 
from an optical nano-fountain, i.e., the focal spot of the 
nanometric optical condensing device.  The diameter of 
the focal spot was less than 20 nm, which was limited by 
the spatial resolution of the near-field spectrometer.  
From the Rayleigh criterion (i.e., resolution=0.61•λ/NA), 
we obtained its numerical aperture (NA) of 12 for 
λ=385nm.  

By conventional fabrication method, it is difficult to 
fabricate the nanophotonic devices, such as the QDs trio 
functioning as the optical switch, because it is required 
that the designed sized QDs are placed at designed 
positions which are closely spaced.  Therefore, we are 
now researching materials, fabrication methods, and 
systems, such as ZnO dots [12], near-field optical 
chemical vapor deposition, and a plasmon wave-guide 
[13], respectively, for the realization of actual 
nanophotonic devices.  Based on these results, we hope 
that these nanophotonic-device systems will have 
applications in the future data transmission systems. 

II. NANOFABRICATION USING OPTICAL NEAR FIELD 

First, the near-field optical chemical vapor deposition 
(NFO-CVD) is reviewed here [14-16].  In NFO-CVD, 
ultra-high purity argon (Ar) was used as a buffer gas and 
diethylzinc (DEZn) as a reacting molecular gas source.  A 
He-Cd laser (λ=325 nm) was used as the light source, 
which had a photon energy ω (=3.81 eV) that was nearly 
resonant to the absorption band edge Eabs of DEZn 
(4.13eV). The Ar+ (λ= 488 nm:2.54 eV) and diode 
(λ=684 nm:1.81 eV) lasers were used as nonresonant light 
sources.  The fiber probe used for NFO-CVD was a high 
throughput single tapered fiber probe, which was 
fabricated by pulling and etching a pure silica core fiber.  



The cone angle of the fabricated fiber probe was 30 
degrees and its apex diameter was 30 nm.  Here we used a 
bare fiber probe for the deposition.  Therefore, ONF was 
generated by light leaking through the circumference of 
the fiber probe, while ONF was generated at the apex.  
The separation between the fiber probe and the sapphire 
substrate was controlled to within several nanometers by 
using a shear-force technique.  The sizes of the deposited 
Zn dots were measured using a shear-force microscope.  
During deposition, the partial pressure of DEZn was 100 
mTorr and the total pressure in the chamber was 3 Torr.   

Fig. 5. Shear-force topographical images after NFO-CVD at 
photon energy of ω  = 3.81 eV (a), 2.54 eV (b), and 1.81 eV 
(c) for DEZn.  (d) A topographical image after NFO-CVD at 
photon energy of ω = 2.71 eV for Zn(acac)2.  
 

Figure 5 shows the shear-force topographical images of 
the sapphire substrate after NFO-CVD using ONF with 
photon energies of 3.81 eV (a), 2.54 eV  (b), and 1.81 eV  
(c), respectively.  The laser power and the irradiation time 
were (a) 2.3 µW and 60 s, (b) 360 µW and 180 s, and (c) 
1 mW and 180 s, respectively.  The high purity quality of 
the deposited Zn was confirmed by X-ray photoelectron 
spectroscopy, and we observed luminescence from ZnO 
dots prepared by oxidizing the Zn dots fabricated by 
NFO-CVD.  In Fig. 5 (a), the photon energy,   is higher 
than the dissociation energy, Ed, of DEZn, and is close to 
the absorption band edge, Eabs, of DEZn.  The diameter 
(FWHM) and height of the topographical image were 45 
and 26 nm, respectively. This image has a small tail, as 
shown by dotted curves.  This tail is a Zn layer, less than 
2 nm thick, which is deposited by far-filed light leaking 
from the bare fiber probe. This deposition is possible 
because DEZn absorbs a small amount of light with ω = 
3.81 eV. The very high peak in the image suggests that 
the ONF enhances the photodissociation rate at this 
photon energy, because the ONF intensity rapidly 
increases near the apex of the fiber probe.  In Fig.5 (b), 
the photon energy still exceeds the dissociation energy of 
DEZn, but it is lower than the absorption band of DEZn.  
The diameter and height of the image were 50 nm and 24 
nm, respectively.  While some high intensity far-field 
light leaked from the bare fiber probe, it did not deposit a 
Zn layer, so there is no foot at the base of the peak.  This 

confirmed that the photodissociation of DEZn and Zn 
deposition only occurred with an ONF.  In Fig.5 (c), even 
with such low photon energy ( ω =1.81 eV), we 
succeeded in depositing of Zn dots.  The topographical 
image showed a diameter and height of 40 nm and 2.5 nm, 
respectively.  

The photochemical reactions using the ONF with low 
photon energy have been explained by the excitation of 
molecular vibration modes. For an optical far field, the 
adiabatic approximation describes a reaction of molecules 
well. Since the field intensity is uniform in a neutral 
molecule smaller than the wavelength, only the electrons 
in the molecule respond to the electric field with the same 
phase and intensity. Thus, an optical far field cannot 
excite the molecular vibration.  By contrast, the field 
intensity is not uniform in a molecule for an ONF with a 
steep spatial gradient and the electrons respond non-
uniformly. As a result of this non-uniform response of the 
electrons changes the molecular orbital. Thus, the 
adiabatic approximation becomes unsuitable and the 
molecular vibration modes are directly excited by photons, 
as shown in Fig. 6 (a). To evaluate these contributions, 
we propose an exciton-phonon polariton (EPP) model. 
The exciton-phonon polariton is a quasi-particle, which is 
an exciton polariton trailing the phonon (lattice vibration) 
generated by the steep spatial gradient of its optical filed, 
as shown in Fig. 6 (b). 

Fig. 6. Schematic explanations of the excitation of molecular 
vibration mode by the optical near field (a) and the exciton 
phonon polariton (b).  

