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Tamper resistance in optical excitation transfer
based on optical near-field interactions
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We present tamper resistance in optical excitation transfer via optical near-field interactions based on the
energy dissipation process occurring locally in nanometric devices such as quantum dots. A theoretical com-
parison with electrical systems is also shown, focusing on the required environmental conditions. Numerical
simulations based on virtual photon models demonstrate high tamper resistance. © 2007 Optical Society of
America

OCIS codes: 260.2110, 270.0270, 070.6020.
Recent advances in optical near-fields have allowed
the design of optical devices and systems at densities
beyond those conventionally limited by the diffrac-
tion of light. Basic fundamental processes, such as
optical excitation transfer via optical near-fields be-
tween quantum dots (QDs) [1] or metal nanoparticles
[2], have been studied in detail. With the goal of
achieving room-temperature operation, materials
such as ZnO nanocrystallites [3,4] and InAlAs QDs
[5] have also been studied and have demonstrated
promising results. In addition to breaking through
the diffraction limit of light, such local interactions of
optical near-fields also have important functional as-
pects, such as in security application, particularly
tamper resistance against attacks. One of the most
critical security issues in present electronic devices is
so-called side-channel attacks, by which information
is tampered with either invasively or noninvasively;
this may be achieved, for instance, merely by moni-
toring their power consumption [6].

In this Letter, we show that devices based on opti-
cal excitation transfer via near-field interactions are
physically more tamper resistant than their conven-
tional electronic counterparts. We note that the flow
of information in nanoscale devices cannot be com-
pleted unless they are appropriately coupled with
their environment [7], which could possibly be the
weakest link in terms of their tamper resistance. We
present a theoretical approach to investigate the
tamper resistance of optical excitation transfer, in-
cluding a comparison with electrical devices, for ex-
ample, a single charge tunneling device [8], and we
describe numerical calculations based on a virtual
photon model [9].

Here, we define tampering of information as in-
volving simple signal transfer processes, since our
primary focus is on their fundamental physical prop-
erties. We begin with the interaction Hamiltonian be-
tween an electron and an electric field, which is given

by

0146-9592/07/121761-3/$15.00 ©
Ĥint = −� �̂†�r���� �̂�r�� · D�̂ �r��dr� , �1�

where �� is a dipole moment, �̂†�r�� and �̂�r�� are, re-
spectively, creation and annihilation operators of an

electron at r�, and D�̂ �r�� is the operator of electric flux
density. In usual light–matter interactions, the op-

erator D�̂ �r�� is a constant since the electric field of
propagating light is considered to be constant on the
nanometer scale. Therefore, as is well known, we can
derive optical selection rules by calculating a transfer
matrix of an electrical dipole. As a consequence, in
the case of cubic quantum dots for instance, transi-
tion to states containing an even quantum number
are prohibited. In the case of optical near-field inter-
actions, on the other hand, due to the steep electric
field of optical near-fields in the vicinity of nanoscale
material, an optical transition that violates conven-
tional optical selection rules is allowed. Detailed
theory can be found in [1].

Using near-field interactions, optical excitations in
nanostructures, such as quantum dots, can be trans-
ferred to neighboring ones [1,2,5]. For instance, as-
sume two cubic quantum dots whose side lengths L
are a and �2a, which we call QDA and QDB, respec-
tively, as shown in Fig. 1(a). Suppose that the energy
eigenvalues for the quantized exciton energy level
specified by quantum numbers �nx ,ny ,nz� in a QD
with side length L are given by

E�nx,ny,nz� = EB +
�2�2

2ML2 �nx
2 + ny

2 + nz
2�, �2�

where EB is the energy of the bulk exciton and M is
the effective mass of the exciton. According to Eq. (2),
there exists a resonance between the level of quan-
tum number (1,1,1) for QDA and that of quantum

number (2,1,1) for QDB. There is an optical near-field

2007 Optical Society of America
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interaction, which is denoted by U, due to the steep
electric field in the vicinity of QDA. Therefore, exci-
tons in QDA can move to the (2,1,1)-level in QDB.
Note that such a transfer is prohibited in propagat-
ing light since the (2,1,1)-level in QDB contains an
even number. In QDB, the exciton sees a sublevel en-
ergy relaxation, denoted by �, which is faster than
the near-field interaction, and so the exciton goes to
the (1,1,1)-level of QDB. We should also note that the
sublevel relaxation determines the unidirectional ex-
citon transfer from QDA to QDB.

To compare the tamper resistance capability, here
we introduce an electronic system based on single
charge tunneling, where a tunnel junction with ca-
pacitance C and tunneling resistance RT is coupled to
a voltage source V via the external impedance Z���,
as shown in Fig. 1(b). To achieve single charge tun-
neling, besides the condition that the electrostatic en-
ergy EC=e2 /2C of a single excess electron be greater
than the thermal energy kBT, the environment must
have appropriate conditions, as discussed in detail in
[8]. For instance, by an inductance L in the external
impedance, the fluctuation of the charge is given by

��Q2� =
e2

4�
coth�	�
s

2 � , �3�

where �=EC /�
S, 
S= �LC�−1/2, and 	=1/kBT.
Therefore charge fluctuations cannot be small even
at zero temperature unless ��1. This means that a
high-impedance environment is necessary, which

Fig. 1. Model of tamper resistance in devices based on (a)
optical excitation transfer, (b) single charge tunneling, and
(c) transistor. Dotted curves show the scale of a key device,
and dashed curves show the scale of the environment re-
quired for the system to work. In (a), an exciton can move
from QDA to QDB via optical near-field interactions and

sublevel relaxation.
makes tampering technically easy, for instance by
adding another impedance circuit.

Here, we define two scales to illustrate tamper re-
sistance: (I) the scale associated with the key device
size, and (II) the scale associated with the environ-
ment required for operating the system, which are,
respectively, indicated by the dotted and dashed lines
in Fig. 1. In the case of Fig. 1(b), scale I is the scale of
a tunneling device, whereas scale II covers all of the
components. It turns out that the low tamper resis-
tance of such wired devices is because scale II is typi-
cally the macroscale, even though scale I is the na-
nometer scale.

As another example, the system in Fig. 1(c) con-
tains a field effect transistor (FET), which is the key
device that we associate with scale I. Since an FET
needs connections to ground and power supply to
function, the flow of information is determined by the
energy dissipation occurring outside of scale I. There-
fore, again we can define scale II so that it covers all
of the components. Therefore, scales I and II, as well
as the tamper resistance, have the same properties
as in the previous case.

In contrast, in the case of the optical excitation
transfer shown in Fig. 1(a), the two quantum dots
and their surrounding environment are governed by
scale I; it is also important to note that scale II is the
same as scale I. More specifically, the transfer of an
exciton from QDA to QDB is completed due to the non-
radiative relaxation process occurring at QDB, which
is usually difficult to tamper with. Theoretically, the
sublevel relaxation constant is given by

� = 2�	g���	2D���, �4�

where �g��� is the exciton–phonon coupling energy
at frequency �, � is the Planck constant divided by
2�, and D��� is the phonon density of states. There-
fore, tampering with the relaxation process requires
somehow “stealing” the exciton–phonon coupling,
which would be extremely difficult technically.

We should also note that the energy dissipation oc-
curring in the optical excitation transfer, derived
theoretically as E�2,1,1�−E�1,1,1� in QDB based on Eq.
(2), should be larger than the exciton–phonon cou-
pling energy of ��, otherwise the two levels in QDB
cannot be resolved. This is similar to the fact that the
condition ��1 is necessary in the electron tunneling
example, which means that the mode energy �
s is
smaller than the required charging energy EC. By re-
garding �� as a kind of mode energy in the optical ex-
citation transfer, the difference between the optical
excitation transfer and a conventional wired device is
the physical scale at which this mode energy is real-
ized: nanoscale for the optical excitation transfer, and
macroscale for electric circuits.

Another possible method of attack is to use a probe,
that is, an invasive attack, to tamper with the exciton
flow. This is modeled by the system shown in Fig.
2(a), where the original two quantum dots are de-
picted by A and B, and the attacker is represented by
C. By using a virtual photon model [9], the solid
curves shown in Figs. 2(b) and 2(c) show the calcu-

lated evolution of the population of the lower level of
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B �=B1� in the absence of the attacker dot C. The in-
terdot interaction is assumed to be 100 ps �U−1�, and

Fig. 2. Tamper resistance in optical excitation transfer
system. (a) Physical model based on virtual photon model.
(b), (c) Evolution of population of B1-level without QD C
(solid curve), B1-level with QD C (dashed curve), and C1-
level (dotted curve).
the sublevel relaxation at B is assumed to be 5 ps
��−1�, as typical parameters. Now, in the presence of
C, the dashed curve and the dotted curve in Fig. 2(b),
respectively, show the evolution of the lower levels of
B (B1) and C (C1). It is clear that there is little popu-
lation in C1, meaning that tampering is difficult,
since the sublevel relaxation at B is faster than the
interaction between B2 and C2. Now, suppose that
the interaction between B2 and C2 could be made
faster (for example, 50 ps); then, the attacker could
have a higher population, as shown by the dotted
curve in Fig. 2(c). However, at the same time, the
population of B1 (dashed curve) is degraded accord-
ingly, meaning that the attack is detectable from the
performance degradation of the original system.

In summary, we have analyzed the tamper resis-
tance of optical excitation transfer via optical near-
field interactions by noticing the energy dissipation
process or the relation to the environment for signal
transfer. The tamper resistance is associated with
the physical scale required for the environment,
which is the nanoscale and the macroscale for optical
excitation transfer and conventional electrical cir-
cuits, respectively. Numerical simulations are also
presented that support the difficulty of tampering
with the excitation transfer process.
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The authors report on time-resolved near-field spectroscopy of ZnO/ZnMgO nanorod
double-quantum-well structures �DQWs� for a nanometer-scale photonic device. They observed
nutation of the population between the resonantly coupled exciton states of DQWs. Furthermore,
they demonstrated switching dynamics by controlling the exciton excitation in the dipole-inactive
state via an optical near field. The results of time-resolved near-field spectroscopy of isolated DQWs
described here are a promising step toward designing a nanometer-scale photonic switch and related
devices. © 2007 American Institute of Physics. �DOI: 10.1063/1.2743949�

Systems of optically coupled quantum dots �QDs�
should be applicable to quantum information processing.1,2

Additional functional devices �i.e., nanophotonic devices3–6�
can be realized by controlling the exciton excitation in QDs.
ZnO is a promising material for room-temperature operation,
owing to its large exciton binding energy7–9 and recent
achievements in the fabrication of nanorod hetero-
structures.10,11 This study used time-resolved near-field spec-
troscopy to demonstrate the switching dynamics that result
from controlling the optical near-field energy transfer in ZnO
nanorod double-quantum-well structures �DQWs�. We ob-
served nutation of the population between the resonantly
coupled exciton states of DQWs, where the coupling strength
of the near-field interaction decreased exponentially as the
separation increased.

To evaluate the energy transfer, three samples were pre-
pared �Fig. 1�a��: �1� single-quantum-well structures �SQWs�
with a well-layer thickness of Lw=2.0 nm �SQWs�, �2�
DQWs with Lw=3.5 nm with 6 nm separation �1-DQWs�,
and �3� three pairs of DQWs with Lw=2.0 nm with different
separations �3, 6, and 10 nm�, where each DQW was sepa-
rated by 30 nm �3-DQWs�. These thicknesses were deter-
mined by the transmission electron microscopy �TEM� mea-
surement. ZnO/ZnMgO quantum-well structures �QWs�
were fabricated on the ends of ZnO nanorods with a mean
diameter of 80 nm using catalyst-free metal organic vapor
phase epitaxy.10 The average concentration of Mg in the Zn-
MgO layers used in this study was determined to be
20 at. %.

The far-field photoluminescence �PL� spectra were ob-
tained using a He–Cd laser ��=325 nm� before detection
using near-field spectroscopy. The near-field photolumines-
cence �NFPL� spectra were obtained using a He–Cd laser

��=325 nm�, collected with a fiber probe with an aperture
diameter of 30 nm, and detected using a cooled charge-
coupled device through a monochromator. Blueshifted PL
peaks were observed at 3.499�IS�, 3.429�I1D�, and
3.467 �I3D� eV in the far- and near-field PL spectra
�Fig. 2�a��. We believe that these peaks originated from the
respective ZnO QWs because their energies are comparable
to the predicted ZnO well-layer thicknesses of 1.7�IS�,
3.4�I1D�, and 2.2 �I3D� nm, respectively, calculated using the
finite square-well potential of the quantum confinement ef-
fect in ZnO SQWs.10 To confirm the near-field energy trans-
fer between QWs, we compared the time-resolved near-field
PL �TRNFPL� signals at the IS, I1D, and I3D peaks. For the
time-resolved near-field spectroscopy, the signal was col-
lected with a fiber probe with an aperture diameter of 30 nm
and detected using a microchannel plate through a bandpass
filter with 1 nm spectral width. Figure 2�b� shows the typical
TRNFPL of SQWs �TRS�, 1-DQWs �TR1D�, and 3-DQWs
�TR3D�, respectively, using the 4.025 eV ��=308 nm� light
with a pulse of 10 ps duration to excite the barrier layers of
ZnO QWs.

We calculate the exciton dynamics using quantum me-
chanical density-matrix formalism,12,13

�̇ = −
i

�
�H,�� + �

n

�n

2
�2An�An

† − An
†An� − �An

†An� �1�

��: density operator, H: Hamiltonian in the considered sys-
tem, An

† and An: creation and annihilation operators for an
exciton energy level labeled n, and �n: photon or phonon
relaxation constant�. The exciton population is calculated us-
ing matrix elements for all exciton states in the system con-
sidered. First, we apply the calculation to a three-level sys-
tem of SQWs �inset of Fig. 2�c��, where the continuum state
��C is initially excited using a 10 ps laser pulse. Then, the
initial exciton population in ZnO QWs is created in ��1S,
where an incoherent Gaussian excitation term with a tempo-
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ral width of 2�1S is added in Eq. �1� because nonradiative
relaxation paths via exciton-phonon coupling make a
dephased input signal, statistically. Finally, an exciton carrier
relaxes due to the electron-hole recombination with relax-
ation constant �1S. Figure 2�c� shows a numerical result and
experimental data. Here, we used 2�1S=100 ps, and �1S was
evaluated as 460 ps.

A similar calculation was applied for DQWs. We used
two three-level systems, coupled via an optical near field
with a coupling strength of U12 �inset of Fig. 2�d��. Figure
2�d� shows the numerical results for the exciton population
in QWs1 and the experimental data. Here 2�1D and 2�2D
were set at 200 ps, which is twice the value for SQWs, be-
cause the relaxation paths extend the barrier energy state in
the two quantum well �QW�. �1D and �2D are evaluated as
200 ps. We believe that the faster relaxation for DQWs com-
pared with SQWs reflects the lifetime of the coupled states
mediated by the optical near-field. Furthermore, the charac-
teristic behavior that results from near-field coupling appears
as the oscillatory decay in Fig. 2�d�. This indicates that the
time scale of the near-field coupling is shorter than the de-
coherence time, and that coherent coupled states, such as
symmetric and antisymmetric states,14 determine the system
dynamics. Furthermore, nutation never appears unless unbal-
anced initial exciton populations are prepared for ��1D and
��2D. In the far-field excitation, only the symmetric state is
excited because the antisymmetric state is dipole inactive. By
contrast, in the near-field excitation, both the symmetric and
antisymmetric states are excited due to the presence of a
near-field probe. Since the symmetric and antisymmetric
states have different eigenenergies, the interference of these
states generates a detectable beat signal. The unbalanced ex-
citation rate is given by A1 /A2=10 here. From the period of
nutation, the strength of the near-field coupling is estimated
to be U12=7.7 ns−1 �=4.9 �eV�.

