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Near-field measurement of spectral anisotropy and optical absorption
of isolated ZnO nanorod single-quantum-well structures

Takashi Yatsuia� and Motoichi Ohtsub�

Solution-Oriented Research for Science and Technology, Japan Science and Technology Agency, Machida,
Tokyo, 194-0004 Japan

Jinkyoung Yoo, Sung Jin An, and Gyu-Chul Yi
National CRI Center for Semiconductor Nanorods and Department of Materials Science and Engineering,
Pohang University of Science and Technology (POSTECH), San 31 Hyoja-dong, Pohang, Gyeongbuk
790-784, Korea

�Received 3 February 2005; accepted 10 June 2005; published online 11 July 2005�

We report low-temperature near-field spectroscopy of isolated ZnO/ZnMgO single-quantum-well
structures �SQWs� on the end of ZnO nanorod to define their potential for nanophotonics. First,
absorption spectra of isolated ZnO/ZnMgO nanorod SQWs with the Stokes shift as small as 3 meV
and very sharp photoluminescent peaks indicate that the nanorod SQWs are of very high optical
quality. Furthermore, we performed polarization spectroscopy of isolated ZnO SQWs, and observed
valence-band anisotropy of ZnO SQWs in photoluminescence spectra directly. 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. © 2005 American Institute of Physics.
�DOI: 10.1063/1.1990247�
ZnO nanocrystallites are a promising material for realiz-
ing nanometer-scale photonic devices,1 i.e., nanophotonic de-
vices, at room temperature, owing to their large exciton bind-
ing energy2–4 and large oscillator strength.5 Furthermore, the
recent demonstration of semiconductor nanorod quantum-
well structures enables us to fabricate nanometer-scale elec-
tronic and photonic devices on single nanorods.6–9 Recently,
ZnO/ZnMgO nanorod heterostructures were fabricated and
the quantum confinement effect even from the single-
quantum-well structures �SQWs� was observed.10 Near-field
spectroscopy has made a remarkable contribution to investi-
gations of the optical properties in nanocrystallite,11 and has
resulted in the observation of nanometer-scale optical im-
ages, such as the local density of exciton states.12 However,
reports on semiconductor quantum structure are limited to
naturally formed quantum dots �QDs�.12–14 Here we report
low-temperature near-field spectroscopy of artificially fabri-
cated ZnO SQWs on the end of a ZnO nanorod.

ZnO/ZnMgO SQWs were fabricated on the ends of ZnO
stems with a mean diameter of 40 nm and a length of 1 �m
using catalyst-free metalorganic vapor phase epitxy, in which
the ZnO nanorods were grown in the c orientation.10,15 They
were grown vertically from a sapphire �0001� substrate using
catalyst-free metalorganic vapor phase epitaxy, in which the
ZnO nanorods were grown vertically from a sapphire �0001�
substrate in the c orientation.10,15 The Mg concentration in
the ZnMgO layers averaged 20 at. %. Two samples were pre-
pared for this study: their ZnO well layer thickness Lw, were
2.5 and 3.75 nm, while the thicknesses of the ZnMgO bot-
tom and top barrier layers in the SQWs were fixed at 60 and
18 nm, respectively. After growing the ZnO/ZnMgO nano-
rod SQWs, they were dispersed so that they were laid down
on a flat sapphire substrate to isolate them from each other
�Fig. 1�a��.

a�Electronic mail: yatsui@ohtsu.jst.go.jp
b�Also at: School of Engineering, The University of Tokyo, Bunkyo-ku,
Tokyo, 113-8656 Japan.
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The far-field photoluminescence �PL� spectra were ob-
tained using a He–Cd laser ��=325 nm� before dispersion of
the ZnO/ZnMgO nanorod SQWs. The emission signal was
collected with the acromatic lens �f =50 mm�. To confirm
that the optical qualities of individual ZnO/ZnMgO SQWs
were sufficiently high, we used a collection-mode near-field
optical microscope �NOM� using a He–Cd laser ��
=325 nm� for excitation, and a UV fiber probe with an ap-
erture diameter of 30 nm. The excitation source was focused
on a nanorod sample laid on the substrate with a spot size
approximately 100 �m in diameter. The PL signal was col-
lected with the fiber probe, and detected using a cooled
charge coupled device through a monochromator. The fiber

FIG. 1. Schematic of experimental setup for near-field PL spectroscopy. �a�
Scanning electron micrographic image of the dispersed ZnO/ZnMgO
SQWs. �b� Schematic of ZnO/ZnMgO SQWs on the ends of ZnO nanorods.
c: c axis of the ZnO stem. �: angle between the ZnO stem and the direction

of incident light polarization.