 
Such unique transition enables optically inactive 

molecules to be materials for the optical CVD. We show 
the deposition of nanometric Zn dots by NFO-CVD using 
the metal-organic gas zinc-bis(acetylacetonate) 
(Zn(acac)2), which is not usually used for conventional 
optical CVD due to its low optical activity, as shown in 
Fig. 5 (d). In the experiment, ONFs of ω =2.71 eV (Ar+ 
laser) was used. During deposition, the partial pressure of 
Zn(acac)2 was maintained at 70 mTorr.  The laser power 
and the irradiation time were 1 mW and 15 s, respectively. 
The diameter and height of the Zn dot were 70 nm and 24 
nm, respectively.  In spite of the low optical activity of 
Zn(acac)2, the optical near field can activate the molecule 



and its deposition rate was almost the same as that of 
deposition in which DEZn gas was used, although for the 
conventional optical CVD, we carried out that DEZn has 
a deposition rate of more than 1000 times higher that of 
Zn(acac)2.  We consider that the physical origin of this 
photodissociation of Zn(acac)2 is also the nonadiabatic 
photochemical process by ONF. 

Fig. 7. A schematic of the photo-mask used and the Si-substrate 
spin-coated with photoresist (OFPR-800 or TDMR-AR87) 
during the exposure process. AFM images of photoresist after 
developments for L&S (a), solid circle- (b), T- (c), and L- (d) 
shaped arrays.  

 
According to EPP model, the nonadiabatic 

photochemical reaction, that seems to violate the Franck-
Condon principle, is a universal phenomenon and is 
applicable to many other photochemical processes. We 
applied the nonadiabatic photochemical reaction to 
photolithography [17]. Figure 7 shows the schematic 
configuration of the used photo-mask and the Si-substrate 
spin-coated with two kinds of photoresists (OFPR800 or 
TDMR-AR87: Tokyo Ohka Kogyo Co., LTD.) at the 
exposure process in contact mode and the atomic force 
microscope (AFM) images of the photoresists surface 
after development, exposed by 672-nm laser for 
OFPR800 and g-line of Hg lamp for TDMR-AR87, 
respectively.  The 672-nm laser developed the 
corrugation pattern on the photoresist though this 
photoresist must be inactive to the 672-nm light.  The 
width and depth of the groove in the corrugation pattern 
were 200nm and 25nm, respectively.  The grooves on the 
photoresist appeared along the edges of the Cr mask 
pattern. The exposure process cannot occur by direct 
irradiation of 672-nm light. However, a steeply spatial 

gradient of optical energy, which indicates the existence 
of ONF, is at the edges of the Cr mask pattern. Therefore, 
these exposed results indicate that the nonadiabatic 
process originates from the ONF effect.  

In demonstrations of nano-photolithography, the 
photomask with the lines and spaces structure are 
popularly used, because the problems comes from the 
interference fringes and the negative effect of light 
polarization can be reduced by selecting the polarization.  
However, for more general patterns, e.g., circle-, T-, and 
L-shaped array, it is impossible to reduce the problem 
even if the polarization is controlled. Figs 7 (b), (c), and 
(d) show the AFM images of photoresist after the 
development. We used photomasks with solid-circle 
(Fig.7(b)), T- (Fig.7(c)), and L- (Fig.7(d)) Cr mask-arrays. 
At the exposure, we used the linear polarized light with g-
line ( ω = 2.71 eV) of Hg for i-line ( ω = 3.40 eV) 
photoresist of TDMR-AR87. We succeeded in forming 
arrays of expected shape in a reproducible manner. For 
comparison, we exposed the photoresist using i-line of a 
Hg lamp, which has been used for conventional 
photolithography. We did not obtain the expected shape 
but obtained only the pattern exposed by the interference 
fringes of light. This successful development of the arrays 
of complex structure means that the nonadiabatic near-
field photolithography is useful for the practical use. This 
novel process for photolithography is one of the 
promising techniques for nanofabrication, because it does 
not require the expensive vacuum UV light source and 
optics for the nano-photolithography. 
  

IV. NANOPHOTONIC SYSTEM 

This section reviews the overall processing architecture 
for nanophotonic integrated devices based on high density 
table lookup. The output port for an incoming packet is 
determined based on a routing table. For such functions, a 
content addressable memory (CAM) [18] is used. In a 
CAM, an input signal serves as a query to a lookup table, 
and the output is the address of data matching the input. 
All optical means for implementing such functions have 
been proposed, for instance, by using planar lightwave 
circuits. However, since we need separate diffraction-
limited optical hardware for each table entry if based on 
conventional lightwave technology, the overall physical 
size of the system becomes unfeasibly large, when the 
number of entries in the routing table is on the order of 10, 
000 or more. On the other hand, by using diffraction-
limit-free nanophotonic principles, huge lookup tables 
can be configured compactly. 

Suppose that the reference data in the memory Dj (j = 1, 
∙ ∙ ∙ , M) and the input S = (s1, ∙ ∙ ∙ , sn) are 
represented in the above format. Then, the function of the 
CAM will be to derive j that maximizes  
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A nanophotonic implementation of such a function can 
be implemented in a highly dense form. In addition, a 
large array of such inner product operations will allow a 
massively parallel processing system to be constructed 
[19]. 

Fig. 8. A schematic explanation of the nanometric summation 
and experimental result. (b) A scanning image of the output 
signal from the adder. (c) Experimental results of summation 
(spectrum and linearity). (d) Experimental result of the digital-
to-analog conversion. 

 
The multiplication of two bits, namely xi = si•di, has 

already been demonstrated by a combination of three QDs, 
i.e., a nanophotonic switch, as shown in Sect. II. 
Therefore, one of the key operations remaining is the 
summation, or data gathering scheme, denoted by Σxi, 
where all data bits should be taken into account. Here we 
implement a global data gathering mechanism, or 
summation, based on the unidirectional energy flow via 
ONF, as schematically shown in Fig. 8 (a), where 
surrounding excitations are transferred towards a quantum 
dot QDC located at the center.  

A proof-of-principle experiment was performed to 
verify the nanoscale summation using CuCl QDs in a 
NaCl matrix, which has also been employed for 
demonstrating nanophotonic switches [9] and optical 
nano-fountains[10]. We selected a QD arrangement where 
small QDs (QD1 to QD3) surrounded a “large” QD at the 

center (QDC), as schematically shown in Fig. 8 (a). Here, 
these QDs are coupled by ONF. When the energy transfer 
time between QDs is much faster than the exciton lifetime 
in QDs, the output signal intensity at a photon energy 
level form a QDC with size of 5.9 nm varies 
approximately as 1:2:3 depending on the number of 
excited QDs in the vicinity. Hence, this architecture 
works as a summation mechanism, counting the number 
of input channels, based on exciton energy transfer via 
ONF interactions. 