We evaluated nutation frequencies using Fourier analy-
sis. In Fig. 3�a�, the power spectral density of SQWs �PSS�
does not exhibit any peaks, indicating a monotonic decrease.
By contrast, the power spectral density of 1-DQWs �PS1D�
had a strong peak at a frequency of 2.6 ns−1. Furthermore,
that of 3-DQWs �PS3D� had three peaks at 1.9, 4.7, and
7.1 ns−1. Since, the degree of the coupling strength, which is
proportional to the frequency of the nutation, increases as the
separation decreases, the three peaks correspond to the sig-
nals from DQWs with separations of 10, 6, and 3 nm, re-

spectively. Since the coupling strength �U �eV� is given by
��f �f: nutation frequency�, �U are estimated as 4.0, 9.9,
and 14.2 �eV for DQWs with respective separations of 10,
6, and 3 nm. Furthermore, the peak intensity for the DQWs
with 3 nm separation is much lower than for those with
10 nm separation, which might be caused by decoherence of
the exciton state due to penetration of the electronic carrier.
Considering the carrier penetration depth, the strong peak of
DQWs with 10 nm separation originates from the near-field
coupling alone. The solid line in Fig. 3�b� shows the separa-
tion dependence of the peak frequency. The exponentially

FIG. 1. ZnO/ZnMgO nanorod quantum-well structures. c: c axis of the ZnO
stem. �a� Schematics of ZnO/ZnMgO SQWs, DQWs �1-DQWs�, and triple
pairs of DQWs �3-DQWs�. �b� Z-contrast TEM image of 3-DQWs clearly
shows the compositional variation, with the bright layers representing the
ZnO well layers. Scale bar: 50 nm.

FIG. 2. �Color online� Near-field time-resolved spectroscopy of ZnO nano-
rod DQWs at 15 K. �a� NFS, NF1D, and NF3D: near-field PL spectra. FFS,
FF1D, and FF3D: far-field PL spectra of ZnO SQWs
�Lw=2.0 nm�, 1-DQWs �Lw=3.5 nm, 6 nm separation�, and 3-DQWs
�Lw=2.0 nm and 3, 6, and 10 nm separation�. �b� TRS, TR1D, and TR3D

show TRNFPL signal obtained at IS, I1D, and I3D. Theoretical results on the
transient exciton population dynamics �solid curves� and experimental PL
data �filled squares� of �c� SQWs �same as curve TRS in �b�� and �d�
1-DQWs �same as curve TR1D in �b��. The insets schematically depict the
respective system configurations. ��C: barrier energy state with a central
energy.

FIG. 3. �Color online� Evaluation of the nutation frequencies between the
QWs. �a� PSS, PS1D, and PS3D show the power spectra of TRS, TR1D, and
TD3D, respectively. �b� Separation D dependence of frequency of the
nutation.
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decaying dependence represented by this line supports the
origin of the peaks in the power spectra from the localized
near-field interaction between the QWs.

Next, we performed the switching operation. Figures
4�a� and 4�b� explain the “off” and “on” states of the pro-
posed nanophotonic switch, consisting of two coupled QWs.
QW1 and QW2 are used as the input/output and control ports
of the switch, respectively. Assuming Lw=3.2 and 3.8 nm,
the ground exciton state in QW1 and the first excited state in
QW2 resonate. In the off operation �Fig. 4�a��, all the exciton
energy in QW1 is transferred to the excited state in the neigh-
boring QW2 and relaxes rapidly to the ground state. Conse-
quently, no output signals are generated from QW1. In the on
operation �Fig. 4�b��, the escape route to QW2 is blocked by
the excitation of QW2, owing to state filling in QW2 on ap-
plying the control signal; therefore, an output signal is gen-
erated from QW1.

Figure 4�c� shows the NFPL for the three pairs of DQWs
with Lw=3.2 and 3.8 nm with different separations �3, 6, and
10 nm�. Curve NFoff was obtained with continuous input
light illumination from a He–Cd laser �3.814 eV�. No emis-
sion was observed from the exciton ground state of QW1
�EA1� or the excited state of QW2 �EB2� at a photon energy
of 3.435 eV, indicating that the excited energy in QW1 was
transferred to the excited state of QW2. Furthermore, the
excited state of QW2 is a dipole-forbidden level. Curve
NFcontrol shows the NFPL signal obtained with control light
excitation of 3.425 eV with a 10 ps pulse. Emission from the
ground state of QW2 at a photon energy of 3.425 eV was

observed. Both input and control light excitations resulted in
an output signal with an emission peak at 3.435 eV, in addi-
tion to the emission peak at 3.425 eV �curve NFon�, which
corresponds to the ground state of QW2. Since the excited
state of QW2 is a dipole-forbidden level, the observed
3.435 eV emission indicates that the energy transfer from the
ground state of QW1 to the excited state of QW2 was blocked
by the excitation of the ground state of QW2.

Finally, the dynamic properties of the nanophotonic
switching were evaluated by using the time correlation single
photon counting method. We observed TRNFPL signals using
a fiber probe with an aperture diameter of 30 nm at 3.435 eV
with both input and control laser excitations �see Fig. 4�d��.
The decay time constant was found to be 483 ps. The output
signal increased synchronously, within 100 ps, with the con-
trol pulse. Since the rise time is considered equal to one-
quarter of the nutation period 	,15 the value agrees with those
obtained for DQWs with the same well width in the range
from 	 /4=36 ps �3 nm separation� to 	 /4=125 ps �10 nm
separation�.

We observed the nutation between DQWs and demon-
strated the switching dynamics by controlling the exciton
excitation in the QWs. For room-temperature operation,
since the spectral width reaches thermal energy �26 meV�, a
higher Mg concentration in the barrier layers and narrower
Lw are required so that the spectral peaks of the first excited
state �E2� and ground state �E1� do not overlap. This can be
achieved by using two QWs with Lw=1.5 nm �QW1� and
2 nm �QW2� with a Mg concentration of 50%, where the
energy difference between E2 and E1 in QW2 is 50 meV.16
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FIG. 4. �Color online� Switching operation by controlling the exciton exci-
tation. Schematic of the nanophotonic switch of �a� “off” state and �b� “on”
state. �c� NFon, NFcontrol, and NFoff show NFPL signal obtained with the
illumination of input laser along, control laser alone, and input and control
laser, respectively. �d� Near-field time-resolved PL signal with on state.
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Abstract
We successfully produced a drastic decrease in the required growth
temperature of single-crystalline ZnO nanorods, and enabled successful
growth of vertically aligned ZnO nanorods on a Si(100) substrate using
photoinduced metal organic vapour phase epitaxy (MOVPE). We introduced
325 nm light during the MOVPE growth, and achieved vertical growth of
single-crystalline ZnO nanorods with a hexagonal crystal structure on
Si(100) at a growth temperature of 270 ◦C. The successful low-temperature
growth of ZnO nanorods on the Si(100) substrate described here is a
promising step toward designing nanoscale photonic and electronic devices
required by future systems.

1. Introduction

Future optical transmission systems will require nanometre-
scale photonic devices (nanophotonic devices [1]) composed of
quantum dots to increase data transmission rates and capacity.
ZnO nanocrystallites are potentially ideal components for
realizing room-temperature operation of nanophotonic devices
because of their high exciton-binding energy [2–4] and great
oscillator strength [5]. One representative device studied by
researchers is a nanophotonic switch using CuCl quantum
cubes [6], in which the switching dynamics are controlled
by a dipole-forbidden optical energy transfer among resonant
energy levels in nanometre-scale quantum dots via an optical
near field. Use of ZnO nanocrystallites, with their great
potential depth, could facilitate construction of this device
by avoiding carrier penetration. A high atomic concentration
of Mg is required to produce a ZnO quantum structure

using a ZnMgO buffer layer [2]. To meet this requirement,
the growth temperature must be lowered to avoid Mg
interdiffusion. Recently, researchers fabricated ZnO/ZnMgO
nanorod heterostructures using a metal organic vapour phase
epitaxy (MOVPE) system; growth temperatures ranged from
400 to 500 ◦C, and the system produced a successful quantum
confinement effect even from single-quantum-well structures
(SQWs) [7, 8].

Both ZnO films and nanostructures have been prepared
as substrates for ZnO growth with high-quality crystallinity,
typically on sapphire substrates, because this produces a good
lattice match with ZnO [7–11]. Nevertheless, the use of Si
substrates enables the deposition of nanomaterials on large and
inexpensive substrates, offering possible mass production of
nanomaterials. More importantly, since ZnO nanorod field-
effect transistors have large mobility [12], the preparation
of ZnO nanorods on Si appears to be a breakthrough
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http://dx.doi.org/10.1088/0957-4484/18/6/065606
mailto:yatsui@ohtsu.jst.go.jp
http://stacks.iop.org/Nano/18/1


Nanotechnology 18 (2007) 065606 T Yatsui et al

Figure 1. (a) SEM image of ZnO films deposited at room temperature. Magnified SEM images at ((b) and (c)) room temperature, ((d) and (e))
150 ◦C, and ((f)–(h)) 270 ◦C, respectively. ((b), (d), and (f)): outside the spot; ((c), (e), (g), and (h)): inside the spot. (h) Magnified SEM image
of (g).

for nanomaterial integration in Si-based electronic devices.
Despite the importance of nanomaterial growth on Si
substrates, vertically well-aligned one-dimensional ZnO
nanostructure growth of Si has only been reported on Si(111)
substrates [13], which have a hexagonal surface structure.
Since Si-based electronic devices use Si(100) substrates with
a cubic surface structure, producing a high-quality one-
dimensional ZnO nanostructure on a Si(100) substrate using
a low growth temperature should offer improved function for
devices. In this study, we used photoinduced MOVPE to
obtain high-quality crystallinity of ZnO nanorods on a Si(100)
substrate using a low growth temperature.

2. Experimental technique

ZnO nanorods were grown on Si(100) substrates using a
photoinduced MOVPE system. The substrate was dipped in

sulfuric acid and hydrogen peroxide solution to remove any
organic or metallic impurities, and the native oxide on top was
removed using hydrofluoric acid. Diethyl zinc (Et2Zn) and
oxygen were used as reactants, and they had flow rates ranging
from 20 to 100 sccm and 0.5 to 5 sccm, respectively. During
nanorod growth, we used a He–Cd laser light (λ = 325 nm,
300 μW) as a light source to assist the MOVPE growth. The
photon energy is lower than that of the absorption edge of
gas-phase Et2Zn and higher than that of the absorption edge
of adsorption-phase Et2Zn, indicating that the conditions are
nonresonant for gas-phase Et2Zn and resonant for adsorption-
phase Et2Zn [14]. The growth time was 30 min.

We used scanning electron microscopy (SEM) to examine
the growth temperature dependence of the surface morphology
of films deposited on Si(100). As shown in figures 1(a)–(c),
irradiation with a He–Cd laser light (inside the white ellipse) at
room temperature covered the Si(100) substrate with several

2
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Figure 2. (a) Low-magnification and (b) high-resolution TEM images of ZnO nanorods grown at 270 ◦C. (c) The corresponding SAD pattern.

hundred nanometre-scale grains. The grain size (several
10 nm) was drastically reduced at a growth temperature
of 150 ◦C (see figure 1(e)). However, when the growth
temperature increased to 270 ◦C, hexagon-shaped nanorods
with diameters ranging from 50 to 150 nm appeared where
the He–Cd laser had irradiated (see figures 1(g) and (h)). The
reduced amount of deposition grown at 150 ◦C resulted from
desorption of the adsorption layer of diethyl zinc (Et2Zn) on
the substrate [15]. The increased amount of deposition grown
at 270 ◦C resulted from the thermal decomposition of Et2Zn.
These postulates are supported by the fact that grains of several
10 nm were deposited outside the beam spot (figure 1(f)).

3. Results and discussion

Transmission electron microscopy (TEM) was employed for
further investigation of structural characteristics. A low-
magnification TEM image (figure 2(a)) reveled vertical growth
in the nanorod structure on the Si(100) substrate. Furthermore,
a high-resolution TEM image of the nanorod tip (figure 2(b))
and the corresponding selection area diffraction (SAD) pattern
(figure 2(c)) revealed that the lattice spacing (0.26 and 0.28 nm)
matched the (0002) and (011̄0) wurtzite planes of ZnO,
respectively. TEM images of all the nanorods investigated in
this study revealed that ZnO nanorods grew along the [0001]
direction. Although the native oxide was removed before
deposition, since the deposition was carried out in ambient
oxygen, the ZnO nanorods were grown on an oxidized Si
substrate. The results indicate that vertically aligned ZnO
nanorods with hexagonal structures can be obtained on various
substrate types, even glass substrates. Detailed discussions on
substrate dependence will be given elsewhere.

We checked the photoluminescence (PL) spectra to eval-
uate the optical properties of the deposited films. PL spec-
troscopy was employed for nanorod optical characterization.
A 325 nm line from a continuous-wave He–Cd laser was used
as the excitation source. Although deposited films grown at
both room temperature and 150 ◦C did not exhibit any peaks in
PL spectra at between 5 and 300 K, the deposited hexagon-
shaped nanorods grown at 270 ◦C revealed a strong room-
temperature PL emission peak at 3.283 eV (see figure 3(a)).
This peak approaches a previously reported peak of 3.29 eV
(λ = 380 nm) [16], corresponding to spontaneous emission
from the free exciton in high-quality ZnO nanocrystallites. The
full width at half-maximum of the PL spectrum was about
105 meV, which is comparable with the 90 meV of high-quality
ZnO nanorods grown using MOVPE at 400 ◦C [16]. The low-
temperature (5 K) PL spectra exhibited a strong PL emission
peak, I2, at 3.365 eV (see figure 3(b)), corresponding to the
emission from the neutral-donor bound exciton in ZnO. As
shown in figure 3(b), the intensity of peak I2 decreased dras-
tically as the temperature increased, and the peak almost dis-
appeared at temperatures above 160 K, while peak Iex grew
relative to I2. This behaviour resulted from the decomposi-
tion of bound excitons to free excitons due to increased ther-
mal energy, and supports the argument described above that
Iex corresponds to a free exciton peak and that I2 is the well-
known neutral-donor bound exciton peak emitted from ZnO
nanorod stems. Compared to previous reports, the additional
peaks observed at 3.319, 3.244, and 3.174 eV were presum-
ably caused by phonon replicas of free excitons [17, 18]. These
results demonstrate that metallic Zn films and c-axis oriented
ZnO nanorods were grown at room temperature and 270 ◦C,
respectively.
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Figure 3. (a) Room-temperature (300 K) PL spectrum of a ZnO
nanorod grown at 270 ◦C. (b) Temperature dependence of the PL
spectra of a ZnO nanorod grown at 270 ◦C.

The structural changes in the deposited films described
above indicate that UV irradiation allows crystal growth at
lower substrate temperatures. That is, UV photon energy
assists the reaction during the vapour phase, surface reactions
(such as adsorption, desorption, and acceleration of surface
migration), and carrier excitation effect. Although the
low-temperature (250 ◦C) growth of ZnO nanorods with
high-quality crystallinity has been reported without UV
illumination [19], no vertically well-aligned growth at low
temperature (270 ◦C) has been reported on any substrate.
The successful growth of ZnO nanorods at low temperature
originated from the selective deposition of adsorption-phase
Et2Zn. As reported previously [20], we have shown that
the photodissociation of adsorption-phase Et2Zn is selectively
generated at the tip of the sharpened fibre probe, where the
strong optical near-field is generated. Such a strong field
localization may cause a perturbation of the free-molecule
potential surface in the adsorbed phase, which would result in a
redshift in the absorption spectrum of Et2Zn and accelerate the
deposition rate. Similar selective deposition can be achieved
with the sharpened tip of ZnO nanorods.

4. Conclusion

In conclusion, the use of photoinduced MOVPE allowed
reduced growth temperatures for single-crystalline ZnO

nanorods and the fabrication of vertically aligned ZnO
nanorod structures on a Si(100) substrate. Electron
microscopy revealed that these nanorods possessed high-
quality crystallinity and we confirmed their excellent
photoluminescence characteristics. Furthermore, since the
deposition technique using a photochemical reaction resulted
in size- and position-controlled lateral integration [21, 22],
this deposition method should produce nanometre-sized lateral
integration of nanorods.
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Abstract

We demonstrate a prototype of the near-field lithography system, which is a potential tool for low cost nano-fabrication. Resist pat-
terns with 50 nm features are fabricated on the entire surface of a 4-in. silicon wafer by step and repeat exposure using a light source
operating at 365 nm. Furthermore, we realize ultra-clean environment by facilitating a dual clean system. Finally, we fabricate dot
and hole arrays, which are indispensable patterns for novel nano-devices, demonstrating the applicability of our system to various
applications.
� 2007 Elsevier B.V. All rights reserved.