© 2005 American Institute of Physics1-1
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probe was kept in close proximity to the sample surface
��5 nm� using the shear-force feedback technique. The po-
larization of the incident light was controlled with a � /2
wave plate. In contrast to the naturally formed QD structure
�a high monolayer island formed in a narrow quantum well�,
the barrier and cap layers laid on the substrate allowed the
probe tip access to the PL source, which reduced carrier dif-
fusion in the ZnO SQWs and the subsequent linewidth
broadening, thereby achieving a high spatial and spectral
resolution. In addition to the PL measurements, absorption
spectra were obtained using a halogen lamp, where the ab-
sorption was defined by the ratio Iwell / Iback between the sig-
nal intensities transmitted through the well layer �Iwell� and
substrate �Iback, 50 nm apart from the well layer� �Fig. 1�b��.
The absorption signal was collected with the same fiber
probe with an aperture diameter of 30 nm. Since the ZnMgO
layers are much thicker than that of the well layer
��3 nm�, any difference in the transmission signals between
Iwell and Iback was not detected, which resulted in no
detection of the absorption peak originating from the Zn-
MgO layers.

As a preliminary near-field spectroscopy experiment of
the ZnO SQWs, we obtained near-field PL spectra of the
ZnO SQWs with Lw=3.75 nm �Fig. 2�a�� obtained with po-
larization perpendicular to the c axis ��=90° in Fig. 1�b��.
Two typical spectra are shown, one with a single peak at
3.375 eV �NF1� and the other with several sharp peaks
around 3.375, 3.444, and 3.530 eV �NF2�, while NFb is a
background spectra �Fig. 2�a��. Several conclusions can be
drawn from these spectral profiles. First, comparison with
the far-field PL spectrum �FF: dashed curve in Fig. 2�a��
showed that the emission peak I2

ZnO at 3.375 eV was sup-
pressed, and IQW �3.444 eV� and IZnMgO �3.530 eV� were en-
hanced in NF2, indicating that peaks I2

ZnO and IZnMgO origi-
nated from the ZnO stem and ZnMgO layers, respectively.
Second, since the peak position of IQW was consistent with

FIG. 2. �Color online� Near-field PL and absorption spectroscopy of isolated
ZnO SQWs �Lw=3.75 nm� at 15 K. �a� NF1, NF2: near-field PL spectra.
NFb: background noise. Abs.: near-field absorption spectrum. FF: far-field
PL spectrum of vertically aligned ZnO SQWs �Lw=3.75 nm�. NOM images
of isolated ZnO SQWs obtained at �b� 3.375 and �c� 3.444 eV. The rectangle
shown in dashed white lines indicates the position of the ZnO stem. �d�
Near-field PL spectra of isolated ZnO SQWs at excitation densities ranging
from 0.6 to 4.8 W/cm2. The integrated PL intensity IPL �e� and homoge-
neous linewidths � �f� as a function of the excitation power density.
the theoretical prediction �3.430 eV� using the finite square-
Downloaded 11 Jul 2005 to 131.112.188.11. Redistribution subject to
well potential of the quantum confinement effect in the ZnO
well layer for Lw=3.75 nm, we concluded that peak IQW

originated from the ZnO SQWs. The theoretical calculation
used 0.28m0 and 1.8m0 as the effective masses of an electron
and hole in ZnO, respectively, at a ratio of conduction- and
valence-band offsets ��Ec /�Ev� of 9, and a band-gap offset
��Eg� of 250 meV.10 The spatial distributions of the near-
field PL intensity of peaks I2