In the experiment, three different input light frequencies 
were assigned to the three-bit input. Here, the output 
signal is considered to be the radiative relaxation from the 
lowest energy level of the output QD, which is observed 
with a near-field fiber probe at a wavelength of 384 nm. 
The spatial intensity distribution was measured by 
scanning the fiber probe, as shown in Fig. 8 (b), where the 
energy is converged at the center. One remark here is that 
not every excited exciton produces the output signal; for 
instance there will be loss due to relaxation at each of the 
input QDs when the output energy level is occupied. 
However, such effects may not be serious since nutation 
occurs among resonant energy levels and the relaxation 
rate at the output QD, which is the largest in the system in 
terms of size, is smaller than that at the input QDs. Fig. 
8(c) shows output signal intensity as a function of the 
presence (1) or absence (0) of the input excitation, as 
specified by (x3, x2, x1), which were respectively λ= 
381.3 nm, 376 nm, and 325 nm. The experimental result 
shows the output intensity is approximately linearly 
correlated to the input bit set combination, as shown in 
Fig. 8 (c) and the set of coupled QDs makes the function 
of summation. The validity of the digital-to-analog 
conversion mechanism also obtained using this device. 
Namely, the output signal intensity at a photon energy 
level from a QDC with size of 5.9 nm varies 
approximately as 1:2:4 depending on the number of 
excited QDs in the vicinity, as shown in Fig. 8 (d) [20]. 
Compared to known optical approaches, such as those 
based on space-domain filtering and focusing lenses or 
optical waveguides, and intensity filters, the nanophotonic 
approach achieves a significantly higher spatial density.  

V. CONCLUSION 

This paper reviewed nanophotonics, a novel optical 
nanotechnology utilizing local electromagnetic 
interactions between nanometric elements via ONF. Its 
potential for high integration beyond the diffraction limit 
of light can solve the technical problems of the future 
optical industry. In the nanophotonic device, ONF is used 
as a carrier to transmit the signal. As key devices, we 
reviewed a nanophotonic switch and an optical nano-
fountain based on ONF energy transfer between QDs. 

We demonstrated NFO-CVD of nanometric Zn dots 
based on the photodissociation of gas-phase diethylzinc 
using ONF under nonresonant conditions. We explain the 



photodissociation mechanism using multiple-step 
excitation process via the molecular vibration mode. In 
this process, the enhanced coupling between the optical 
field and molecular vibration originates from the steep 
spatial gradient of the optical power of ONF. Such a 
nonadiabatic photochemical process violates the Franck-
Condon principle, and it can be applied to other 
photochemical phenomena. The process involved in the 
photochemical reaction based on ONF reported here will 
open new method in nanotechnology. As applicable 
examples of this nonadiabatic photochemical reaction, we 
demonstrated the patterning by the near-field 
photolithography using a visible light for UV photoresist. 
The experimental results of the near-field 
photolithography also strongly support the nonadiabatic 
photochemical process. 

An architectural approach to nanophotonic information 
and communication systems is also discussed. One is a 
memory-based architecture which is based on table 
lookup using an ONF interaction between QDs. In 
addition, content addressable memories, digital logic, and 
matrix-vector multiplication can be implemented in this 
architecture. As fundamental functional elements, a data 
summation mechanism and digital-to-analog conversion 
are presented, and their proof-of-principle experiments 
are demonstrated using CuCl QDs. Owing to its high 
spatial density and low power dissipation, a massive array 
of such functional components will be useful in 
applications such as massive table lookup operations in 
networking and information processing systems. 
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Optical data transmission systems require increased integration of photonic devices for higher data 
transmission rates.  It is estimated that the size of photonic switching devices should be reduced to a 
sub-wavelength scale, as in the near future it will be necessary to integrate more than 10000×10000 
input and output channels on a module.  Since conventional photonic devices, e.g., diode lasers and 
optical waveguides, have to confine light waves within their cavities and core layers, respectively, their 
minimum sizes are limited by the diffraction of light.  Therefore, they cannot meet the size requirement, 
which is beyond this diffraction limit.  It can be readily understood that a novel optical nanotechnology, 
i.e., nanophotonics, is required in order to go beyond the diffraction limit [1]. 

 
An optical near field, which is generated on the nanometric element, is free from the diffraction of light 
and enables the operation and integration of nanometric optical devices.  Namely, by using the localized 
optical near field as the signal carrier, which is transmitted from one nanometric element to another, the 
nanoscale photonic device going beyond the diffraction limit can be realized.  The primary advantage 
of nanophotonics is the capacity to achieve novel functions that are based on local electromagnetic 
interactions, while realizing nanometer-sized photonic devices. Based on this idea, we observed an 
optically forbidden energy transfer between neighboring QDs via an optical near-field [2] and proposed 
the several kinds of nanometric optical device [3-6]. They are a nanometric AND- [3], NOT-, XOR- [4] 
logic gates, a surface plasmon-polariton condenser [5], and an optical nanofountain (i.e., a nanometric 
optical condenser) [6], as shown in the figure. So far, we have succeeded in the demonstration of the 
operations of the AND gate, the surface plasmon-polariton condenser and the optical nanofountain.  We 
introduce and demonstrate these unique devices using optical near field. 
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ABSTRACT 

Particles several tens of nanometers in size were aligned in the desired positions in a controlled manner by using 

capillary force interaction and suspension flow. Latex beads 40-nm in diameter were aligned linearly around a 10-µm-

hole template fabricated by lithography. Further control of their position and separation was realized using colloidal 

gold nanoparticles by controlling the particle-substrate and particle-particle interactions using an optical near field 

generated on the edge of a Si wedge, in which the separation of the colloidal gold nanoparticles was controlled by the 

direction of polarization. 

 
Keywords: near-field, size-regulation, desorption, nanophotonics 
 

1. INTRODUCTION 

For future optical transmission and signal processing systems with high data transmission rates and capacity, we have 

proposed nanometer-sized photonic integrated circuits (i.e., nanophotonics ICs) [1]. As a representative device, the 

operation of a nanophotonic switch was demonstrated by controlling the dipole forbidden optical energy transfer among 

resonant energy states in CuCl quantum cubes via an optical near field [2]. The switch is made of three CuCl quantum 

cubes with a size ratio of 1: 2 :2 on a sub-10-nm scale, and the size and position of the cubes on the substrate must be 

controlled with nanometer-scale accuracy. 