Keywords: Near-field; Lithography; Clean environment; Nano-optical elements; Step and repeat exposure
1. Introduction

Recently, ArF immersion lithography and extreme ultra
violet lithography for 32 nm node and below have been
intensively studied. The prices of these lithography tools
have been constantly soaring by generation, because they
require extremely sophisticated technologies. Although
many nano-devices and their applications have also been
intensively researched, a high cost lithography tool is not
convenient for these activities from the standpoint of cost
of ownership (CoO). A nano-fabrication tool, which has
high enough resolution and is manageable at low-cost, will
accelerate these activities to find practical applications of
novel nano-devices.

2. Concepts of the system

In this paper, we report the development of the near-
field lithography (NFL) tool with very high resolution at
low cost. This feature would pave the way for developing
a wide range of applications. In the course of the develop-
0167-9317/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.mee.2007.01.043

* Corresponding author. Tel.: +81 3 5732 2575.
E-mail address: inao.yasuhisa@canon.co.jp (Y. Inao).
ment of our system, we have taken into account the follow-
ing three points as our basic concepts:

(a) In order to manage both nano-scaled high resolution
and simple system architecture for low-cost opera-
tion, we employ near-field lithography principle.

(b) To achieve the full wafer scale fabrication, we incor-
porate the step and repeat exposure scheme within
our NFL tool.

(c) Ultra-clean environment, also an important factor
for high throughput fabrication, is accomplished
without using special clean room facilities.

3. Structure and operation of the system

3.1. Taking the full advantage of the optical near fields

Optical near fields are known for years. It allows us to
obtain high resolution with a spot size smaller than that
of the propagating light, which is limited by the diffraction.
The application of the optical near fields to the lithography
enables us to fabricate fine resist patterns smaller than the
wavelength used for the exposure [1–4]. As the resolution is
not determined by the wavelength, the near-field lithography

mailto:inao.yasuhisa@canon.co.jp
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does not demand a shorter wavelength light source for high
resolution.

The optical near fields are localized around a tiny object
or an aperture smaller than the wavelength. Therefore, the
near-field lithography requires close contact between the
mask and the photoresist. This is achieved by incorporat-
ing a membrane mask system, as schematically illustrated
in Fig. 1. In this system, by applying the pressure to vessel,
the mask deforms about 50 lm to the direction normal to
the mask and fits to the wafer over an area of 5 · 5 mm2.
Note that, due to the large mask area and small amount
of the deformation, the bending radius is of the order of
10 cm. The resulting placement error depends upon the
position of the pattern and is �0.01% with respect to the
mask dimensions. Therefore, this can be corrected when
the mask is designed. Furthermore, we do not need a pre-
cise control over the focus, differing from the conventional
projection lithography system. This greatly reduces the
number of components within our NFL system, leading
to the low system cost.

Fig. 2 shows a membrane structure of our photomask. A
500 nm thick SiN layer that is transparent to the illuminating
Fig. 1. Schematic illustration of pro

Fig. 2. (a) Photomask for near-field lithography and (b) c
light is deposited on a silicon substrate. A 50 nm thick
absorber layer, typically made of chromium, is then formed
by sputtering. We form an absorber pattern by using the
electron beam lithography and the subsequent dry-etching
process. Finally, we remove the silicon substrate by the
wet-etching process, leaving only the silicon nitride mem-
brane. The fabricated mask has a 10 · 10 mm2 elastic mem-
brane area on a 4-in. wafer.

Fig. 3 shows the whole prototype lithography system,
which shares �2 · 3 m2 by its footprint. A mercury lamp,
which is our light source, is located outside the enclosure.
The UV light is delivered into the system by a fiber bun-
dle and illuminates the photomask from the top without
using any special optics. The total power at the fiber end
is approximately 1.5 W. Prior to the patterning process
z-position of the mask is coarsely aligned (precise control
is not required as described above). Then, we align the
wafer by using the x–y stages. The proximity contact is
achieved by applying pressure of around 5 kPa to a
pressure vessel. Note that the amount of deformation
imposed on the mask is very small as we initially align
the mask just 50 lm above the photoresist layer. Then
totype of near-field lithography.

hromium mask absorber pattern on a SiN membrane.



Fig. 3. Photograph of (a) whole system of our prototype, (b) inside of the enclosure and the light source, (c) photomask held under the pressure vessel
illuminated by fiber bundle and (d) contact between photomask and wafer by applying pressure and deforming photomask.
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the light is illuminated to the photoresist and the
optical near field distribution is translated to the
photoresist.
Fig. 4. Uniform pattern in an area of 5 · 5 mm2, (a) SEM image of pattern loca
edge of exposure area.
The fabricated pattern on the photoresist is shown in
Fig. 4. The structural dimensions are 160 nm pitch and
50 nm wide, and which are smaller than the wavelength
ted at the center of exposure area, (b) SEM image of pattern located at the



Fig. 6. Photoresist patterns on the entire surface of 4-in. silicon wafer
using step and repeat exposure.
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of the light that we used (k = 365 nm). In this example,
we employed the tri-layer resist stack, which consists of
the photosensitive layer of 30 nm thick, the middle-etch-
ing mask layer of 20 nm thick and the bottom layer of
100 nm thick [2]. In our test mask, 25 sets of the patterns
with similar line and space are distributed within an area
of 5 · 5 mm2 exposed by the light source. We checked
the uniformity of the physical contact and the exposure
by inspecting each pattern marked by the circles, as
shown in Fig. 4. The average 3r of the line width is
approximately 20 nm, which we attribute to the accuracy
of our chromium mask. Therefore, this value can be
made further small by using an amorphous silicon pho-
tomask absorber [3]. We also note that it is important
to improve the resist materials to improve the line edge
roughness. From this result, we confirmed that our pro-
totype near-field lithography system allows us to obtain
extremely high resolution beyond the conventional wave-
length limit while the system is retained to be simple and
compact.

3.2. Whole wafer exposure: Step and repeat exposure and
multi-window mask

We describe the operation of our prototype in Fig. 5. An
NFL photomask is placed at the region marked by the cir-
cle while the alignment scope and the illumination optics
are set on the top. By applying the pressure to the vessel,
the photomask is brought into contact with the photoresist.
Then, the alignment scope moves on to the wafer and the
position of both the photomask relative to the wafer is
checked first. Then, the illumination optics comes in and
the exposure is carried out. We use a mechanical shutter
for dosage control. After the mask is detached from the
wafer, the wafer is moved to the next position. These series
of action constitute our step and repeat process. The result
of the step and repeat exposure is shown in Fig. 6. The pat-
Fig. 5. Layout of components inside the prototype and
terns are formed on the entire surface of the 4-in. silicon
wafer. In order to improve the throughput of the system
further, a 4-in. mask with multiple membranes arranged
in a matrix form can be used.

3.3. Ultra-clean environment by Dual-clean system

Our prototype system is set inside the conventional clean
booth placed in normal room environment. The system is
enclosed and clean air through ULPA filters is circulated
inside the enclosure. A photomask and a wafer are kept
in local clean environment as shown in Fig. 7.

We measured the particle counts depending on their
sizes, in three different region of the system by using two
alignment marks observed by the alignment scope.



Fig. 7. Schematic illustration of structure of dual-clean system. The clean
level was measured at the three points indicated by triangle marks.

Table 1
Particle counts depending on their sizes, in three different region of our
system

Particle
size

Outside
(particles/CF)b

In clean booth
(particles/CF)b

Inside enclosure
(particles/CF)a

0 min 3 min 7 min

0.5lm 25126 67 0 0 0
0.3lm 357601 771 2646 0 0
0.2lm – – 20466 216 0
0.1lm – – 101979 1161 0
0.08lm – – 25245 459 0

a Counted by KC-22B(RION CO., LTD).
b Counted by 243A(HIAC ROYCO).
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different commercial particle counters (model: KC-22B
[RION CO., LTD], 243A[HIAC ROYCO]). The results
are summarized in Table 1. In the clean booth, we observed
Fig. 8. SEM images of resist pattern, (a) dot array pattern whose pitch is 200 n
diameter is 150 nm.
770 particles per cubic foot greater than 0.3 lm in
diameter.

Although we observed more particles initially inside
the enclosure, after closing the lid of the enclosure to iso-
late from the clean booth, the number of particles drasti-
cally reduces with time. After 7 min, no particle greater
than 80 nm in diameter is detected. This verifies that
extremely clean local environment is realized in a com-
pact fashion. This extremely clean environment is suitable
for reliable nano-processing without using high-cost
super-clean room and we believe that such a compact sys-
tem can widely be used in many places such as university
laboratories.

4. Application of our prototype

To further demonstrate our prototype tool, we also
fabricated 2D patterns, dot and hole arrays, as shown
in Fig. 8a and b. We confirmed a good uniformity over
an area of 50 · 50 lm2. These patterns are typical of
nano-devices, such as nano-optical devices (Photonic
Crystal, Sub-Wavelength Structure), nano-electrical
devices (Single electron transistor, Quantum dot laser),
and nano-bio devices (Plasmon biosensors, DNA mole-
cule filter). Therefore, these results suggest that our proto-
type tool based on our basic concept can serve as a useful
fabrication tool for a wide range of nano-scale device
fabrication.

5. Summary

We demonstrated the prototype of the near-field lithog-
raphy system based on the proven concepts of a simple
nano-fabrication tool with high resolution at low cost.
The resist patterns with sub-50 nm features were fabricated
on the entire surface of the 4-in. silicon wafer by using the
step and repeat exposure. We realized the ultra-clean
environment by making use of the dual clean system, which
is crucial for reliable nano-processing. The 2D resist pat-
m and diameter is 60 nm, (b) hole array patter whose pitch is 250 nm and
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terns suitable for a variety of applications were also
demonstrated.
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Abstract

We introduce a unique photochemical reaction, i.e., nonadiabatic photochemical reaction (NPR) described by exciton–phonon
polariton model, which seems to violate the Franck–Condon principle. We demonstrated a novel photolithography using optical near

field which is based on the NPR. The UV-photoresist was exposed to visible and red light, while the used photoresist are low or non
sensitive for visible light. This method in photolithography drastically reduce the problems, coming from wave properties of light, such as
diffraction limit, interference fringes, and so on. Finally, we exposed electron-beam resist, which is completely insensitive for light, and
succeeded in fabrication of a 50-nm structure.

r 2006 Elsevier B.V. All rights reserved.

Keywords: Photolithography; Nanophotolithography; Nonadiabatic photochemical reaction; Nanofabrication.
We have studied the application of optical near field
(ONF) to nanostructure fabrication using its novel proper-
ties, e.g., higher resolution than diffraction limit and
unique photochemical reaction [1]. This unique photo-
chemical reaction is called a nonadiabatic photochemical
reaction (NPR) [1], and can be explained by the
exciton–phonon polariton (EPP) model [2,3]. In the
previous work of Chemical Vapor Deposition, we demon-
strated the unique photodissociation involving multiple-
step excitation via molecular vibration modes based on
EPP model. Following from this process, in this paper, we
have applied the NPR to photolithography. Here, we call
this novel method of photolithography ‘Nonadiabatic
Photolithography’.

Recently, to satisfy the demand for mass production of
photonic and electronic devices, various methods of
nanofabrication are contrived [4–6]. Among all, nonadia-
batic photolithography is widely used because it enables
conventional photolithographic components and systems
e front matter r 2006 Elsevier B.V. All rights reserved.
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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 nano-
metric 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
due to the narrow separations. The transmission intensity
of light passing through a photomask strongly depends on
its polarization, so the design of photomask structures
must include such effects. The largest advantage of
nonadiabatic photolithography is free from these problems
coming from wave properties of light.
Fig. 1 illustrates schematic drawings of potential curves

of an electron in molecular orbital and the EPP model. For
an optical far field, the light wavelength is much longer
than the size of molecules and the field intensity is uniform
in a neutral molecule. Thus, only electrons in the molecule
respond to the electric field with the same phase and
intensity. In such case, an optical far field cannot excite the
higher molecular vibrational state, and the light source

www.elsevier.com/locate/jlumin
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Fig. 1. Schematic drawings of (a) potential curves of an electron in

molecular orbital and (b) the exciton–phonon polariton (EPP) model.

Fig. 2. (a) A schematic of the photomask and the Si-substrate spin coated

with photoresist (OFPR-800) during the exposure process, (b) atomic

force microscopy images of photoresist OFPR-800 exposed to the g-line of

a Hg lamp for 3 s, (c) atomic force microscopy images of photoresist

OFPR-800 developed after a 4-h exposure to a 672-nm laser.
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must resonate to the energy from the electronic ground
state to an excited state for the photoactivation. By
contrast, an optical near field has the steeply spatial
gradient of optical intensity, and the electrons in the
molecule feel nonuniform field intensity. As a result of this
non-uniform response of the electrons, the molecular
orbital changes and the molecules are polarized. Finally
the molecular vibration mode is excited, as shown in
Fig. 1(a). In this situation, even the light with low photon
energy can activate the molecule via multi-step transition.
We propose the EPP model to quantify this excitation
process. The EPP is a quasi-particle, which is an
exciton–polariton trailing the phonon (lattice vibration)
generated by the steep spatial gradient of its optical field, as
shown in Fig. 1(b).

An ONF is a highly mixed state with material excitation
rather than a propagating light field. When the creation
(annihilation) operators for photon, exciton and phonon
are denoted aypðapÞ; b

y
pðbpÞ and cypðcpÞ, respectively, the

Hamiltonian for the system where photon and exciton, or
exciton and phonon interact with each other is written as

H ¼
X

p

_ opaypap þ oex
p bypbp þ

iOc

2
aypbp � apbyp

� �� �

þ
X

p

_ Opcypcp þ
X
p;q

i _ Mðp� qÞ bypbp cp�q þ cyq�p

h i
þ h:c:

n o

ð1Þ

where p or q is the momentum of each particle, op, oex
p and

Op are the frequency of photon, exciton and phonon,
respectively, Oc and Mðp� qÞ are the coupling coefficient
between phonon and exciton, and, exciton and photon,
respectively, h.c. is the Hermite conjugate.
This Hamiltonian for the ONF probe can be diagona-
lized using the mean field approximation and unitary
transformation, and expressed in such a quasi-particle
(EPP) representation as

H ¼
X

p

_o ðpÞ xypx. (2)

Here the creation (annihilation) operator for EPP and the
frequency are denoted xyp xð Þ and o ðpÞ, respectively. The
detailed discussion of EPP model was reported in previous
works e.g. [1].
Fig. 2(a) shows a schematic configuration of the

photomask used and the Si-substrate on which the
photoresist (OFPR-800: Tokyo-Ohka Kogyo Co.) was
spin coated. These were used in contact mode. Figs. 2 (b)
and (c) show atomic force microscopy (AFM) images of
the photoresist surface after the development. Fig. 2(b)
shows the developed result, in the conventional setup of
photolithography. We used g-line (436-nm) light source for
g-line photoresist of OFPR800. The obtained corrugated
pattern was the same as the shape of the photomask. On
the other hand, in the nonadiabatic photolithography, the
developed grooves on the photoresist appeared along the
edges of the Cr mask pattern, as shown in Fig. 2(c). We
used 672-nm light for OFPR800 in the nonadiabatic
photolithography. The optical power density and the
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Fig. 3. (a) AFM images of photoresist TDMR-AR87 exposed to the polarized g-line of a Hg lamp for 10 s using a circle-shaped array photomask, (b)

AFM images of photoresist OTDMR-AR87 developed after a 40-s exposure to the g-line of a Hg lamp using a T-shaped array photomask.

Fig. 4. (a) Atomic force microscopy images of Electron-Beam resist exposed for 5min using the Q-switched laser (355 nm) and a circle-shaped (1mm
diameter) array photomask, (b) cross-sectional profiles of the developed pattern along broken lines A and B in Fig. 4(a).
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exposure time were 1W/cm2 and 4 h, respectively. The
corrugated pattern was 30 nm deep and 150 nm wide, much
smaller than the wavelength of the light source. In this
region, a steeply spatial gradient of optical energy that
indicates the existence of an optical near field is expected,
and direct irradiation of 672-nm light cannot expose the
photoresist. The formation of the pattern never comes
from the thermal effect. This is because it is difficult to
make such minute temperature distribution corresponding
to the corrugated pattern by the CW-light source that we
used. These results indicate that the nonadiabatic process
using ONF can expose the photoresist.