ZnO and IQW �Figs. 2�b� and 2�c��
supported the postulate that the blueshifted emission was
confined to the end of the ZnO stem. Third, the spectral
width �3 meV� of peak IQW was much narrower than those of
the far-field PL spectra �40 meV�. To estimate the homoge-
neous linewidth of isolated ZnO SQWs, we observed the
power dependence of the near-field PL spectra �Fig. 2�d�� by
varying the excitation power densities from
0.6 to 4.8 W/cm2. The shape of each spectrum was fitted
using the Lorentzian function indicated by the solid curve.
Figures 2�e� and 2�f� show the integrated PL intensity �IPL�
and linewidth ��� of the fitted Lorentzian, which increased
linearly and remained constant around 3 meV, respectively.
These results indicate that emission peak IQW represented the
emission from a single-exciton state in ZnO SQWs and that
the linewidth was governed by the homogeneous broadening.
Fourth, the Stokes shift of 3 meV �Fig. 2�a�� was much
smaller than the reported value �50 meV� in ZnO/ZnMgO
superlattices.16,17 The small Stokes shift may result from the
decreased piezoelectric polarization effect by the fully re-
laxed strain for the ZnO/ZnMgO nanorod quantum struc-
tures in contrast to the two-dimensional �2D� ZnO/ZnMgO
heteroepitaxial multiple layers are strongly supported by the
theoretical calculation on the double barrier lnAs/lnP nano-
rod heterostructures.18

Based on these experiments, a major investigation of the
optical properties of isolated ZnO SQWs was performed by
analyzing the polarization-dependent PL spectrum of isolated
ZnO SQWs �Lw=3.75 nm�. As shown in Fig. 3�a�, NF0 is a
near-field PL spectrum obtained with parallel polarization
with respect to the c axis, �=0°, and this exhibits a new peak
I1b

QW at 3.483 eV, which is out of peak in the far-field spec-
trum �3.435 eV±20 meV�. Peak I1a

QW is the same as IQW in
Fig. 2�a�.

As the ZnO has valence-band anisotropy owing to the
wurtzite crystal structure, the operator corresponds to the
�5��1� representation when the electric vector E of the inci-
dent light is perpendicular �parallel� to the crystalline c axis,
respectively. By considering the energy difference between
�5 and �1 in the center of the zone around 40 meV for bulk
material,5,19,20 and the direction of the incident light polariza-
tion with respect to the c axis, emission peaks I1a

QW and I1b
QW in

Fig. 3�a� are allowed for the exciton from �5 and �1, respec-
tively. This observation of a �1 exciton in a PL spectrum
originates from the enhancement of the exciton binding en-
ergy owing to the quantum confinement effect4 because the
exciton binding energy of the emission from
�1 �50–56 meV� �see Refs. 20 and 21� is comparable to that
from �5 �60 meV�. Furthermore, in contrast to the bulk ZnO
film, our sample configuration using laid ZnO nanorod
SQWs has realized � polarization ��=0° �, allowing the de-
tection of the emission from the �1 exciton. The homoge-
neous linewidth of emission peak I1a

QW ��5� is in the range
3–5 meV, while that of I1b

QW ��1� is 9–11 meV �Fig. 3�b��.

This difference is attributed to the degeneracy of the transi-
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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tion of the �1 exciton with continuum and to the contribution
of the residual strain field, and results in sensitive depen-
dence of the �1 exciton on the strain, as reported in the
GaN.22 The solid triangles and circles in Fig. 3�c� shows the
respective normalized integrated PL intensity at I1a

QW and I1b
QW,

respectively, which are in good agreement with the sine-
squared and cosine-squared functions represented by the
solid curves. These results indicate that emission peaks I1a

QW

and I1b
QW originate from unidirectional transition dipoles that

are orthogonal to each other.
To study the linewidth broadening mechanism, Fig. 3�d�

shows the polarization-dependent near-field PL spectra
�NF0–NF90� and absorption spectrum obtained for isolated
ZnO SQWs with a thinner well layer �Lw=2.5 nm�. In
NF0–NF90, the emission peaks IZnMgO around 3.535 eV
originate from the ZnMgO layers. Emission peak I2a

QW origi-
nates from the �5 exciton in the SQWs, as was the case for
I1a

QW in Fig. 3�a�, since the position of peak I2a
QW �3.503 eV� is

comparable to that of the dominant peak in the far-field PL
spectra �3.480 eV� and the theoretical prediction �3.455 eV�
using the finite square-well potential of the quantum confine-
ment effect in the ZnO well layer. In comparison to ZnO
SQWs with Lw=3.75 nm, however, emission peak I2a