Coupling these nanophotonic devices and ICs with external conventional diffraction-limited photonic devices 

requires a nanometer-sized optical waveguide for far-/near- field conversion. To realize this, we reported a plasmon 

waveguide that uses a metallized Si wedge structure that converts far-field light into an optical near-field via a metallic 

core waveguide [3]. Furthermore, it has been suggested that electromagnetic energy can be guided along a nano-dot 

coupler, which consists of chains of closely spaced metallic nanoparticles [4]. Energy transfer in the nano-dot coupler 

relies on dipole-dipole coupling between neighboring nanoparticles. To realize a nano-dot coupler consisting of 50-nm 

gold nanoparticles with 50-nm separation, the dispersion of their separation is estimated to be as small as 10 nm to 

obtain an efficiency equivalent 50 % that of an ordered array [4]. 

Promising components for integrating these nanometer-sized photonic devices include chemically synthesized 

nanocrystals, such as metallic nanocrystals [5], semiconductor quantum dots [6], and nanorods [7], because they have 
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uniform size, controlled shape, defined chemical composition, and tunable surface chemical functionality. However, 

position- and size-controlled deposition methods have not yet been developed. Since several methods have been 

developed to prepare nanometer-sized templates reproducibly [8], it is expected that the self-assembly of colloidal 

nanostructures into a lithographically patterned substrate will enable precise control at all scales [9]. Capillary forces 

play an important role, because colloidal nanostructures are synthesized in solution. Recently, successful integration of 

polymer or silica spheres [10,11] and complex nanostructures such as nanotetrapods [11] into templates by controlling 

the capillary force using appropriate template structures has been reported, although their size and separation are 

typically uniform. 

To fabricate nanophotonic devices, we propose a novel method of assembling nanoparticles by controlling the 

capillary force interaction and suspension flow. Further control of the positioning and separation of the nanoparticles is 

realized by controlling the particle-particle and particle-substrate interactions using an optical near field. 

 
2.  ONE-DIMENSIONAL ALIGNMENT OF LATEX BEADS 

To control position and separation very accurately, preliminary experiment was performed on a patterned Si 

substrate, where an array of 10-µm holes in 100-nm-thick SiO2 was fabricated using photolithography [Fig. 1(a)]. 

Subsequently, a suspension containing latex beads with a mean diameter of 40 nm were dispersed on the substrate and 

the latex beads were aligned after solvent evaporation. The deposited latex beads were not subjected to any surface 

treatment and were dispersed in pure water at 0.001 wt%. Although the 10-µm-sized template resulted in low selectivity 

in the position of the latex beads [Figs. 1(b) and 1(c)], the beads were deposited only on the SiO2 surface owing to its 

higher capillarity. 

For higher positional selectivity, the suspension containing latex beads was dropped onto a lithographically 

patterned Si substrate that were spinning at 3,000 revolutions per minute (rpm). As shown in Fig. 2(a), the suspension 

flow split into two branches at the SiO2 hole. Scanning electron microscope (SEM) images [Figs. 2(b)-(d)] show that the 

chain of colloidal beads were aligned at the Si/SiO2 interface. Note that the number of rows of latex beads decreased 

[Figs. 2(b) and 2(c)] and only the smallest beads, which were 20 nm in diameter, reached the end of the suspension flow 

(b) (c)

Si
SiO2 : 100nm

(a)

SiO2

Si

40 µm �µm 

Latex
beads

 
Fig. 1  (a) Schematic of lithographically patterned Si substrate. (b and c) SEM images of latex beads dispersed 

on the lithographically patterned Si substrate. 
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[Fig. 2(d)]. Assuming the same particle-suspension contact angle [denoted ψ in Fig. 2(e)] for various particles 

diameters, the flow speed of the larger latex beads had greater deceleration since the magnitude of the force pushing the 

particles on the SiO2 [denoted F in Fig. 2(e)] owing to evaporation of the solvent is proportional to the particle diameter 

[11]. In other ward, the size selection was realized. 

 

3.  SELF-ASSEMBLY OF AU NANOPARTICLES USING AN OPTICAL NEAR FIELD 

Based on the results of preliminary deposition, we tried assembling metallic nanoparticles because they are the 

material used to construct nano-dot couplers [4]. In this trial, we investigated the assembly of colloidal gold 
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Fig. 2  (a) SEM image of latex beads dispersed on the lithographically patterned Si substrate rotated at 3,000 

rpm. Higher magnification SEM images of white squares A (b), B (c), and C (d) in (a). (e) Schematic 

illustrating of the particle-assembly process driven by the capillary force and suspension flow. 
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nanoparticles with a mean diameter of 20 nm dispersed in citrate solution at 0.001%. The nanoparticles were prepared 

by the citric acid reduction of gold ions and terminated by a carboxyl group (approximate length is 0.2 nm) with a 

negative charge [12]. However, they could not be aggregated using the same deposition process as for the latex beads. 

To aggregate these particles, we fabricated a SiO2 line structure with a plateau width of 50 nm on the Si substrate using 

photolithography [Fig. 3(a)]. The solvent containing the colloidal gold nanoparticles was dropped onto this substrate at 

3,000 rpm. Then, the colloidal gold nanoparticles aggregated along the plateau of the SiO2 line [Figs. 3(b) and 3(c)]. 

This indicates that the capillary force induced by the lithographically patterned substrate, which is caused by the higher 

wettability of SiO2 than that of the Si, was larger than the repulsive force owing to the negative charge of the carboxyl 

group on the colloidal gold nanoparticles. Furthermore, the gold nanoparticles were aligned along the plateau of the 

SiO2. Such aggregation is caused by its wedge structure. This is because the suspension at the edge is thinner than that 

on the slope of the SiO2 owing to its low capillarity, and this causes the convective transport of particles toward the 

edge [13], which resulted in the aggregation and alignment of the colloidal gold nanoparticles at high density. 

For further control of size, separation, and positioning, we examined the aggregation of colloidal gold 
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Fig. 3  (a) Schematic of the SiO2 line structure fabricated on the Si substrate. (b) SEM images of colloidal gold nanoparticles 

dispersed on the SiO2 line rotated at 3,000 rpm. (c) Cross-section of the substrate along the white line (dashes and dots) in (b). 
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nanoparticles under illumination, because the colloidal gold nanoparticles have strong optical absorption. Strong 

absorption should desorb the carboxyl group from the colloidal gold nanoparticles and result in their aggregation. Such 

an aggregation of colloidal gold nanoparticles were confirmed by the illumination of light. Figure 4(a) shows the 

aggregated gold nanoparticles over the pyramidal Si substrate under the 690-nm-light illumination for 60 seconds. 