Fig. 3 shows atomic force microscopy (AFM) images of
the photoresist surface after exposure and development.
Fig. 3(a) shows corrugated pattern on the photoresist
TDMR-AR87 (Tokyo-Ohka Kogyo Co.) using a linearly
polarized g-line light. TDMR-AR87 is the photoresist for
an i-line (365-nm) light source, whose sensitivity reacts for
g-line is little. The conventional photolithography using a
photomask with a periodically nanometric array has strong
harmful effects on polarization of light and interference
fringes. We confirmed the difficulties due to these harmful
effects experimentally. However, using nonadiabatic
photolithography method, we succeeded in transfers of
the 2D nanometric arrays of circles and T-shapes; as shown
in Figs. 3(a) and (b). The grooves on the photoresist appear
along the ridge lines of the Cr mask pattern. While the used
light source was non-polarized, the harmful effects were
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drastically reduced. Thus, usefulness of nonadiabatic
photolithography is evident.

We also attempted the exposure of electron beam resist
(EB: ZEP-520: ZEON Co. Ltd.) optically. Fig. 4(a) shows
AFM image of the developed EB resist surfaces after
nonadiabatic exposure. The light source was the third
harmonic generation of a Q-switched Nd:YAG laser and
the exposure duration was 5min. The pulse energy density,
the pulse duration, and repetition frequency were 250 mJ/
cm2, 10 ns, and 20Hz, respectively. We succeeded in
patterning even the EB resist, while it never exposed by
the propagating light. The developed pattern of 50 nm
structures had the pit depth of 70 nm, which is deep enough
for the later process, i.e., the etching of substrate, to reach
the Si substrate. The fabricated structure, which had a
diameter of 1 mm, was asymmetrical because the light
incident angle was 70 1. In contact mode lithography, the
degree of contact between a photomask and resist is very
important, because the ONF localizes in a extremely
minute area. Since the EB resist has high smooth surface,
the degree of contact was improved.
This result shows the possibility that we can choose and
use the best material without considering whether it is
active or inactive to the light.
We found the nonadiabatic photochemical reaction in

the exposure process of photolithography, which origi-
nated from the steep spatial gradient of ONF, and
described that process using the EPP model. We call this
unique technique ‘‘nonadiabatic photolithography’’, which
has several advantages, e.g., no interference and no
polarization dependence. Finally we succeeded in exposing
even the EB resist optically.
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This paper describes a size-dependent electroless plating method to fabricate a new type of probe with a locally
decreasing thickness of metal and a tiny tip size for a combined high resolution shear-force and near-field optical
microscope. In this method, the tip size and decreasing thickness profile, which affect the resolution capabilities of the
microscopes, are controlled by adding a continuous ultrasonic wave with a frequency of 1MHz to a nickel plating bath.
The probe with a tip radius of curvature of 25 nm was successfully fabricated at an ultrasonic power density of 1.6
Wcm�2, its metal thickness gradually decreased from 850 to 20 nm toward the distal tip. # 2006 The Optical Society
of Japan

Key words: electroless plating, metallization, ultrasonic wave, optical fiber, SNOM, NSOM, etching, non-contact
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1. Introduction

A combined near-field optical and shear-force microscope
employing an apertured probe is widely applied to nano-
optical imaging, spectroscopy, and processing,1,2) where the
shear-force feedback system is used for simultaneous topo-
graphic imaging and for distance regulation of the probe and
the sample. However, the resolution capability of a shear-
force microscope is limited to a large probe size of
submicrons. To improve the topographic resolution of the
combined microscope, one should fabricate a probe having
both a small tip diameter and metal coat. We have proposed
a fiber probe whose metal thickness locally decreases toward
the distal tip [Fig. 1(a)], and have developed a fabrication
method based on size-dependent electroless nickel plating
under ultrasonic irradiation. In this paper, we describe the
probe with a decreasing metal thickness profile and its
fabrication method, and then discuss the size-dependence of
electroless plating.

2. Fiber Probe with a Decreasing Thickness Profile of
Metal

Figures 1(a) and 1(b) show an schematic illustrations of
(a) a probe with a decreasing thickness profile of metal and
(b) an apertured probe, respectively. In (a), the radial
thickness of the metal coating gradually decreases from
submicrons or more to subsubmicrons. r1 is the tip radius of
curvature, and � and � are the cone angles of the fiber and
probe, respectively. In (b), d1 (> 2r1) is the distal diameter
of an apertured probe. In both figures, z is the distance of the

sample and probe, and the hatched curves schematically
represent the shear-force scanning operations in relation to
the two probes, respectively. For the probe with a decreasing
thickness profile, the operation successfully works as a
constant distance mode as shown in (a). However, in (b), the
precisely topographic variation of the step-like structure
cannot be obtained with the apertured probe due to a poor

d1

z

z

Core

Clad

2r1
Metal

Sample (a)

(b)

Fig. 1. Schematic illustrations of (a) the probe with a decreasing
metal thickness profile and (b) apertured probe, respectively. Here,
r1 shows the radius of curvature, � and � are the full cone angles of
the tapered fiber and metal coating, respectively, and d1 is distal
diameter of the metallized flat end of the apertured probe. In (a), the
metal coating of the probe body has a constant metal thickness
which is fairly thick in comparison to the skin depth. In a distal
portion, the thickness gradually decreases toward the tip.
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aspect ratio, although constant height mode is realized
against the dot-like protrusion. As a result, the fiber probe
with a decreasing metal thickness profile is found to be very
effective in development of a high resolution shear-force/
near-field optical microscope.

3. Sized-Dependent Electroless Plating Method

Figure 2 shows a schematic illustration of the plating
method for fabricating the probe as in Fig. 1(a). The method
involves tapering a fiber, sensitizing, activating, and electro-
less nickel plating with ultrasonic agitation. By this method,
we fabricated a fiber probe with a radius of r1 ¼ 25 nm in a
decreasing metal thickness profile as shown in Fig. 3(a). In
the following, the method is described for this probe. First, a
GeO2-doped silica fiber with a core diameter of 2 mm, clad
diameter of 125 mm, and an index difference of 2% was
consecutively immersed in buffered HF with volume ratios
of 40%NH4F : 50%HF : H2O ¼ 1:7 : 1 : 1 for 80min and in
10 : 1 : 1 for 120min. The temperatures of two etching
solutions were kept at around 25 �C. The obtained fiber
probe has a conical tapered core with a cone angle of � ¼
20� and an apex diameter less than 10 nm. The tapered core
is protruding from the flat clad end with a diameter of 25 mm.
Next, the fiber probe was consecutively immersed in
0.1 g dm�3–SnCl2 solution for 3min and in 5mg dm�3–
PdCl2 solution for 3min. This sensitizing and activating was
repeated twice. Finally, the nickel coating was done by an
electroless plating unit with an ultrasonic generator (Honda
Electronics, W357 HP). The plating time was 15min. The
compositions of the used plating solution is summarized in
Table 1. The ultrasonic generator has four ceramic trans-
ducers from which a continuous ultrasonic wave with a
frequency of around 1MHz are radiated directionally. The
total area of the transducers is 126� 110mm2. For details of

the ultrasonic generator, see Mononobe et al.3) The delay
time between the start of plating and the start of ultrasonic
agitation was around 5 s. The electric power density for
adding ultrasonic agitation to the plating solution is
1.6W cm�2. This autocatalytic plating, which involves
several chemical reactions in the solution, is affected by
agitation and chemical species such as dissolved oxygen. To
form nickel coating with the decreasing profile, the ultra-
sonic power density must be controlled to keep the local
dissolved oxygen concentration of the thickness-decreasing
region higher than those of the other regions.

4. Results and Discussion

The probe, which is called probe A1, has a conical taper
and a distal tip as shown in Figs. 3(b) and 3(c), respectively.
Here, the dotted lines correspond to the cross-sectional
profiles of the tapered fiber. From the figures, the nickel
radial thickness in the cross-sectional portion of the foot of
the conical taper and the radius r1 are estimated to be around
850 and 25 nm, respectively. The cone angle � is around 80�

in the tip region. In (b), the hatched curve shows cross-
section of an entirely coated probe, which was plated
without ultrasonic irradiation. The entirely coated probe is
called probe A0. By comparing probe A1 with A0, it is

Sn complex

SnCl2 (aq)

Sn-Pd

PdCl2 (aq)

Silica clad

Ge doped coreNH4F-HF (aq)
Ni

Electroless nickel
plating solution

Water

h

Transducers

Fig. 2. (a) Schematic illustration of the method involving four
steps: tapering a fiber, sensitizing, activating, and electroless nickel
plating. The size-dependence of electroless plating which is caused
by ultrasonic irradiation results in the decreasing thickness profile
of nickel. h ¼ 220mm.

1000 nm100 nm

240nm Ni100nm

5 m

(a)

(b)

(c) Probe A0

Probe A1

Fig. 3. (a) Scanning electron micrographs of the fabricated probe
(probe A1), (b) its conical taper, and (c) magnified tip region.
During the plating, a continuous ultrasonic wave with a frequency
of 1MHz and an electric power density of 1.6Wcm�2 was
irradiated to the plating solution as shown in Table 1. In b and c,
the dotted lines represent the cross-sectional profiles of the tapered
fiber, respectively. The hatched curve shows another profile of the
entirely coated probe (probe A0), plated without ultrasonic irradi-
ation.

Table 1. Composition of the nickel plating bath.

NiSO4�6H2O (mol�dm�3) 0.1
CH3COONH4 (mol�dm�3) 0.4
NaPH2O2�H2O (mol�dm�3) 0.2
pH 5.0
Temperature (�C) 62
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found that the size dependence is caused in a tapered portion
with a cross-sectional diameter of 2000–10 nm by using
ultrasonic irradiation with a frequency of 1MHz and electric
power density of 1.6Wcm�2.

Figure 4 shows the dependencies of five probes which on
the radial nickel thickness were fabricated by various plating
conditions. Here, curves A0 and A1 are those of probes A0
and A1, respectively. For curves Bi (i ¼ 0{2), we used the
nickel plating solution at a temperature 60 �C lower than the
62 �C for probes A0 and A1. The numbers i ¼ 0, 1, and 2 are
defined as ultrasonic power densities of 0, 1.6, and 2.2
Wcm�2, respectively. They are represented by dotted and
solid curves, respectively. The plating times of the five
probes are 15min. The curve B0 is 0.67 times the thickness
of probe A0. It was difficult to control the size-dependence
by varying the temperature and coating rate without ultra-
sonic irradiation. The radius r1 of probe B1 is 2 times larger
than probe A1. Although the radius r1 is smaller than
probe A1, the nickel thickness in the foot region of the taper
is too thin to block the unwanted propagating light in near-
field optical imaging. Among these probes, probe A1 with a
decreasing thickness profile of nickel coating and small tip
radius of curvature r1 ¼ 25 nm is essentially effective in the
combined shear-force and near-field optical microscope.

To demonstrate the reproducibility of ultrasonic agitation,
we plated using a mechanical stirrer instead of the ultrasonic
generator. Figures 5(a) and 5(b) show scanning electron
micrographs of nickel-coated probes. They were plated
while adding agitation with stirrer speeds of 100 and 300
rpm to the plating solution, respectively. However, we could
not control the decreasing metal thickness profile due to low
reproducibility.

5. Conclusion

We fabricated a near-field optical probe with a decreasing
thickness profile of nickel coating based on size-dependent
electroless plating under continuous ultrasonic irradiation.
The fabricated probe has a small radius of curvature of
25 nm and cone angle of 80�, and is suitable for a high
resolution shear-force/near-field optical microscope. To
fabricate such probes, we kept the ultrasonic power density
at around 1.6Wcm�2.

A part of this work was supported by the Kunitake
‘‘Organization and Function’’ Research Area, PRESTO, the
Japan Science and Technology Agency, Japan.
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Fig. 4. Dependence of the radial nickel thickness profiles of five
probes on the cross-sectional diameter of fiber. Here, curve A0 and
curve A1 corresponds to the profiles of probes A0 and A1 as
appeared in Fig. 2(b). For curves B0–B2, the nickel plating solution
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with power densities of 0, 1.6, and 2.2Wcm�2, respectively. The
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Fig. 5. Scanning electron micrographs of nickel-coated probes,
obtained using a mechanical stirrer with speeds of (a) 100 and (b)
300 rpm for agitation of the plating solution, respectively.
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We fabricated nanoscale GaN whiskers using photochemical etching. The fabricated GaN whiskers were conjugated
and aligned perpendicular to the incident light polarization used for photochemical etching in a self-assembling
manner. Their far-field photoluminescence spectra exhibited a blue-shifted photoluminescence peak at 3.60 eV. Near-
field photoluminescence spectra of individual GaN whiskers were obtained, for the first time. The evaluation of the
near-field spectra identified several peaks from individual whiskers, corresponding to a diameter range of 5–10 nm, and
revealed a stepwise change in the diameter along the axis of individual whisker. # 2006 The Optical Society of Japan

Key words: photochemical etching, quantum size effect, whisker, near-field photoluminescence, nanophotonic device

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., nanophotonic ICs).1) As a representative device, the
low-temperature operation of a nanophotonic switch was
demonstrated by controlling the dipole forbidden optical
energy transfer among resonant energy states in closely
spaced CuCl quantum cubes via an optical near field.1) The
switch was made from three CuCl quantum cubes with a size
ratio of 1 :

ffiffiffi

2
p

: 2 on a sub-10-nm scale.
GaN is a promising material for room-temperature nano-

photonic switches, due to its large exciton binding energy2)

and chemical stability.3) Considering the amount of the
energy shift of the single exciton state in GaN nano-
crystallites as a result of the quantum confinement effect
at room temperature, it is estimated that the size inaccuracy
in GaN nanocrystallites must be as low as �10% in order
to realize efficient near-field energy transfer among the
resonant energy state in a nanophotonic switch composed of
5-, 7-, and 10-nm-quantum dots.4) To realize this nanoscale
controllability, electron beams5) and scanning probe micro-
scopes6–8) have been used to control the site on the substrate.
However, these techniques have a low throughput ratio for
production, since they use a scanning beam or probe.

To realize the mass-production of a nanophotonic switch,
we propose a self-assembling method of photochemical
etching, in which high size controllability is realized using
size-selective excitation due to the quantum size effect in
GaN nanocrystallites.9) As the photochemical etching pro-
ceeds, the size of the GaN nanocrystallites decreases and the
band gap energy of the GaN increases due to the quantum
size effect. Finally, the photochemically etched size stops
decreasing when the band gap energy of GaN reaches the
photon energy of the illumination. High controllability in
position is also realized using a nanoscale template and the

subsequent optical near-field distribution generated on the
template.

In this letter, as a preliminary experiment in self-
assembly, we fabricated GaN whiskers using photochemical
etching with a propagation light to check the size controlla-
bility. In order to evaluate the promising optical properties
of the fabricated GaN whiskers, we observed near-field
photoluminescence (PL) spectra of individual GaN whiskers
for the first time.

2. Experimental

A 10-mm-thick GaN layer (n-type) was grown on a
sapphire substrate using metal organic chemical vapor
deposition (MOCVD). Photochemical etching was then
carried out using a 1 : 1 solution of 50% HF and 30% H2O2

at room temperature, under the illumination of a He–Cd
laser (� ¼ 325 nm). Adding an oxidizing agent (H2O2) to the
solution eliminated the need for a counter electrode, which is
usually used in photochemical etching.10) We deposited a Cr
island on the GaN surface to increase the etching rate by
catalysis.11) The etched surface morphology was evaluated
using scanning electronic microscopy (SEM). The optical
properties of the whiskers were examined using a collection-
mode near-field optical microscope with a He–Cd laser
(� ¼ 325 nm) for excitation at 15K, in which we used a UV
fiber probe with a 20-nm-thick aluminum coating.