However, since the light was illuminated through the droplet of the colloidal gold nanoparticles, aggregated colloidal 

gold nanoparticles were spread outside the beam spot. In order to realize selective aggregation of the gold nanoparticles 

at the desired position, the suspension was illuminated from behind [Fig. 4(b)]. Furthermore, we used a Si wedge, 

because this is a suitable structure for a far-/near-field conversion device [3]. The Si wedge structure was fabricated by 

three steps: 

(i) A (100)-oriented silicon-on-insulator (SOI) wafer was bonded to the glass substrate using anodic bonding. 
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Fig. 4 (a) Aggregated colloidal gold nanoparticles with frontal illumination under 690-nm light (25 mW/mm2) for 

60 seconds. (b) Schematic of the experimental setup. (c) SEM image of the fabricated Si wedge structure. 
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(ii) After removing the Si substrate from the SOI wafer by wet etching, the SiO2 layer was patterned using 

photolithography. 

(iii) The Si wedge was fabricated by anisotropic etching (40 g KOH + 60 g H2O + 40 g isopropyl alcohol, 80 ºC). 

Maintaining the Si wedge height at less than 10 µm also kept its propagation loss sufficiently low. 

Figure 4(c) shows an SEM image of the fabricated Si wedge structure after removing the SiO2 layer. 

For this structure, colloidal gold nanoparticles were deposited around the edge after evaporating the suspension 

without illumination [Figs. 5(a) and 5(b)]. Such aggregation is caused by its wedge structure, as observed for the SiO2 

wedge structure [Fig. 3(c)] [13]. Further selective alignment along the edge of the Si wedge was realized using rear 

illumination. Figures 5(c) and 5(d) show the deposited colloidal gold nanoparticles with illumination under 690-nm 

light (25 mW/mm2) for 60 seconds. Since the optical near-field energy is enhanced at the edge owing to the high 

refractive index of Si [see Fig. 4(b)] [14], selective aggregation along the edge with higher density is seen in these 

figures. This is due to the desorption of the carboxyl group by the absorption of light by the colloidal gold nanoparticles. 
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Fig. 5  (a) Overview of the Si wedge structure. (b) SEM image of colloidal gold nanoparticles deposited on the edge of 

the Si wedge structure without illumination. SEM images of colloidal gold nanoparticles on the Si wedge structure 

under illumination with polarization perpendicular (c) and parallel (d) to the edge. Schematic diagrams of the 

aggregation of colloidal gold nanoparticles along the edge of the Si wedge with polarization perpendicular (e) and 

parallel (f) to the edge. 
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Note that the colloidal gold nanoparticles were closely aggregated and aligned linearly to form a wire shape when 

the polarization was perpendicular to the edge axis [Fig. 5(c)], while they were aligned with separation of several tens of 

nanometers in the parallel polarization [Fig. 5(d)]. As the optical near-field energy for parallel polarization is higher 

than that for perpendicular polarization [3], greater aggregation is expected for parallel polarization. Nevertheless, the 

parallel polarization resulted in less aggregation. The low resolution of SEM images does not determine the distribution 

of the carboxyl molecules. However, such a repulsive force for disaggregation is caused by the carboxyl molecules 

which remained on the colloidal gold nanoaprticles. Thus, we believe that the difference in the degree of aggregation 

originated from differences in the charge distribution induced inside the gold nanoparticles. Based on the polarization 

dependence of the aggregation, it is reasonable to consider that the aggregation along the edge with perpendicular 

polarization is owing to partially adsorbed carboxyl groups [Fig. 5(e)], while the disaggregation with the parallel 

polarization resulted from the repulsive force induced by the partially attached carboxyl group on the colloidal gold 

nanoparticles [Fig. 5(f)]. 

 
4.  CONCLUSION 

We present experimental results that demonstrate the controlled assembly of 40-nm latex particles in desired 

positions using capillary force interaction. Further controllability in separation and positioning was demonstrated using 

colloidal gold nanoparticles by introducing the Si wedge structure and controlling the direction of polarization. The 

experimental results and suggested mechanisms described here show the potential advantages of this technique in 

improving the regulation of the separation and positioning of nanoparticles, and possible application to realize a nano-

dot coupler for far-/near-field conversion. 
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ABSTRACT 
To realize a nanometer-scale optical waveguide for far-/near-field conversion, we proposed a nanodot 

coupler which is the linear array of closely spaced metallic nanoprticles in order to transmit the optical 

signal to a nanophotonic device. In comparison with metallic core waveguide, the use of nano-dot coupler 

is expected to realize lower energy loss due to the resonant in the metallic nanoparticles. 

First, to optimize the efficiency in the nanodot coupler, we checked whether the single Au 

nanoparticles led to efficient scattering. The Au nanoparticles on the glass substrate were fabricated by the 

focused ion beam milling technique. The optical near-field intensity for the Au nanoparticles in diameter 

range from 100 to 300nm with constant height of 50nm were observed by the collection mode near-field 

optical microscope (NOM) at λ = 785nm. Near-field intensity took the maximum for the Au nanoparticle 

with 200nm in diameter, and this result is in good agreement with the calculated value of plasmon 

resonance by Mie's theory for an Au prolate spheroid. 

Next, we examined the plasmon-polariton transfer of nanodot couplers whose diameter range 

from 150 to 300nm by the collection mode NOM. The efficient energy transfer was observed only in the 

nanodot coupler with 200nm in diameter. This result agreed well with that of single Au nanoparticles. 

From these results, efficient energy transfer along nanodot coupler was confirmed by the near-field 

coupling between plasmon-polariton in the nanoparticles. 
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1. INTRODUCTION 

Future optical transmission and data processing systems will require advanced photonic devices, and their 

integration, in order to increase data processing rates and capacity. Consequently, these devices will have to be 

significantly smaller than conventional diffraction-limited photonic devices. To meet this requirement, we have 

proposed nanometer-scale photonic integrated circuits (nanophotonic ICs) that are composed of nanometer-sized 

elemental devices (nanophotonic devices) [1]. As a representative device, a nanophotonic switch was proposed and its 

operation was demonstrated by controlling the dipole forbidden optical energy transfer among resonant energy states in 

CuCl quantum cubes via an optical near field [2]. To fabricate nanophotonic devices, we also developed a near-field 

optical chemical-vapor deposition technique with nanometer-scale resolution and accuracy in size, position, and 

separation [3-5]. 