3. Results and Discussion

Figures 1(a) and 1(b) show SEM images of the GaN
surface etched for 1 and 30min, respectively. The GaN
whiskers were conjugated and the separation of the ridges
(W) and height (H) both increased as the etching proceeded.
Figure 1(c) is a schematic of the aligned whiskers in (b).
Figure 1(d) shows a magnified SEM image of (b), in which
individual whiskers forming the ridge are recognized.
Figure 1(e) shows a magnified SEM image of the surface
after etching for 60min, in which the smallest whisker
diameters are less than 10 nm. Furthermore, the direction of
the ridge was perpendicular to the incident light polarization�E-mail: kitamura@nanophotonics.t.u-tokyo.ac.jp
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[see the arrows in Figs. 1(a) and 1(b)]. The conjugated
whiskers were aligned perpendicular to the ridge [Fig. 1(e)].
From this dependence on the light polarization, we con-
cluded that the linear alignment of whiskers originates from
the linearly polarized light of the He–Cd laser. We arrived at
this conclusion for the following reasons: (1) Light that is
polarized perpendicular to the slit has a greater transmission
efficiency through the slit in comparison with parallel
polarization, as is well known in optics. (In our photo-
chemical etching process, the fabricated grooves between
the ridges serve as the slit.) (2) By localizing the carriers at
the bottom of the groove (i.e., this slit) with perpendicular
polarization, a deeper groove is fabricated for the perpen-
dicular polarization. The greater transmission (1) enhances
the carrier localization (2), and the resultant deeper groove
further increases the carrier localization. This positive
feedback process leads to the formation of self-aligned
whiskers perpendicular to the light polarization. By contrast,
note that for the ridge structures formed using a Hg lamp,11)

the fabricated ridges were oriented randomly.
In order to estimate the whisker diameters, we obtained

far-field PL spectra. Curve FF1 in Fig. 2 shows the low-
temperature (5K) far-field PL spectral profile from a sample
etched for 60min. Note that the peak of this curve was blue-
shifted to 3.60 eV in comparison with the far-field PL
spectrum of unetched GaN, which has a single peak at
3.48 eV (curve FF0). Since the observed whisker diameter

was smaller than the exciton Bohr radius of GaN (11 nm12)),
we predicted that the blue-shifted peak originates from the
quantum size effect in the GaN whiskers. This prediction
is supported by the calculation using the effective mass
approximation (me ¼ 0:2,13) mh ¼ 0:814)), in which the blue-
shifted peak at 3.60 eV corresponds to the PL from a whisker
7.2 nm in diameter. The large spectral width of 95meV in
curve FF1 arises from the fluctuation in the diameter of the
whiskers. To evaluate the spectral width of an individual
whisker, we measured the near-field PL at several points in
conjugated whiskers at 15K (curves NF1–NF4 in Fig. 2).
Since the decrease in whisker diameter must stop at 4.3 nm,
the point at which the band gap energy of GaN reaches the
photon energy of the He–Cd laser (3.81 eV), the sharp peaks
(10meV width) in curves NF1–NF4 correspond to the PL
from whiskers with diameters of 5–10 nm. This result
suggests that a longer etching time is required to realize
photon energy control of the whisker diameter. The details
of the dependence of the whisker diameter on etching time
and the photon-energy are currently under study.

Figures 3(a) and 3(b) show the spatial distributions of the
near-field PL intensity at 3.69 and 3.67 eV, respectively.
These images show the drastic variation in the PL intensity
along the whisker axis, in which the two intensity distribu-
tions are anti-correlated along the axis, and the bright areas
in the images have a single linear shape. Furthermore, since
the spatial distribution of the near-field PL intensity at
3.67 eV, corresponding to the whisker with 5.7 nm in
diameter, is much larger (0.4 mm width along a whisker
axis) than Bohr radius of GaN (11 nm), quantum confine-
ment effect along the whisker axis is negligible. Thus, we
concluded that the two intensity distributions at 3.69 and
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Fig. 1. SEM images of the surface morphology after etching for
(a) 1 and (b) 30min. (c) Schematic diagram of aligned whiskers.
(d) Magnified SEM image of (b). (e) Magnified SEM images of
the surface etched for 60min.
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3.67 eV are originated from quantum confinement effect due
to the stepwise change in the whisker diameter, as explained
schematically in Fig. 3(c). The stepwise change in the
whisker diameter originated from fluctuation in the etching
rate. A more detailed examination of the dependence on the
etching conditions (optical power used for etching, etching
time, and so on) should clarify the origin of this phenomenon
and facilitate control of the stepwise change in the whisker
diameter.

4. Conclusion

In conclusion, we fabricated nanoscale GaN whiskers
using photochemical etching. We found that the carrier-
localization dependence on the polarization resulted in the
self-alignment of whiskers. The fabricated whiskers exhib-
ited a blue-shifted peak at 3.60 eV in the far-field PL spectra.
We succeeded in obtaining the first near-field PL spectra of

individual GaN whiskers. The near-field PL spectra exhib-
ited sharp peaks from individual whiskers, which corre-
sponded to diameters from 5 to 10 nm. Furthermore, the
near-field evaluation revealed a stepwise change in the
diameter along the axis of an individual whisker. The use
of the self-alignment method will dramatically increase the
throughput of the production of nanoscale structures, which
will be required by future systems. Our results suggest the
possibility of realizing an one-dimensional nanophotonic
device in a single whisker by controlling the diameter along
the whisker axis.
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Using low-temperature near-field spectroscopy, we obtained spatially and spectrally resolved photoluminescence (PL)
images of individual ZnO nanorod single-quantum-well structures (SQWs) with a spatial resolution of 20 nm. We
observed the dependence of the quantum confinement effect of the PL peak on the well width (Law), from which the
linewidths of near-field PL spectra of ZnO nanorod SQWs (Law ¼ 2:5 and 3.75 nm) were determined to be as narrow as
3meV. However, near-field PL spectra of individual SQWs with Law ¼ 5:0 nm exhibited two PL peaks, presumably
due to strains or defects in the ZnMgO in the nanorod SQWs. Since the exciton in a quantum structure is an ideal two-
level system with long coherence times, our results provide criteria for designing nanophotonic devices. # 2006 The
Optical Society of Japan

Key words: ZnO, nanorod, single-quantum-well structures, quantum confinement effect

1. Introduction

Future optical transmission systems will require nano-
photonic integrated circuits1) 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 exciton
binding energy, which is as large as 110meV in quantum
structures,2) and large oscillator strength.3) Furthermore, the
recent demonstration of a semiconductor nanorod quantum-
well (QW) structure enabled us to fabricate nanometer-scale
electronic and photonic devices on single nanorods.4–6)

Recently, ZnO/ZnMgO nanorod multiple-QW structures
(MQWs) exhibiting the quantum confinement effect have
also been fabricated.7) Further improvement in the fabrica-
tion of nanorod heterostructures has resulted in the obser-
vation of significantly enhanced photoluminescence (PL)
intensity, even from ZnO/ZnMgO nanorod single-QW
structures (SQWs).8) Furthermore, spatially resolved near-
field PL spectra of individual nanorod ZnO QWs have been
measured to realize nanophotonic devices using low-temper-
ature near-field optical microscopy (NOM).9)

2. Experimental

ZnO/ZnMgO SQWs were fabricated on the ends of ZnO
nanorods with a mean diameter of 40 nm using catalyst-free
metalorganic vapor phase epitaxy.10) The average concen-
tration of Mg in the ZnMgO layers used in this study was
determined to be 20 at.%. The average ZnO well layer
thicknesses in the substrate, Law, investigated in this study
were 2.5, 3.75, and 5.0 nm, while the thicknesses of the
ZnMgO bottom and top barrier layers in the SQWs were

fixed at 60 and 18 nm, respectively. These thicknesses were
determined by the transmission electron microscopy (TEM)
measurement. After growing ZnO nanorod SQWs on
sapphire (0001) substrate, they were dispersed on a flat
sapphire substrate to measure the near-field PL of isolated
nanorod QWs [Fig. 1(a)].

Far-field PL spectra were obtained using a He–Cd laser
(� ¼ 325 nm) before dispersing the ZnO/ZnMgO nanorod
SQWs. The emission signal was collected with an achro-
matic lens ( f ¼ 50mm). The optical properties of individual
ZnO SQWs were investigated by collection-mode NOM at
15K, using a He–Cd laser (� ¼ 325 nm) for excitation and
an UV fiber probe with an aperture diameter of 30 nm to
detect the PL signals [Fig. 1(b)]. In contrast to the naturally
formed quantum dot (QD) structure formed in a two-
dimensional (2D) narrow QW,11–13) the barrier and cap
layers laid on the substrate allowed the probe tip to access
the PL source, which reduced carrier diffusion in the ZnO
SQWs and the subsequent linewidth broadening, thereby
resulting in high spatial and spectral resolution. The
excitation source, which had a spot size of approximately
100 mm in diameter was focused on a nanorod sample laid on
the substrate.

3. Results and Discussion

The solid curves in Fig. 2 show the near-field PL spectra
of the isolated ZnO SQW nanorods with well-layer widths
(Law) of 5.0 (NFa), 3.75 (NFb), and 2.5 (NFc) nm. In these
spectra, the emission peaks around 3.365 (IZnO2 ) and 3.555
(IZnMgO)7,8) eV are associated with neutral–donor bound
excitons in the ZnO stem, and the excitons in the
Zn0:8Mg0:2O layers, respectively, which correspond to the
peaks in the respective far-field spectra [dashed curves FFa,
FFb, and FFc in Fig. 2(a)]. Blue-shifted PL emission peaks�E-mail address: yatsui@ohtsu.jst.go.jp
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were observed at 3.410 (ISQWa for Law ¼ 5:0 nm), 3.444
(ISQWb for Law ¼ 3:75 nm), and 3.499 (ISQWc for Law ¼ 2:5
nm) eV. Since these peak energies are comparable to the
predicted ZnO well layer thicknesses, Lw, of 4.6 (ISQWa ), 3.8
(ISQWb ), and 2.7 (ISQWc ) nm, respectively, calculated using the
finite square-well potential of the quantum confinement
effect in the ZnO well layer, we strongly believe that peaks
ISQWa , ISQWb , and ISQWc originated from the ZnO SQWs. For
the theoretical calculation, we used 0:28m0 and 1:8m0 as the
effective masses of an electron and a hole in ZnO, res-
pectively, at a ratio of conduction- and valence-band offsets
(�Ec=�Ev) of 9, and a band-gap offset (�Eg) of 250meV.8)

Note that the Lorentzian functions indicated by the dashed
curves in Figs. 2(b) and 2(c) fit the respective spectrum
shapes at ISQWb (Law ¼ 3:75 nm) and ISQWc (Law ¼ 2:5 nm)
well, and the spectral widths of the ZnO SQWs (3.2meV for
Law ¼ 3:75 nm and 2.6meV for Law ¼ 2:5 nm) are much
narrower than those of the far-field spectra (40meV).

The near-field PL spectrum of the nanorod SQWs with
Law ¼ 5:0 nm (NFa) had a broader spectral width of ISQWa

with an additional peak at 3.395 eV (Ia). In order to
determine the origin of the Ia emission peak, we obtained
spatially resolved near-field PL spectra along the axial
direction of ZnO SQWs of Law ¼ 5:0 nm (Fig. 3). Curves 1
to 14 shown in Fig. 3(a) correspond to the near-field PL
spectra obtained every 18 nm from the left- to right-hand
side along the dashed white line in Fig. 3(b). Curve 10 of NF
and curve FF in Fig. 3(a) are the same as curves NFa and
FFa in Fig. 2(a), respectively. Figures 3(b)–3(f) show the
spatially and spectrally resolved PL images at 3.365, 3.393,

3.400, 3.410, and 3.550 eV, respectively. Several conclu-
sions can be drawn from these spatial distributions. First, the
full width at half maximum of the linearly shaped distribu-
tion of IZnO2 at 3.365 eV [Fig. 3(b)] was as small as 20 nm,
which is comparable to the width of the nanorod [40 nm, see
Fig. 1(a)]. This result confirms that this distribution origi-
nates from the isolated ZnO SQWs nanorod. Second, a
comparison of the cross-sectional profiles along the dashed
white lines in Figs. 3(b) and 3(e) reveals that the peak
intensity at 3.365 eV (IZnO2 ) from the ZnO stem decreased,
while the emission at 3.410 eV from the SQW (ISQWa )
remained at the end of the nanorod [also see curves B and E
in Fig. 3(g)]. This result supports the postulate that the blue-
shifted emission at 3.410 eV (ISQWa ) was confined to the end
of the ZnO stem, surrounded by the ZnMgO barrier layers
[see curve F in Fig. 3(g)]. Third, the emission peak of Ia was
split into two peaks of 3.393 eV [Ia1: Fig. 3(c)] and 3.400 eV
[Ia2: Fig. 3(d)], and the peak intensity of Ia1 decreased at the
end of the nanorod, while that of Ia2 increased. From the
corresponding cross-sectional profiles [curves C and D in
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Fig. 1. (a) Scanning electron micrograph of the dispersed ZnO/
ZnMgO nanorod SQWs. (b) Schematic of near-field spectroscopy
of isolated ZnO SQWs on the ends of a ZnO nanorod.
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Fig. 2. (a) Size-dependent PL spectra of isolated ZnO nanorod
SQWs with Law ¼ 5:0 ðFFa;NFaÞ, 3.75 ðFFb;NFbÞ, and 2.5
ðFFc;NFcÞ nm, obtained at 15K. FF: far-field spectra of vertically
aligned ZnO nanorod SQWs. NF: near-field PL spectra of the
isolated ZnO SQWs obtained at the well layer. Respective
magnified near-field PL spectra of the isolated ZnO SQWs of (b)
Law ¼ 3:75 and (c) Law ¼ 2:5 nm.
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Fig. 3(g)], we found that these peaks were located in the top
and bottom ZnMgO layers, respectively [as shown in
Fig. 3(h)]. Since the ZnO QW thickness in the individual
ZnO nanorod, Lw, was atomically flat, the two peaks are
presumably originated from strains or defects in the ZnMgO
layers. Detailed origins of these peaks are currently under
studied using a fiber probe with a smaller aperture.

4. Conclusion

In summary, low-temperature near-field spectroscopy
determined that the linewidth of near-field PL spectra of
individual ZnO nanorod SQWs (Law ¼ 2:5 and 3.75 nm) was

as narrow as 3meV. Furthermore, near-field PL spectra of
individual SQWs with Law ¼ 5:0 nm exhibited two PL
peaks, resulting from strains or defects in the ZnMgO in
the nanorod SQWs. The results shown here provide criteria
for realizing nanophotonic devices using a two-level
system.14,15) As a representative device, a nanophotonic
switch can be realized by controlling the dipole forbidden
optical energy transfer among the resonant energy levels of
nanometer-scale QDs via an optical near field.16) By
considering the amount of the energy shift of the single
exciton state in ZnO nanocrystallites resulting from the
quantum confinement effect at room temperature, we
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Fig. 3. (a) Low-temperature (15K) far-field PL spectra of vertically aligned ZnO nanorod SQWs (FF) and near-field
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estimate that the size accuracy of ZnO nanocrystallites must
be as low as �10% in order to realize efficient near-field
energy transfer among the resonant energy states in a
nanophotonic switch composed of 5-, 7-, and 10-nm QDs.16)

Accordingly, the near-field PL measurement of isolated
SQWs described above is a promising step toward designing
a nanophotonic switch and related devices.
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In this paper, we review recent progress in developing nanophotonic 
devices using optical near-field interaction. ZnO nanocrystallites are 
potentially ideal components for realizing room-temperature operation of 
nanophotonic devices because of their high exciton-binding energy and 
great oscillator strength. To confirm this promising optical property of ZnO, 
we report the near-field time-resolved spectroscopy of ZnO nanorod 
double-quantum-well structures (DQWs). First, we observed nutation of 
the population between the resonantly coupled exciton states of DQWs, in 
which the coupling strength of the near-field interaction was found to be 
decreased exponentially as the separation increased. Furthermore, we 
successfully demonstrated the switching dynamics of a dipole-forbidden 
optical energy transfer among resonant exciton states. Our results provide 
criteria for designing nanophotonic devices. The success of time-resolved 
near-field spectroscopy of isolated DQWs described here is a promising 
step toward realizing a practical a nanometer-scale photonic switch and 
related devices. 
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Abstract: We observed the dark states of coupled InAs quantum dots via an optical near-field. 
The experimental results show that the dipoles of near-field coupled InAs quantum dots are 
distributed with an anti-parallel configuration. 
©2007 Optical Society of America 
OCIS codes: (230.1150) All-optical devices s; (300.6470) Spectroscopy, semiconductors 
 
 A coupled quantum dot (QD) system has a number of more interesting and unique properties than does a 

single QD system.  The optical near-field interaction is one of the mechanisms used to couple QDs.  It is possible 
to control the coupling strength of the optical near-field coupling QDs, and to realize unique optical devices.  So 
far, we have observed the optically forbidden energy transfer between neighboring cubic CuCl QDs via an optical 
near field [1] and demonstrated several kinds of nanometric optical device based on the optical near-field coupling 
of QDs [2-4].  In our previous experiments, the carrier lifetime increased with the optical near-field interaction 
between QDs [5].  This means that the dipoles of near-field coupled QDs distribute with an anti-parallel 
configuration.  Such a dipole pair has a property like a quadrupole, which results in a dark state.  In this 
presentation, we observe the luminescence from the dark state of near-field coupled InAs QDs using a near-field 
spectrometer. 

 

Fig. 1. Schematic drawing of the sample structure (a) and an explanation of the dark stage 
in a coupled QD system via an optical near field. 
 

Figure 1 shows a schematic drawing of the sample structure and explains the dark state in the coupled QD 
system. To realize the coupled QD system, double InAs quantum-dot layers were grown.  The mean quantum-dot 
size was 5 nm high and 30 nm in diameter.  Using molecular beam epitaxy in SK-mode growth, the quantum dots 
could be aligned vertically, and the sheet density of the quantum dots was less than 1010 cm2.  Therefore, the 
horizontal distance between quantum dots was about 100 nm, and the vertical coupling of QDs was expected via 
the optical near-field interactions, given that their vertical separation was close to their diameter.  In the near-field 
coupled system, the directions of the electric dipole of the lowest state distribute as shown in Fig. 1(b) and the 
result looks like an electric quadrupole.  Therefore, the lowest state of the coupled QD system becomes a dark 
state.  The luminescence intensity from such dark states is weak in far-field measurements, but it should be 
enhanced in near-field measurements because the quadrupole system can be resolved into the two individual 
dipoles in the near-field region. 
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Fig. 2. Near-field photoluminescence spectra for separations ranging from 14 to 3 nm 
between the near-field probe and coupled QD system. 
 

Figure 2 shows near field photoluminescence spectra of near-field coupled QDs for separations of 14–3 
nm between the QD system and near-field probe.  In the experiment, a He-Ne laser (hv=1.959 eV) was used as the 
light source, and the sample temperature was 20 K.  Peak A corresponds to the lowest state of the coupled QDs, 
i.e., the dark state, and peak B corresponds to the excited level, i.e., the parallel dipoles state.  Peak A increased 
and peak B decreased as the separation decreased.  These tendencies can be explained as follows.  With a large 
separation, the photo-excited carriers in the lowest dark state (peak A) could not relax and the carriers accumulated.  
In the end, they did relax from the excited state (peak B).  In addition, with the narrow separation, the near-field 
probe modifies the relaxation from the lowest dark state (peak A), and the carrier accumulation effect becomes 
small and peak B decreases.  These experimental results support the coupling of the InAs QDs via the optical 
near-field interaction, enabling them to act as nanophotonic devices. 
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Abstract: We observed spectral switching and evaluated its dynamics by controlling the dipole-
forbidden optical near-field energy transfer among resonant exciton states using 1D-ZnO nanorod 
double-quantum-well structures. 
©2007 Optical Society of America 
OCIS codes: (320.7130) Ultrafast processes in condensed matter, including semiconductors, (260.2160) Energy transfer 

Systems of optically coupled quantum dots (QDs) are expected to be applicable to quantum information processing 
[1]. Additional functional device, called nanophotonic devices [2], can be realized by controlling exciton excitation 
in the energy levels in QDs. One representative device is a nanophotonic switch using CuCl [3], in which the 
switching dynamics are controlled by dipole-forbidden optical near-field energy transfer among resonant energy 
levels in the QDs. ZnO is a promising material for realizing room-temperature nanophotonic devices, owing to its 
large exciton binding energy [4] and recent achievements in the fabrication of nanorod heterostructures [5]. Here, 
we report near-field time-resolved spectroscopy of ZnO nanorod double-quantum-well structures (DQWs). We 
evaluated the switching dynamics using the dipole-forbidden optical energy transfer among resonant exciton states, 
and our results provide criteria for designing nanophotonic devices. 

Figures 1a and 1b explain the “OFF” and “ON” states of the proposed nanophotonic switch. Two QWs, QW1 and 
QW2, are used as the input/output and control ports of the switch, respectively. Assuming well widths, Lw, of 3.2 and 
3.8 nm with Zn0.8Mg0.2O barrier layers, the ground exciton energy level in QW1 and the first excited energy level in 
QW2 resonate with each other. In the “OFF” operation (Fig. 1(a)), all the exciton energy in QW1 is transferred to the 
ground energy level in the neighboring QW2. Consequently, the input energy escapes to QW2, and consequently, no 
optical output signals are generated from QW1. In contrast, in the “ON” state (Fig. 1(b)), the escape route to QW2 is 
blocked by the excitation of QW2, due to state filling in QW2 by applying the control signal; therefore, the input 
energy is transferred to QW1 and an optical output signal is generated. 

To confirm the switching dynamics between the ZnO/ZnMgO DQWs with Lw = 3.2 and 3.8 nm with 3 nm 
separation were fabricated on the ends of ZnO nanorods with a mean diameter of 80 nm using catalyst-free 
metalorganic vapor phase epitaxy (Fig. 1(c)) [5]. The optical properties of individual ZnO DQWs were observed 
under a near-field optical microscope at 15K, using a UV fiber probe with a 30-nm aperture diameter. 
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Fig. 1 Controlling the near-field energy transfer. Schematic of the nanophotonic switch of (a) “OFF” state and (b) 

“ON” state. (c) and (d) Fabricated ZnO nanorod DQWs.
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As shown in curve NFOFF in Fig.2(a) [the near-field photoluminescence (PL) with continuous input light excitation 
from a He-Cd laser (3.814 eV) alone], no emission from the exciton ground level of QW1 (EA1) or the excited level 
of QW2 (EB2) at a photon energy of 3.435 eV was not observed. This indicates that the excited energy in QW1 was 
transferred to the excited state of QW2. Furthermore, the excited state of QW2 is a dipole-forbidden level. Curve 
NFControl in Fig. 2(a) shows the near-field PL signal obtained with a control light excitation of 3.425 eV via second 
harmonic generation of a mode-locked Ti-sapphire laser with a pulse duration of 10 ps, emission from the ground 
state of QW2 at a photon energy of 3.425 eV was observed. Both input and control light excitation resulted in an 
output signal with an emission peak at 3.435 eV, in addition to the emission peak at 3.425 eV (curve NFON), which 
corresponds to the ground state of QW2. Since the excited level of QW2 is a dipole-forbidden level, the observed 
emission at 3.435 eV indicates that the energy transfer from the ground state of QW1 to the excited state of QW2 was 
blocked by the excitation of the ground state of QW1. In other words, the dipole-forbidden optical energy transfer 
among resonant energy levels in ZnO QWs via an optical near field was confirmed directly. 

Next, we evaluated the dynamic properties of the nanophotonic switch. We observed time-resolved near-field PL 
signals at 3.435 eV with both input and control laser excitation (see Fig. 2(b)). The decay time constant was 483 ps. 
The output signal increased synchronously, within 100 ps, with the control pulse, which agrees with the theoretically 
expected result based on the quantum mechanical density matrix formalism [6]. 

For room-temperature operation, since the spectral width reaches thermal energy (26 meV), a higher Mg 
concentration in the barrier layers and narrower wells are required so that the spectral peaks of the first excited state 
(E2) and the ground state (E1) do not overlap. We believe that this requirement can be achieved using two QWs with 
1.5-nm (QW1) and 2-nm well (QW2) widths with a Mg concentration of 50 %, in which the energy difference 
between E2 and E1 in QW2 is about 50 meV [7]. 
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Fig. 2 (c) NFON, NFControl, and NFOFF show near-field PL signal obtained with the illumination of Input laser along, Control laser alone, and 

Input and Control laser, respectively. (b) Near-field time-resolved PL signal with “ON” state. 
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Abstract: We numerically and experimentally studied the hierarchy of optical near-fields by 
engineering the shape of metal plates at nanometer-scale. Combined with localized energy-
dissipation, this hierarchy should enable novel functionality, such as traceability of optical 
memories.  
©2007 Optical Society of America 
OCIS codes:  (999.9999) Optical near-field; (210.4680) Optical memories; (190.0190) Nonlinear optics; (070.6020) Signal 
processing; (180.5810) Scanning microscopy  

1. Introduction 

Optical near-fields allow localized interactions at scales smaller than the diffraction limit of light [1], opening the 
door to novel nanometer-scale devices and technologies [2]. Optical near-fields have other unique physical features 
in addition to the ability to break through the diffraction limit; one notable feature is their intrinsic hierarchical 
nature, meaning that they exhibit different physical behavior at different scales [3,4]. Nano-scale fabrication 
technology for metals [5], quantum structures, and so forth has been advancing rapidly. In this paper, we describe a 
numerical and experimental study of the hierarchy of optical near-fields by engineering the shape of metal plates at 
nanometer scale. Specifically, we deal with a two-layer system, where (i) at smaller scale, which we call Layer 1, 
the system should exhibit a unique response, and (ii) at a larger scale, called Layer 2, the system should output two 
different signals. Such a hierarchical response can be applied to functions like traceability of optical memory in 
combination with a localized energy dissipation process. Optical access to this memory will be automatically 
recorded due to energy dissipation occurring locally in Layer 1, while at the same time, information will be read out 
based on the Layer 2 behavior [6]. Therefore, such hierarchy enables traceability of optical storage, which will be 
important for the security and management of digital content. We experimentally demonstrate the principle of the 
hierarchy using triangular gold nanostructures, and we discuss its theoretical basis by means of the two-dipole model. 

2. Hierarchy in optical near-field by shape-engineering and its application to traceable memory 

We begin with a numerical analysis of the hierarchical optical response by shape-engineering of metal 
nanostructures. Here, we assumed two types of shapes. The first one (Shape I) has two triangular metal plates 
aligned in the same direction; and the other one (Shape II) has them facing each other, as shown in Fig. 1(a). We 
assumed that the metal was gold, the gap between the two apexes was 50 nm, the horizontal length of one triangular 
plate was 173 nm, the angle at the apex was 30 degree, and the thickness was 30 nm. We assumed an incident 
uniform plane wave with a wavelength of 680 nm. The polarization was parallel to the x axis in Fig. 1(b). It is well-
known that a strong electro-magnetic field is excited due to excitation of a plasmon induced in a metal nanostructure, 
particularly at the position of the apex, due to the interaction of charges concentrated at that point [7]. In fact, as 
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Fig. 1 (a) Hierarchy in optical near-fields by engineering the shape of metal plates at nanometer scale. (b) In Layer 1, both shapes 
exhibit comparable electric-field enhancement, and (c) in Layer 2 they exhibit different system responses.  
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shown Fig. 1(b), the electric field near the surface (1 nm away from the metal surface) shows an intensity nearly five 
orders of magnitude higher than the surrounding area. It should also be noted that nearly comparable electric-field 
enhancements are observed near the apexes of Shapes I and II, which are respectively denoted by the squares and 
circles in Fig. 1(b).  

On the other hand, the two shapes exhibit different responses when the Layer 2 signal is associated the entire 
structure composed of the two triangles. As shown in Fig. 1(c), Shape I exhibits larger scattering cross-section 
compared to Shape II. This indicates that a digital output is retrievable by observing the scattering from the entire 
structure, where, for example, digital 1 and 0 are respectively associated with Shape I and Shape II.  

3. Analysis and experiment 

One physical reason for the different Layer 2 signals from those shapes is the following. As shown in Fig. 2(a), the 
phases of the x-component of the electric field inside the metal differ by almost 180 degree between the apex and the 
opposite side. Therefore, the system is approximated by two dipoles orientated in the same directions and in 
opposite directions for Shapes I and II, respectively. Based on the electric field formula: 
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where hn
(1) represents spherical Hankel functions of the first kind and n0 is a unit vector from the position of dipole 

d(0) to observation position R, the electric-field intensity from the identically oriented dipoles increases rapidly 
compared to that from the oppositely oriented dipoles as the distance between the dipole and the observation 
position increases (Fig. 2(b)). In other words, we see that Shapes I and II effectively behave as a dipole and a 
quadrupole, respectively. Fig. 2(b) also indicates that comparable intensities are obtained for both shapes when the 
observation position is close to the dipoles, which is the intended system response in Layer 1.  

In order to experimentally demonstrate the principle, we fabricated Shapes I and II in gold metal plates on a glass 
substrate by a liftoff technique using electron-beam lithography. We used a near-field optical microscope in an 
illumination collection setup with an apertured fiber probe having a diameter of 530 nm, as shown in Fig. 2(c). The 
light source used was a laser diode with an operating wavelength of 690 nm. The distance between the substrate and 
the probe was maintained at 450 nm. Fig. 3(d) shows the electric field intensity depending on the shape of the metal 
plates, where the Shape I series exhibited larger values compared to the Shape II series, as expected from the 
simulation and the theory. The insets in Fig. 2(d) are SEM pictures of each sample, where the horizontal length of a 
single triangle ranged from about 300 to 400 nm.  

In summary, we have demonstrated the hierarchy of optical near-fields by shape-engineering of metal 
nanostructures, and we have discussed its theoretical origin based on induced dipoles.   
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Fig. 2 (a) Profiles of the x-component of phase in induced electric field in the metal. (b) The difference between the electric field 
intensities grows rapidly as the distance between the observation position and the dipoles increases. (c) Experimental setup. (d) Electric 
field intensity for Layer 2 signals for both Shapes I and II.    
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Recently, several kinds of nanometric photonic device have been studied for large-capacity communication systems and 

data-transfer bridges in personal computers (PCs). However, there is insufficient discussion on “true” nanophotonic 

devices. We have proposed a “true” nanophotonic device using excitation energy transfer[1]. First, we will discuss the 

features of a nanophotonic device based on a comparison of electronic devices used for large-scale integration, 

conventional photonic devices, and nanophotonic devices. The important points are how the device transfers signals and 

how one determines the device status, i.e., whether it is ON or OFF. 

Figure 1 shows typical electronic and photonic devices. In an electronic device (Fig. 1(a)), electrons act as signal 

carriers and the resistance in each device determines the device status. These features enable the miniaturization and 

integration of such devices. By contrast, a detector outside the device determines the status of a conventional photonic 

device (Fig. 1(b)). Consequently, the total device size increases and its integration is difficult. A “true” nanophotonic 

device (Fig. 1(c)) contains an optical source and a system for determining device status. Therefore, it is smaller than 

electronic devices and integration becomes possible. 

 The interaction that causes the transfer of excitation energy is an optical near field. This is not a wave, but is a local 

electromagnetic field that is coupled with excitation in the nanomaterial. We believe that the electronic and photonic 

phenomena in a nanomaterial should be described by the optical near-field interaction, since they are indeed physical 

phenomena caused by the local electromagnetic field coupled with excitation in the nanomaterial. Next, we will 

introduce the optical near-field interaction and unique phenomena based on it. 

Fig.1. The configurations of (a) electronic devices, (b) conventional photonic devices, and (c) nanophotonic devices. 