For use in future photonic systems, the nanophotonic devices and ICs must be connected to conventional 

diffraction-limited photonic devices. This connection requires a far/near-field conversion device, such as a nanometer-

scale optical waveguide.  The required performance parameters are: 

A) High conversion efficiency 

B) A guided beam width of less than 100 nm for efficient coupling of the converted optical near-field to sub-100 

nanometer-sized dots. 

C) A transmission length that is longer than the optical wavelength to avoid direct coupling of the propagating far-

field light to the nanophotonic device consisted of nanometer-scale dots. (The transmission length lt is defined 

as I(z) = I(0) exp(-z/lt), where I(z) is the optical intensity and z is the longitudinal position measured from the 

input terminal (z = 0)). 

One candidate device that meets these performance requirements is a plasmon waveguide using a metallized silicon 

wedge structure that converts propagating far-field light to an optical near-field [6]. In this device, a one-dimensional 

TM plasmon mode is excited efficiently via a metallic core waveguide along the plateau. However, the lt of the TM 

plasmon mode is still in the order of 700 nm (at λ = 830 nm) for a metallic core waveguide with a gold core (diameter D 

= 10 nm) insulated using air [7]. To increase lt, a more promising candidate is a nanodot coupler consisting of an 

 

Nanophotonic
device

Nanodot coupler

SPP

SPP
condenser

Nanophotonic
device

Nanodot coupler

SPP

SPP
condenser

 
Fig.1 Bird’s eye view of a nanodot coupler with a surface plasmon polariton condenser for optical 

far/near-field conversion devices. 
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array of closely spaced metallic nanoparticles, because higher transmission efficiency is expected owing to the plasmon 

resonance in the closely spaced metallic nanoparticles [8]. Energy transfer along the nanodot coupler relies on the near-

field coupling between the plasmon-polariton mode of the neighboring nanoparticles. 

 

2. OPTICAL FAR/NEAR-FIELD CONVERSION DEVICE 

To increase in the efficiency of exciting localized surface plasmon in the nanodot coupler than that excited by 

propagating far-field light, we equipped the nanodot coupler with a surface plasmon polariton (SPP) condenser for 

efficient far/near-field conversion. Figure 1 shows the proposed optical far/near-field conversion device. Incoming far-

field light is first transformed into the two-dimensional SPP mode on the gold film. Then, the SPP mode is scattered and 

focused by the SPP condenser, which consists of several hemispherical metallic submicron particles that are arranged in 

an arc and work as a “phased array” [9]. The input terminal of the nanodot coupler is fixed at the focal point of the SPP. 

Finally, after the localized surface plasmon transmits through the nanodot coupler, it is converted into an optical near-

field so that it couples to the nanophotonic device. 

The advantages of this device are that it has 

(1) A high conversion efficiency, from the SPP mode to the localized surface plasmon in the nanodot coupler, 

owing to coupling the scattering at the inlet metallic nanoparticle [10]. 

(2) No cut-off diameter of the metallic nanoparticle array, i.e., the beam width decreases with the diameter 

because the electric field vector, which is dominant in the nanodot coupler, involves only a Förster field 

[8]. 

(3) Long-distance propagation of the TM-plasmon mode. For example, the calculation using the finite-

difference time domain (FDTD) method estimated a transmission length of lt = 2 µm (at an optical 

wavelength λ = 785 nm) for a plasmon-polariton mode with linearly aligned 50-nm dots with 10-nm 

separation [11,12]. Furthermore, as a preliminary near-field measurement of nanodot coupler, it was found 

that the transmission length of the nanodot coupler width 230 nm in diameter was three times longer than 

that of the metallic core waveguide with a same width [13]. 

Advantages (1) to (3) are compatible with meeting requirements (A) to (C), respectively.   

 

3. EXPERIMENT 

In order to optimize the efficiency in the nanodot coupler, first we checked whether the Au nanoparticles led to 

efficient scattering. Au nanoparticles were fabricated using focused ion beam (FIB) milling technique. The fabrication 

process was as follows: 

(i) A 50nm thick Au film was deposited using sputtering on the glass substrate [Fig.2 (a)]. 
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(ii) Carbon hemispheres were deposited using FIB [Fig.2 (b)]. 

(iii) Using carbon hemisphere as a mask, Au nanoparticles were obtained by FIB milling [Fig.2 (c)]. 

Fig.2 (d) shows the SEM image of Au nanoparticles. They were arranged with longer separation than each diameter, 

resulting in no near-field interaction each other. 

The spatial distribution of the optical near-field intensity for the Au nanoparticles in diameter D range from 100 to 

300 nm were observed by the collection mode near-field optical microscope (NOM) at λ = 785 nm. Figures 3(a) and 

3(b) show the topographical and NOM images of the Au nanoparticles. As shown in the cross sectional profile [see Fig. 

3(c)], the optical near-field intensity I takes the maximum for the Au nanoparticle with 200 nm in diameter (labeled w). 

In order to find the origin of this resonance, a calculation was performed. Mie’s theory of scattering by an Au prolate 

spheroid (see Fig. 3(d)) was employed, and only the first TM mode was considered [14]. The solid curve in Fig. 3(e) 

represents the normalized polarizability Re(|α|2/V) (α : polarizability, V : volume) as a function of the diameter D of the 

Au prolate spheroid whose short axis was fixed as 50 nm. The calculated resonant diameter (190 nm) is in good 

agreement with the experimentally confirmed particle size (D = 200 nm). 
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Fig.2 Fabrication of Au nanoparticles: (a) Au sputtering [step(i)]. (b) Carbon hemisphere deposition using FIB 

[step (ii)]. (c) Au film etching by FIB [step (iii)]. (d) SEM image of the fabricated Au nanoparticles 
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Next, we checked the optical near-field energy transfer along the Au nanodot coupler. As a nanodot coupler, a 

linear array of Au nanoparticles in diameter D range from 150 to 300 nm with their center to center separations of 1.2 D 

were fabricated using FIB milling technique (Fig. 2(a)~(c)). The spatial distributions of optical near-field energy were 

observed by the collection mode NOM taken at arrangement for 2D SPP mode excitation by ATR method(Fig.4). 

Figure 5(a) and 5(b) show the topographical and NOM images of the nanodot couplers, respectively.  Figure 5(c) 

shows the cross-sectional profile through the outlet of the nanodot couplers.  Note that the output energy was 

efficiently obtained only for the nanodot coupler with D = 200 nm, which is consistent with the experimental results 

shown in Fig.3.  These results confirm that such an efficient energy transfer along the Au nanoparticles is due to the 

near-field coupling between resonant plasmon-polariton modes of neighboring particles.
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Fig.3 (a) Shear-force image of Au nanoparticles with respective diameter shown in Fig.2 (d). (b) Intensity I 

distribution of optical near-field of (a). (c) Cross-sectional profiles between white arrows in (b). (d) Calculation 

model of prolate spheroid. (e) Solid circles show the peak intensity IP of the respective Au nanoparticles. Solid curve 

shows the normalized polarizability (|Re(α2)| / V) of Au prolate spheroid. 
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4. CONCLUSIONS 

We fabricated a nanodot coupler as far-field and near-field convertion device. Highly efficient energy transport 

was observed in the nanodot coupler via near-field coupling between localized surface plasmon of neighboring 

particles. These results confirm that it will be possible to create the optical far/near-field conversion devices required by 

future systems. 
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特集 近接場光とナノデバイス

1．はじめに

情報通信の高速化・大容量化により，光通信における

光集積回路は微小化が必要不可欠であり，光産業技術振

興協会により取りまとめられた光通信ロードマップ

（http://www.oitda.or.jp/index.html）によると 2015年

にはこれらを構成する光機能素子の寸法は 100nm以下

になると予想される。しかしながら，伝搬光を用いた素

子では光の回折限界により波長以下の微小化は不可能で

ある。この問題を解決する有効な手段として，筆者らは

量子ドットによって構成され近接場光によって動作する

ナノフォトニックスイッチを提案している 1)。この集積

回路を実現するためには，外部の光素子の情報伝送媒体

である伝搬光をナノフォトニックスイッチに用いられる

近接場光に変換するデバイスが必要となる。さらには，

これらのデバイスを作製する技術開発も大きな課題とな

っている。

本稿では，まず伝搬光を近接場光に変換する素子とし

て必要となるナノメートル寸法の光伝送路の一例を紹介

する。この微小な光伝送路としては，遮断径の存在しな

い（光の回折限界以下まで絞れる）金属コア導波路 2)が

提案されており，筆者らは金属薄膜が成膜された楔型シ

リコン構造によるプラズモン導波路 3)を開発した。さら

に近年，より高い近接場光エネルギーの伝送効率をめざ

しナノ微粒子列によって構成されるナノドットカプラー

の開発を行っている。

上記デバイスを実用化するためには，デバイスとして

動作する構造を一括で大面積にわたり加工する必要があ

る。これを実現する手法として，露光装置とエッチング

を用いる加工法(トップダウン)と原子・分子を積み上げ

る加工法（ボトムアップ）が挙げられる。トップダウン

は，近年 X線などを用いたリソグラフィーにより

20nm以下の精度の加工が可能であるが 4)，「削る」こ

とによる加工が主となるため基板などの損傷が問題とな

る。これに対してボトムアップは「積み上げる」加工の

ため損傷は回避できる。近年，著者らは近接場光を用い

た化学気相堆積法を開発し，20nm程度の金属および半

導体ナノ寸法微粒子を 20nm程度の間隔で高密度かつ，

ナノ寸法の位置設定誤差で堆積が可能であることを示し

た 5),6),7)。さらには，物質寸法に依存する光脱離法を用

いた手法により特定の寸法で近接場光誘起の脱離効果に

より成長を止めることで，自己組織的に寸法を制御可能

な技術を開発した 8)。この技術を応用することで，均一

粒径ナノ微粒子を一括で作製可能であることも明らかに

した 9)。この手法は，いわば寸法がゼロのものから堆積

を行い，特定の寸法で成長を止め，均一粒径微粒子を一

括で作製する手法である。その一方で，近年の化学合成

技術の発展により，粒径の揃った誘電体 10)や金属 11)，

さらには半導体微小球 12)の作製が容易に可能となって

いる。この様な微粒子の配列についても，近接場光の技

術を用いることで，位置を制御して配列させることが可

能となる 13)。

2．ナノドットカプラー

筆者らは図 1に示す伝搬光・近接場光素子を提案して

いる 14)。この構造は，入力される表面プラズモン・ポ

ラリトン（Surface Plasmon Polariton： SPP）を複数

の散乱体により集光する集光器部分と，集光されたエネ

ルギーをナノメートル寸法の光デバイスに導くナノドッ

やつい　たかし，おおつ　もといち

ナノ光デバイスとその製作
―近接場光特有の動作と加工技術

科学技術振興機構戦略的創造研究推進事業　八井　　崇
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トカプラーから構成されている。プラズモン集光器は，