 [1] M. Ohtsu et al, IEEE J. Sel. Top. Quant. Electron 8, 839 (2002). T.kawazoe, et al., Phys. Rev. Lett. 88, 067404 

(2002).; Appl. Phys. Lett., 82, 2957 (2003).; Appl. Phys. Lett., 86, 103102, (2005).; Appl. Phys. B, 84, 241 (2006). 
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Nanometer-scale ZnO is a promising material for realizing nano-scale photonic devices at room temperature, due to its large exciton 
binding energy (60 meV). Furthermore, spatially- resolved near-field photoluminescence (PL) spectra of individual nanorod ZnO 
quantum-well structures (QWs) have been measured to realize nanophotonic devices using low-temperature near-field optical 
microscopy (NOM). To observe the optical interaction between the ZnO QWs, we measured the time-resolved near-field PL signals of 
ZnO double-quantum-well structures (DQWs). 
ZnO/Zn0.8Mg0.2O QWs were fabricated on the ends of ZnO nanorods with a mean diameter of 40 nm. They were grown vertically from 
the sapphire (0001) substrate using catalyst-free metalorganic vapor phase epitaxy, in which the ZnO nanorod was grown in the c 
orientation. Three samples were prepared for this study: single-quantum-well structures (SQWs) with a well layer thickness, Lw, of 3.0 
nm, DQWs with Lw = 3.5 nm with 6 nm separation, and three pairs of DQWs with Lw = 2.0 nm with different separations (3, 6, and 10 
nm), in which each DQW was separated by 30 nm. Using collection-mode NOM with an apertured (diameter of 50 nm) UV fiber 
probe, we obtained time-resolved near-field PL spectra at 15 K using the 4.025-eV (λ = 308 nm) third harmonic generation of a 
mode-locked Ti-sapphire laser with a pulse duration of 10 ps to excite the ZnO QWs. We compared the time-resolved near-field PL 
signals at photon energies corresponding to the emission from excitons confined in the ZnO QWs. The decay time constants were 
found to be 390, 440, and 160 ps for the (1) SQWs, (2) DQWs, and (3) three-pair DQWs, respectively. To check whether these spectral 
intensities decrease monotonically or have some oscillator components, we performed Fourier analysis. While the power spectrum of 
the SQWs did not exhibit any peak, indicating that it decreases monotonically, the power spectrum of the DQWs had a strong peak at a 
frequency of 2.6 ns-1. We believe that this peak originated from the nutation of the population among the resonant energy states 
between the DQWs via optical near-field energy transfer. Furthermore, we found that the power spectra of the three pairs of DQWs 
had three peaks, at frequencies of 1.9, 4.7, and 7.1 ns-1. Since the degree of the coupling strength, which is proportional to the 
frequency of the nutation, should increase as the separation decreases, we believe that these peaks correspond to the signals from the 
respective DQWs with different separations of 10 (1.9 ns-1), 6 (4.7 ns-1), and 3 nm (7.1 ns-1). The exponential decay in the value of the 
frequency with the separation increase also supports the postulate that the peaks in the power spectra originate from the localized field 
interaction between the quantum wells. The results presented here provide criteria for realizing nanophotonic devices using 
one-dimensional ZnO nanorod QWs. 
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ZnO nanocrystallites are a promising material for realizing nanophotonic devices at room temperature, owing to their large exciton 
binding energy and large oscillator strength. Furthermore, ZnO/ZnMgO nanorod heterostructures have been fabricated and the 
quantum confinement effect from single-quantum-well structures (SQWs) was observed. Nanophotonic device applications using ZnO 
quantum-well structures require a high Mg concentration in the ZnMgO layers, which results in strong localization of the photons in 
the quantum-well layers. To realize this, a lower growth temperature is required to avoid the interdiffusion of Mg. To obtain 
high-quality crystallinity at a low growth temperature, we used photo-induced metal organic vapor phase epitaxy (MOVPE). 
ZnO nanocrystallites were grown on Si(100) substrates using a low-pressure MOVPE system without using any metal catalysts. 
Diethylzinc (DEZn) and oxygen were used as the reactants and argon was used as the carrier gas. To decrease the growth temperature, 
we used a He-Cd laser (λ= 325 nm, 300 µW) as the light source during MOVPE growth, yielding reactive Zn and O radicals via 
photolysis. To examine the temperature dependence of the morphology of the deposited film, we realized nanoparticle growth inside 
the laser spot only, even at room temperature. Furthermore, when the growth temperature was increased to 270°C, vertically aligned 
nanorod structures measuring 1 µm in length and 200 nm in diameter were obtained under He-Cd laser irradiation. Although the 
photoluminescence (PL) spectra (measured at 5K) of the nanoparticles grown at room temperature did not show any peaks, those of the 
nanorods grown at 270°C resulted in strong PL emission at 3.37eV, corresponding to the emission from a neutral-donor bound exciton 
in ZnO. The emission peak energy of room temperature PL (3.29 eV) agreed with the reported value (3.26 eV), which corresponds to 
the spontaneous emission from the free exciton in high-quality ZnO nanocrystallites. The full width at half maximum of the PL spectra 
was about 105 meV, which is comparable with the 100 meV of high-quality ZnO nanorods grown using MOVPE at 400°C. In addition, 
high-resolution transmission electron microscopic images of the nanorod structure grown at 270°C revealed hexagonally packed 
single-crystalline growth with (0001) direction. These results imply that the ZnO nanorods grown using photo-induced MOVPE at low 
temperature (270°C) were composed of single-crystalline ZnO nanocrystallites. Decreasing the growth temperature using 
photo-assisted MOVPE should realize a higher Mg concentration in the ZnMgO layers. 
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Nano-scale fabrication techniques suitable for semiconductor electronic devices and nano-optical 
components are intensively studied. However, the requirements to their resolution and soaring costs 
are demanding. Near-field lithography (NFL) has been proposed as a low cost fabrication tool with 
nano-resolution [1-3]. NFL makes use of optical near field generated around the photomask to expose 
a photoresist, which is in close contact with the mask. After the demonstration of near-field printing of 
sub wavelength structures [1], we have developed the tri-layer resist process particularly suitable for 
NFL using a very thin photoresist, and successfully fabricated very fine resist patterns [2, 3]. 

We have been developed prototype of NFL system is shown in Fig. 1. The system has i-line (365 
nm) of a mercury lamp as a light source. Note that this wavelength is much greater than the line and 
space patterns of less than 100 nm that we use. The whole system is enclosed in dual clean 
environment. Some of the features of our system are described below. 
 

a) Fine resolution over the whole mask with step and repeat exposure 
In NFL, the distance between the mask and the photoresist shuld be as short as possible. In order 

to accomplish a perfect physical contact between the mask and the wafer, we attach the mask to the 
bottom of a pressure vessel and pressurise it. The mask is then deformed and fits to the wafer. To 
obtain a large contact area greater than 5 x 5 mm2, the initial distance between the mask and the 
wafer was set to be ~50 µm. This also helps us minimise the mask deformation. As shown in Fig. 2, 
we are able to fabricat a resist pattern with the features smaller than 50 nm. By comparing the 
patterns at the centre and near the edge, we confirmed an excellent uniformity (see Fig. 4). We also 
successfully fabricated 25 patterns on a 4-inch silicon wafer by successive exposure (Fig. 3). 
 
b) Ultrafine particle control by dual clean system 

Our prototype is designed for use in normal environment without expensive clean room 
equipment. In order to prevent any particles from interfering the physical contact between the mask 
and the wafer, the system is set in a compact clean booth and clean air through ULPA filters is 
circulated inside the prototype. No particle greater than in 80 nm diameters are detected by using a 
commercial particle counter indicating that extremely clean local environment is realised in a 
compact fashion.  

 
We also fabricated hole and dot arrays as examples of two-dimensional patterns, useful for sub- 

wavelength structures and photonic crystals, as shown in Fig. 5, by using our system. These results 
demonstrate good fidelity of the NFL process and its great capability of high-resolution pattern 
transfer with low cost, showing interesting opportunities for novel nano-device fabrication. 
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Near-Field Lithography as prototype nano-fabrication tool
 

 
Fig. 1 Schematic illustration and photograph of our prototype 

 

 
Fig. 2 Resist pattern (cross-sectional view) 

 
Fig. 3 Resist pattern  

fabricated by step and repeat scheme 
 

     
Fig. 4 (a) Resist patterns fabricated in 5x5mm area,  

(b) pattern at the centre, (c) pattern at the edge of 5 x 5 mm2 area 
 

                  
Fig. 5 Resist patterns of hole and dot array 
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ABSTRACT 

To realize the optical devices required by future systems, we have proposed nanometer-scale photonic integrated circuits 
(i.e., nanophotonic ICs) [1]. These devices consist of nanometer-scale dots, and an optical near field is used as the signal 
carrier. Since an optical near field 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. To drive a 
nanophotonic device with an external conventional diffraction-limited photonic device, a far/near-field conversion 
device is required. Here, we review the use of a nanometer -scale waveguide as such a conversion device for 
nanophotonic ICs [1-7]. Furthermore, the fabrication of a nanophotonic device using an optical near-field is introduced 
[8,9]. 

Keywords: Optical near-field, Nanophotonic device, Plasmon, Nano cot coupler, Nanophotonic fabrication 
 
 

1. INTRODUCTION 
Future optical transmission and data -processing systems will require integrated advanced photonic devices, in order to 
increase data processing rates and capacity. 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. 

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 performance parameters required of this device include: 

(A) High conversion efficiency 

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

(C) A propagation length that is longer than the optical wavelength to avoid direct coupling of the propagating 
far-field light to the nanophotonic device consisting of nanometer-scale dots. (The propagation 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)). 
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2. PLASMONIC CIRCUITS 
2.1 A Plasmon Waveguide with a Metallic-Core Waveguide 

To meet these requirements, we used a metal-coated Si wedge structure. Figure 1(a) shows our plasmon-waveguide 
scheme [2]. The main part consists of a silicon dielectric wedge, coated with a thin metal film. Incoming far-field light, 
which is polarized parallel to the y-axis, is first transformed into the 2 dimensional (2D) surface plasmon mode on side 
F1 (see Fig. 1(b)). Next, the 2D surface plasmon mode is converted into the 1D TM plasmon mode at the edge between 
F1 and the plateau. This conversion occurs because of the scattering coupling at the edge [3]. Third, the transverse 
magnetic (TM) plasmon mode [11] propagates along the plateau in a manner similar to surface plasmon modes using 
metal strips [12] or edge modes using metal wedges [13]. This propagation occurs because the metal film deposited on 
the plateau is thicker than that on the other faces (F1, F2, and F3) due to the normal evaporation process (see Fig. 1(c)). 
Consequently, the plateau acts as a metal-core waveguide. Finally, the TM plasmon mode at the waveguide outlet is 
converted into an optical near-field so that it couples to the nanometer-scale dots, which are located in close proximity to 
the outlet. 

 

The advantages of our waveguide are: 

(a) High conversion efficiency from the 2D surface plasmon mode to the 1D TM plasmon mode, due to the 
scattering coupling [3]. 

(b) The beam width decreases (as narrow as 1 nm) with the core diameter, since this waveguide does not have a 
cut-off [11]. 

(c) The propagation length of the TM-plasmon mode is sufficiently long to meet requirement (C). For example, the 
propagation length is 1.25 µm (at λ = 830 nm) for a TM plasmon with a gold core (diameter D = 40nm) 
insulated by air [14]. 
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Fig. 1 (a) Bird’s-eye view of a plasmon waveguide. The x- and y-axes are perpendicular and parallel to the plateau 
axis, respectively. (b) Cross-section along plane B (yz) in (b). (c) Cross-section along plane A (xz) in (b) 
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The plasmon waveguide was fabricated using anisotropic etching. The spatial distribution of the electric-field energy 
throughout the plateau of the metallized Si wedge was measured by scanning with a fiber probe with an aperture 
diameter of Da = 60 nm. In order to excite the plasmon mode, linearly polarized light (λ = 830 nm) was focused onto the 
F1 face. Figures 2(a) and (b) show the observed electric-field energy distributions on wedges with plateau widths W = 1 
µm and 150 nm, respectively, for TM polarization (the incident light polarization is parallel to the y-axis). We found that 
the propagating mode was excited efficiently only by TM polarized incident light. The closed and open circles in Fig. 
2(c) and (d) show the cross-sectional profiles along the lines in Fig. 2(a) (A-A’ and a-a’) and 2(b) (B-B’ and b-b’), 
respectively. Here, transmission was defined as the ratio of the light power detected by the fiber probe to the input light 
power. From the dotted exponential curve fitting the open circles in Fig. 2(c), the propagation length was estimated to be 
1.25 µm for the 150-nm wedge. This value is comparable to the theoretical value for TM plasmon mode in a cylindrical 
metal-core waveguide with D = 40 nm that consists of a gold core and air cladding (λ = 830 nm) [14]. From the solid 

exponential curve fitting the closed circles in Fig. 2(c), the propagation length for W = 1.0 µm was estimated to be 2.0 
µm, which is longer than that for W = 150 nm. This is because, as W increases, the effective refractive index approaches 
that of the surface plasmon at the planar boundary between gold and air [14]. These experimental results confirm that the 
observed excitation along the plateau was the TM plasmon mode. Figure 2(d) shows that the full width at half maximum 
(FWHM) of the cross-sectional profiles was 150nm for W = 150 nm. With minor improvements to the waveguide, this 
FWHM value should meet requirement (B). Furthermore, note that the transmission was 5.0 × 10-3 for W = 150 nm; this 
is ten times higher than that of a fiber probe with Da = 150nm [4]. This efficient excitation of the TM plasmon mode can 
be attributed to the scattering coupling at the edge between F1 and the plateau. This transmission efficiency meets 
requirement (A). Finally, the propagation length estimated above is longer than the incident light wavelength. This meets 
requirement (C). 
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Fig. 2  Electric-field distribution (λ = 830 nm) on the silicon wedge plateau. TM polarization: (a) W = 1 
µm. (b) W = 150nm. (c) Cross-sectional profiles along A–A’ (closed circles) and B–B’ (open circles) in (a) 
and (b), respectively. (c) The solid and dotted curves represent the exponential curves fitted to the 
experimental values. (d) Cross-sectional profiles along a–a’ (closed circles) and b–b’ (open circles) in (a) 
and (b), respectively 
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2.2 A Nanodot Coupler with a Surface Plasmon Polariton Condenser for Optical Far/Near-Field Conversion  

To increase the propagation length, a more promising candidate is a nanodot coupler consisting of an array of closely 
spaced metallic nanoparticles, because higher transmission efficiency is expected from the plasmon resonance in the 
closely spaced metallic nanoparticles [5, 15, 16]. The energy transfer along the nanodot coupler relies on the near-field 
coupling between the plasmon-polariton mode of the neighboring nanoparticles. 

To increase the efficiency of exciting localized surface plasmon in the nanodot coupler compared with 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 3 shows the proposed optical far/near-field conversion device 
[5]. 

Incoming far-field light is first transformed into the 2D SPP mode on the metallic 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 [17]. The input terminal of the nanodot coupler is fixed at the focal 
point of the SPP. Finally, after the localized surface plasmon is transmitted 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 

(a) A high conversion efficiency, from the SPP mode to the localized surface plasmon in the nanodot coupler, 
owing to the scattering coupling at the inlet metallic nanoparticle [2]. 

(b) No cut-off diameter for 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 a Förster field only[15]. 

(c) Farther propagation than that of the metallic-core waveguide due to the reduction in the metal content and 
plasmon resonance in the metallic nanoparticles. For example, the calculation using the finite-difference time 
domain (FDTD) method estimated a propagation 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 [18]. 

Advantages (a)-(c) are compatible with meeting requirements (A)–(C), respectively. 

To fabricate the nanodot coupler and SPP condenser using a focused ion beam (FIB), we used a silicon-on-
insulator (SOI) wafer to avoid ion beam drift. The SPP condenser and nanodot coupler were fabricated using the FIB. A 
diffraction grating was also fabricated using an FIB milling technique 50 µm below the condenser in order to excite the 
SPP by the incident optical far-field (a laser beam). 

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 λ = 785 nm was used to transmit the far-field light through the 10-µm-
thick Si substrate. A sharpened fiber probe with 20-nm-thick gold film was used to enhance the collection efficiency [7]. 

First, we measured the spatial distribution of the optical near-field energy on a linear nanodot coupler, for which 
the input terminal was fixed at the focal point of the SPP. Figures 3(a) and (b) show a scanning electron microscope 
(SEM) image and the spatial distribution of the optical near-field energy on the nanodot coupler, respectively. The black 
dots in Fig. 3(c) show the cross-sectional profile along the white broken line in Fig. 3(b). Position x = 0 corresponds to 
the focal point of the SPP condenser. Although not all of the energy couples to the nanodot coupler owing to mode 
mismatch, the optical near-field intensity has a maximum at each edge of the nanoparticles. This is due to artifact 
resulting from using the fiber probe in constant height mode. The dips indicated by arrows A and B originate from 
interference of the localized surface plasmon in the nanodot coupler that arises from reflection at the output terminal. 
However, the exponential envelope (solid curve of Fig. 3(c)) fitted by neglecting this inference indicates that the 
propagation length was lt = 4.0 µm. lt was five times longer than the wavelength, which meets requirement (C). The 
beam width was 250 nm, which is comparable to the nanoparticle size. As the size of the nanoparticles is determined by 
the resolution of the FIB for carbon hemisphere deposition, the beam width can be decreased to a sub-50 nm scale using 
electron beam lithography, which will meet requirement (B). 

Second, we checked whether near-field coupling between the neighboring nanoparticles resulted in lower 
propagation loss by comparing our device with a metallic-core waveguide. For this purpose, we fabricated a gold-core 
waveguide the same width as the diameter of the nanoparticles in the nanodot coupler, with its input terminal also fixed 
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at the focal point of the SPP (Fig. 3(d) and 3(e)). The dashed line in Fig. 3(f) shows the cross-sectional profile of the 
metallic-core waveguide along the dashed line in 3(e) and the exponential envelope (solid curve in Fig. 3(f)) indicates 
that the propagation length is lt = 1.2 µm. To evaluate the observed propagation length, we calculated the theoretical 
value of our metallic-core waveguide. Since the Au-core waveguide is placed on an Si substrate, we calculated the 1D 
TM plasmon mode [11] in a cylindrical Au-core waveguide with a diameter of 250 nm (εAu = (0.174 + i4.86)2 =-23.59 + 
i1.69) [19] surrounded by medium with a dielectric constant equal to the average of Si and air [14], εcl = 
((3.705+i0.007)2+1)/2 = 7.36+i0.03 [19]. Based on these assumptions, the calculated propagation length of our Au-core 
waveguide is 1.4 µm. Since this is in good agreement with the observed value (1.2 µm), the comparison confirms that 
nanodot coupler realizes more efficient energy transfer. 

Finally, we also observed the spatial distribution of the optical near-field energy for zigzag-shaped nanodot 
coupler (see Fig. 4(a) and (b)). Corners A–D in Fig. 4(c) represent the profiles at locations A–D in Fig. 4 (d), 
respectively. Comparing adjacent curves, we found that the energy loss at corners A–D was negligible. This is attributed 
to efficient coupling of the TM and TE localized surface plasmon at the corners. As a result, the propagation length 
through this zigzag-shaped nanodot coupler was equivalent to that through a linear coupler. Although efficient coupling 
has been predicted using the point-dipole approximation [15], this is the first experimental confirmation of it. Such high 
flexibility in the arrangement of nanoparticles is an outstanding advantage for conversion for driving nanophotonic 
devices. 
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Fig. 3  SEM image (a) and the near-field energy distribution (b) of a linearly chained nanodot coupler. (c) Solid 
circles show the cross-sectional profiles along the white dashed line in (b). The solid curve shows the fitted 
exponential envelope. A and B indicate dips resulting from the length of the nanodot coupler. (c) The solid line 
shows the cross-sectional profile along the white dashed line in (b). SEM image (d) and the near-field energy 
distribution (e) of a metallic-core waveguide. (f) The dashed line shows the cross-sectional profile along the 
metallic-core waveguide and the solid curve shows the fitted exponential envelope. 
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3. NANOPHOTONIC FABRICATION FOR NANOPHOTONIC DEVICES 
To fabricate nanodot couplers and nanophotonic devices at all scales, we proposed a self-assembling method that builds 
nanodot chains by controlling the desorption with an optical near-field [8, 9]. Our approach is illustrated schematically in 
Fig. 5(a). A nanodot chain of metallic nanoparticles is fabricated using radio frequency (RF) sputtering under 
illumination on glass substrate. To realize self-assembly, a simple groove 100-nm wide and 30-nm deep is fabricated on 
the glass substrate. During deposition of the metal, linear polarized light illuminating the groove directly from above 
(E90) is used to excite a strong optical near-field at the edge of the groove (see Fig. 5(b)), which induces the desorption of 
the deposited metallic nanoparticles [8]. A metallic dot has strong optical absorption due to plasmon resonance, which 
strongly depends on particle size. This can induce desorption of a deposited metallic nanodot when it reaches the 
resonant diameter [8]. As the deposition of metallic dots proceeds, growth is governed by a trade-off between deposition 
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Fig. 4  (a) and (b) SEM images and the near-field intensity distribution (c) 
of a zigzag-shaped nanodot coupler. (d) The cross-sectional profiles along 
the dashed white lines in (c). The arrows A–D indicate the corners 
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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. 5(b) and 5(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. 6(a)). The deviation of both nanodot size and the separation, determined from SEM 
images, was as little as 5 nm. The deviation, which was as small 5%, meets the requirement for a nanodot coupler with 
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 substrate before and after aluminum 
deposition, at the same position. Curves α and β in Fig. 6(b) show the respective cross-sectional profiles across the 
groove. Comparison of these profiles shows 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. 5(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. 6(c)). Although the deviation of both nanodot size 
and the separation was 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 [8]. The period under 2.62-eV light illumination (132.8 nm) was longer than that (127.5 nm) for fabrication 
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Fig. 5  (a) Size- and position-controlled ultra-long nanodot chain formation. The slanted light had a spot 
diameter of 1 mm. The groove parallels the y-axis. E90 and E0 are perpendicular and parallel to the y-axis, 
respectively. (b and c) Cross-sections in planes xz and yz, respectively. 
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Fig. 6  (a) SEM image of deposited aluminum with perpendicular polarization E90 (hλ =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 (hλ =2.62 eV). 
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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 optical energy along a chain of spherical metal dots calculated 
using Mie’s theory [16]. 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 
decide the optimum separation of nanoparticles depending on the photon energy. However, our preliminary results imply 
that the center-center distance was 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. 

 

4. SUMMARY 
To connect a nanophotonic IC with external photonic devices, we developed a nanometer-scale waveguide using a 
metal-coated silicon wedge structure. Propagation of the TM plasmon mode was observed using a near-field optical 
microscope. Illumination (λ = 830 nm) of the metal-coated silicon wedge (W = 150 nm) caused a TM plasmon mode 
with a beam width of 150nm and propagation length of 1.25 µm. The performance was improved further with a nanodot 
coupler with an SPP condenser. The FWHM of the spatial distribution of the optical near-field energy at the focal point 
of the SPP was as small as 400nm at λ = 785 nm. Furthermore, installing a linear nanodot coupler at the focal point of 
the SPP realized efficient excitation of plasmon-polariton mode with a transmission length of 4.0 µm. Equivalent energy 
transfer was observed in zigzag-shaped nanodot couplers. These results confirm that a nanodot coupler with an SPP 
condenser can be used as the optical far/near-field conversion device required by future systems. 

Furthermore, 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, using other metals or semiconductors. The use of 
this self-assembling method with a simple lithographically patterned substrate will dramatically increase the throughput 
of the production of the nanoscale structures that will be required by future systems. 

REFERENCES 

[1] M. Ohtsu, K. Kobayashi, T. Kawazoe, S. Sangu, and T. Yatsui, “Nanophotonics: Design, Fabrication, and 
Operation of Nanometric Devices Using Optical Near Fields,” IEEE J. Select. Top. Quant. Elect., vol. 8, no. 4, 
pp.839-862, 2002 

[2] T. Yatsui, M. Kourogi, and M. Ohtsu, “Plasmon waveguide for optical far/near-field conversion,” Appl. Phys. Lett., 
vol. 27, no. 27, pp. 4583-4585, 2001 

[3] T. Yatsui, M. Kourogi, and M. Ohtsu, “Highly efficient excitation of optical near-field on an apertured fiber probe 
with an asymmetric structure,” Appl. Phys. Lett., vol. 71, no. 13, pp. 1756-1758, 1997 

[4] T. Yatsui, M. Kourogi, and M. Ohtsu, “Increasing throughput of a near-field optical fiber probe over 1000 times by 
the use of a triple-tapered structure,” Appl. Phys. Lett., vol. 73, no. 15, pp. 2090-2092, 1998 

[5] W. Nomura, M. Ohtsu, and T. Yatsui, “A nanodot coupler with a surface plasmon polariton condenser for optical 
far/near-field conversion,” Appl. Phys. Lett., vol. 86, no. 18, 181108, 2005 

[6] W. Nomura, T. Yatsui, and M. Ohtsu, “Efficient optical near-field energy transfer along an Au nanodot coupler 
with size-dependent resonance,” Appl. Phys. B, in press 

[7] T. Yatsui, K. Itsumi, M. Kourogi, and M. Ohtsu, “Metallized pyramidal silicon probe with extremely high 
throughput and resolution capability for optical near-field technology,” Appl. Phys. Lett., vol. 80, no.13, pp. 2257-
2259, 2002 

[8] T. Yatsui, S. Takubo, J. Lim, W. Nomura, M. Kourogi, and M. Ohtsu, “Regulating the size and position of 
deposited Zn nanoparticles by optical near-field desorption using size-dependent resonance,” Appl. Phys. Lett., vol. 
83, no. 9, pp.1716-1718, 2003 

[9] T. Yatsui, W. Nomura, and M. Ohtsu, “Self-Assembly of Size- and Position-Controlled Ultralong Nanodot Chains 
using Near-Field Optical Desorption,” Nano Lett., vol. 5, no. 12, pp. 2548-2551, 2005 

Proc. of SPIE Vol. 6323  63230O-8



 

 

[10] For example, see the International Technology Roadmap for Semiconductors (http://public.itrs.net/) 
[11] J. Takahara, S. Yamagishi, H. Taki, A. Morimoto, and T. Kobayashi, “Guiding of a one-dimensional optical beam 

with nanometer diameter,” Opt. Lett., vol. 22, no. 7, pp. 475-477, 1997 
[12] J. C. Weeber, J. R. Krenn, A. Dereux, B. Lamprecht, Y. Lacroute, and J. P. Goudonnet, “Near-field observation of 

surface plasmon polariton propagation on thin metal stripes,” Phys. Rev. B, vol. 64, no. 4, 045411, 2001 
[13] A. Eguiluz and A. A. Maradudin, “Electrostatic edge modes along a parabolic wedge,” Phys. Rev. B, vol. 14, no. 12, 

pp. 5526-5528. 1976 
[14] L. Novotny and C. Hafner, “Light propagation in a cylindrical waveguide with a complex, metallic, dielectric 

function,” Phys. Rev. E, vol. 50, no. 5, pp. 4094-4106, 1994 
[15] M. L. Brongersma, J. W. Hartmanm, and H. A. Atwater, “Electromagnetic energy transfer and switching in 

nanoparticle chain arrays below the diffraction limit,” Phys. Rev. B, vol. 62, no. 24, R16356, 2000 
[16] I. I. Smolyaninov, D. L. Mazzoni, J. Mait, and C. C. Davis, “Experimental study of surface-plasmon scattering by 

individual surface defects,”  Phys. Rev. B, vol. 56, no. 3, pp. 1601-1611, 1997 
[17] M. Quinten, A. Leitner, J. R. Krenn, and F. R. Aussenegg, “Electromagnetic energy transport via linear chains of 

silver nanoparticles,” Opt. Lett., vol. 23, no. 17, pp. 1331-1333, 1998 
[18] The computer simulations in this paper are performed by a FDTD-based program, Poynting for Optics, a product of 

Fujitsu, Japan 
[19] Handbook of Optical Constants of Solids, ed. by E.D. Palik. (Academic, New York 1985) 
 

Proc. of SPIE Vol. 6323  63230O-9



 

 

 

 

 

 [III] REVIEW PAPERS 
 

 

 

 

 

 

 

 

 















SPIE Newsroom

10.1117/2.1200610.0427

Nanodot couplers provide
efficient near-field energy
transfer
Takashi Yatsui, Wataru Nomura, and Motoichi Ohtsu

Nanodots self-assemble along a groove in a substrate to create a

far/near-field converter for nanometer-scale photonic integrated cir-

cuits.

Nanometer-scale photonic integrated circuits are one way to cre-

ate the optical devices required by future systems.1 These inte-

grated circuits consist of nanometer-scale dots. An optical near

field, the thin film of light on the surface of a nanometric mate-

rial, is used as the signal carrier. Since an optical near field is free

from the diffraction of light due to its size-dependent localiza-

tion and resonance features, nanophotonics enables the fabrica-

tion, operation, and integration of nanometric devices.

Driving such a device requires an external, conventional,

diffraction-limited photonic mechanism with a far/near-field

converter. A potential converter is a plasmon waveguide. A plas-

mon is a quasiparticle made of electron plasma and a photon.

The waveguide employs a metallized silicon wedge structure

to convert far-field light into an optical near field via a one-

dimensional plasmon mode.2 Compared with a metallic core

waveguide, or wire, a chain of closely spaced metallic nanoparti-

cles should reduce energy loss3 because of the lower metal con-

tent and plasmon resonance in the metallic nanoparticles. En-

ergy transfer in the nanodot coupler relies on near-field coupling

between the plasmon-polariton modes of neighboring particles.

We compared the spatial distribution of the optical near-field

intensity in a linear nanodot coupler and a metallic core waveg-

uide. To create the nanodot coupler, carbon hemispheres were

deposited and coated with a 100-nm-thick gold film: see Figure

1(a). The same process was applied to carbon wire to make the

metallic core waveguide: see Figure 1(c). In the nanodot coupler

we found plasmon-polariton transfer as long as 4μm. Further-

more, the propagation loss was 10 times lower than that of the

metallic core waveguide: see Figure 1(b), (d), and (g). Similar

energy transfer was observed in a zigzag-shaped nanodot cou-

Figure 1. (a) A scanning electron microscopy (SEM) image and

(b) a near-field optical microscopy (NOM) image show a linearly

chained nanodot coupler. (c) SEM and (d) NOM images show a metal-

lic core waveguide. (e) SEM and (f) NOM images show a zigzag-

shaped nanodot coupler. (g) The solid and dashed curves correspond

to the cross-sectional profiles along the dashed white lines in (b) and

(d),respectively. (h) The cross-sectional profile follows the dashed white

lines in (f).

pler with low energy loss at the corners: see Figure 1(f) and (h).4

Such high flexibility in the arrangement of nanoparticles is an

outstanding advantage of optical far/near-field conversion for

driving nanophotonic devices.

We fabricated nanodot couplers at all scales with a self-

assembling method that builds nanodot chains by controlling

desorption with an optical near field.5, 6 A nanodot chain of

Continued on next page
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Figure 2. (a) Size- and position-controlled ultra-long nanodot chain

formation occurs along a groove paralleling the y-axis. E90 is perpen-

dicular to the y-axis, and E0 parallel to it. (b and c) These cross-sections

illustrate planes XZ and YZ. (d and e) These SEM images show de-

posited aluminum with perpendicular polarization E90 (hλ = 2.33 and

2.62eV, respectively).

metallic nanoparticles was created using radio frequency sput-

tering under illumination on a glass substrate with a simple

groove 100nm wide and 30nm deep. During deposition of the

metal, linearly polarized light illuminating the groove (E90) ex-

cites a strong optical near field at the edge of the groove—see

Figure 2(b)—which induces desorption of the deposited metal-

lic nanoparticles.5 A metallic dot has strong optical absorption

due to plasmon resonance. This can induce desorption of a de-

posited metallic nanodot when it reaches the resonant diameter.5

As the deposition of metallic dots proceeds, growth is gov-

erned by a trade-off between deposition and desorption. This

plus the photon energy of the incident light determines dot size.

Consequently, the metallic nanoparticles should align along the

groove.

Illumination with 2.33 and 2.62eV light during aluminum

deposition caused the formation of chains of 99.6nm-diameter

nanodots with 27.9nm separation, and chains of 84.2nm-

diameter nanodots with 48.6nm separation, respectively: see

Figure 2(d) and (e). This occurred along a 100-μm-long groove

in a highly size- and position-controlled manner. The dot

size decreased in proportion to the increase in photon en-

ergy: 99.6nm × (2.33/2.62) = 88.5 ∼ 84.2nm. This indi-

cates that photon energy determines size and that the size-

controlled dot-chain formation occurs due to photodesorp-

tion of the deposited metallic nanoparticles. The ratios of the

center-center distance (d) and radius (a) of the nanodots—

d/a = 2.56(2.33eV) and 3.15 (2.62eV)—are similar to the opti-

mum value (2.4–3.0) for the efficient transmission of optical en-

ergy along a nanodot coupler as calculated using Mie’s theory.7

Our results thus imply that d was set at the optimum distance

for efficient energy transfer of the optical near field, since a

field of that strength can induce desorption of the deposited

metallic nanoparticles and result in position-controlled dot-

chain formation.

In summary: Our deposition method is based on a pho-

todesorption reaction. As such, illumination at multiple pho-

ton energies using a simple lithographically patterned substrate

could enable the simultaneous fabrication of size- and position-

controlled nanoscale structures with different particle sizes as

well as with other metals or semiconductors. This combination

of features has the potential to dramatically increase the produc-

tion throughput of the nanoscale structures that future systems

will require.
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