複数の金属突起によって構成され，各突起からの SPP

の干渉により SPPを集光させる。ナノドットカプラー

は，同一寸法の金属微粒子が等間隔で配列することによ

り，各微粒子間を近接場光の相互作用によりプラズモ

ン・ポラリトンが伝送するものである 15), 16)。この構造

はコア材を金属とする導波路（金属コア導波路）と比較

して，金属中での伝送部が短い為，伝送損失が小さいと

期待される 17)。

ナノドットカプラーは，プラズモン集光器の焦点を入

力点として，集束インビーム（Focused Ion Beam: FIB）

によるカーボン突起（直径 230nm，間隔 70nm）の堆

積とスパッタリングによる金（膜厚 120nm）の堆積に

より作製した。また比較として，同様のプロセスにより

同じ幅を持つ金属コア導波路も作製した。集光器及び作

製した試料の電子顕微鏡像を図 2(a)，2(b)に示す。波長

785nmの光を光源として評価した伝送路部分の各近接

場光学像を図 2(c)，2(d)に，伝送路の中心を通る白破線

部分の断面図を図 2(e)に示す。この結果から，金属コア

導波路の場合〔図 2(e)における破線〕は SPPの焦点で

ある入力部分より 1mm程度伝搬すると光強度が 1/10

に減衰するのに対し，ナノドットカプラーの場合〔図

2(e)における実線〕は 4mm先までプラズモン・ポラリ

トンが伝送しており，ナノドットカプラーの優位性が実

験的に初めて観測された。

また，突起列伝送路の近接場光分布幅は 250nmとナ

ノドットカプラーを構成するドット径とほぼ同等であっ

た。これは現状の作製プロセスにおいて，突起物の寸法

が作製に用いた FIBの分解能に制限されているためで

あり，電子ビーム描画装置等を用いることで数 10nm

の伝送路が実現可能である。

さらに，本デバイスの特長として，配置の高い自由度

が挙げられる。金属細線導波路などでは，曲げ部での損

失が非常に大きいために，単独のデバイスとしても用い

る場合には良いが，集積化の点において問題となる。こ

れに対して，ナノドットカプラーは，直角に曲げた場合

でも損失がほぼゼロになるということが理論的に予測さ

れているので 18)，自由なデバイス設計が可能となる。

この予測を実験により確かめた結果を図 3に示す。直

線形状のナノドットカプラー同様に，プラズモン集光器

の焦点を入力点とし，FIBにより直角な曲げ部を有する

ナノドットカプラーを作製した〔図 3(a)〕。この形状に

対する近接場光学像〔図 3(b)，波長 785nm〕より，曲

げ部においても伝送損失がほとんど見られず，直線状に

配列されたナノドットカプラー同様の伝送距離が得られ

ていることが分かる〔図 3(c)〕。

特集：近接場光とナノデバイス

SPP

SPP集光器 

ナノドットカプラー 

ナノフォトニックスイッチ 

{

図 1 伝搬光・近接場光変換器の概念図

焦点 

1

0
0 1.0 2.0 3.0 4.0

プロープ位置（mm） 

金属コア 
導波路 

ナノドット 
カプラー 
検
出
強
度
（
任
意
強
度
）
 

(e)

(c) (d) 

1mm

1mm

SPP

(a) 1mm

SPP

(b) 1mm

図 2 電子顕微鏡像　(a)プラズモン集光器及びナノドットカプラ
ー，(b)プラズモン集光器及び金属コア導波路，(c)近接場光学像
ナノドットカプラー〔図(a)黒四角部〕，(d)金属コア導波路〔図(b)
黒四角部〕，(e)図(c)及び(d)における白破線上の断面図



1390 O plus E・ 2005年 12月

また，金属微粒子間は近接場光により結合されるため，

ナノドットカプラーを並列化した際の干渉は小さいと考

えられ，プラズモン集光器を用いた周波数多重による超

並列化が期待される。

3．近接場光を用いた金微粒子配列

前節で紹介した金ナノ微粒子によるナノドットカプラ

ーへの応用を考慮して，ナノ微粒子として塩化金酸の還

元により合成した平均直径 20nmの金コロイド粒子を

用いて配列実験を行った。この際，金コロイド表面には

カルボキシル基が付着しているため，微粒子同士の反発

が発生し，高濃度に配列させることは困難である。そこ

で，この金微粒子の凝集を発生させるために，金微粒子

に発生する近接場光による脱離現象を利用する。金ナノ

微粒子は可視光に対して強い吸収を有するため，このエ

ネルギーにより金コロイド表面のカルボキシル基の脱離

が誘起され，金コロイドの凝集が発生すると期待される。

さらに，コロイドの凝集位置を選択的に行うために，基

板として高さ 10mmのシリコン楔型構造〔図 4(a)〕を

用いた。ここで，シリコン楔型構造は，屈折率が非常に

高いことから光は強く閉じ込められる。さらにはテーパ

形状となっているために根本から照射すると楔型先端の

みに近接場光が発生し，金コロイドの選択的な凝集が期

待される。この際，溶液側から光を照射すると，溶液中

における凝集により制御性が低くなるため，基板側から

光を照射した〔l=690nm, 25mW/mm2，図 4(b)〕。こ

こでは，シリコン基板中での光吸収を低減させるために，

シリコン楔型をガラス基板に陽極接合した基板〔図 4(c)〕

を用いた。

この基板に対して，まず 0.001％に希釈した金微粒

子溶液を光を照射せずに塗布した結果を図 5(a)，(b)に

示す。この場合，基板の凹凸構造に対して選択性が低い

ことが分かる。これに対して，金微粒子溶液を塗布する

際に，楔型に対して垂直及び平行偏光の光を導入して塗
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布した結果を図 5(c)及び図 5(d)に示す。これらの結果に

示されるように，光を照射することで，楔型のエッジに

近接場光が誘起され，ここに微粒子が選択的に凝集し配

列している様子が分かる。さらには，偏光方向によって

凝集の様子が変化していることが分かる。このような差

異は，金微粒子における残留カルボキシル基の影響であ

ると考えられる。つまり，垂直偏光の場合には，凝集す

る方向に対してカルボキシル基が脱離しているために凝

集が発生した〔図 5(e)〕のに対して，平行偏光ではカル

ボキシル基の残存により凝集が妨げられた〔図 5(f)〕の

であろう。

4．あとがき

本稿ではナノフォトニクスを用いてのみ実現可能なナ

ノ光デバイスと，そのような構造を実現するためのナノ

寸法精度かつマクロな構造が作製可能な近接場光加工に

ついて解説した。本方法は，光化学反応を利用したもの

であるため，ここで示した金以外の金属微粒子（Ag，

Pt等）や半導体微結晶（CdSe，GaN，ZnO等）の配列

にも応用可能であり，より高効率なナノドットカプラー

の実現や，量子サイズ効果を用いたナノフォトニックス

イッチ 1)などの高機能素子の実現が期待される。

また，従来のナノ微細加工技術としては，半導体微細

加工などに用いられている電子ビームリソグラフィーな

どが一般であるが，これらの技術においても「加工する」

ことと，デバイスとして「動作させる」こととは別の技

術であり，ナノ寸法のデバイスを実現させるためには大

きな技術的・機能的限界が存在する。これに対し，近接

場光による加工は単にナノ寸法の微細加工が可能という

ことではなく，近接場光で動作するナノフォトニックデ

バイスを作製する手法としては，作製後デバイスとして

の動作を保証する自己完結的手法であると期待される。
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