QW had a
broader linewidth �7–10 meV�, which is attributed to the
shorter exciton dephasing time. In the nanocrystallite where
the excitons are quantized, the linewidth should be deter-
mined by the exciton dephasing time. Such dephasing arises
from the collisions of the excitons at the irregular surface, so
that the linewidth is d−2 �d is the effective size of the quan-
tum structure�.23 The observed well-width dependence of the
spectral linewidth, 3.75−2 /2.5−2�3/7, and the Stokes shift
of 7 meV �see Fig. 3�c�� larger than that for Lw=3.75 nm
�3 meV� are supported by this dephasing mechanism quanti-
tatively. Although emission peak I2a

QW was suppressed for �

FIG. 3. Polarization dependence of near-field PL spectra of isolated ZnO
SQWs obtained at 15 K. �a� NF�, FF: near-field and far-field PL spectra of
isolated ZnO SQWs �Lw=3.75 nm� for �=0°, 30°, 60°, and 90°. �b� Solid
triangles and circles are the polarization dependence of the linewidth of I1a

QW

and I1b
QW, respectively in �a�. Open triangles are the polarization dependence

of linewidth of I2a
QW in �d�. �c� Solid triangles and circles are the integrated

PL intensities �IPL� of I1a
QW and I1b

QW, respectively, normalized to the total PL
intensities �I1a

QW+ I1b
QW�. �d� NF�, FF: near-field and far-field PL spectra, re-

spectively, of isolated ZnO SQWs �Lw=2.5 nm�. Abs.: absorption spectrum.
=0°, no peaks corresponding to the �1 exciton in SQWs
Downloaded 11 Jul 2005 to 131.112.188.11. Redistribution subject to
were detected owing to the reduction of the exciton binding
energy, since the peak energy of �1 for the ZnO SQWs with
Lw=2.5 nm is comparable with that of ZnMgO.

The results shown here provide criteria for realizing
nanophotonic devices using a two-level system.24,25 As a rep-
resentative device, a nanophotonic switch can be realized by
controlling the dipole forbidden optical energy transfer
among resonant energy levels in nanometer-scale QD via an
optical near field.26 Since the switching dynamics was al-
ready confirmed using CuCl quantum cubes,26 the success of
near-field PL and absorption measurement of isolated SQWs
described above is a promising step toward designing a
nanophotonic switch and related devices.

The authors are grateful to Drs. I. Banno �Yamanashi
University� and S. Sangu �Ricoh Company, Ltd.� for many
fruitful discussions. The work at POSTECH was supported
by the National Creative Research Initiative Project, Korea
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Nanodot coupler with a surface plasmon polariton condenser
for optical far/near-field conversion
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To transmit an optical signal to a nanophotonic device, a nanodot coupler was fabricated from a
linear array of closely spaced metallic nanoparticles. To increase the optical far- to near-field
conversion efficiency for transmission, a surface plasmon polaritonsSPPd condenser was also
fabricated from hemispherical metallic nanoparticles so that it worked as a “phased array”. The SPP
was focused with a spot size as small as 400 nm atl=785 nm. When the focused SPP was incident
into the nanodot coupler, its transmission length through the nanodot coupler was confirmed to be
4.0 µm, which is three times longer than that of a metallic core waveguide owing to the efficient
near-field coupling between the localized surface plasmon of neighboring nanoparticles.
Furthermore, the transmission length through a zigzag-shaped nanodot coupler was as long as that
through a linear one. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1920419g
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Future optical transmission and data processing sys
will require advanced photonic devices, and their integra
in order to increase data processing rates and capacity.
sequently, these devices will have to be significantly sm
than conventional diffraction-limited photonic devices.
meet this requirement, we have proposed nanometer-
photonic integrated circuitssnanophotonic ICsd that are com
posed of nanometer-sized elemental devicessnanophotoni
devicesd.1

For use in future photonic systems, the nanophot
devices and ICs must be connected to convent
diffraction-limited photonic devices. This connection
quires a far/near-field conversion device, such a
nanometer-scale optical waveguide. The performance pa
eters required of this device include:

sad High conversion efficiency.
sbd A guided beam width of less than 100 nm for effici

coupling of the converted optical near-field to sub-
nanometer-sized dots.

scd A transmission length that is longer than the opt
wavelength to avoid direct coupling of the propaga
far-field light to the nanophotonic device consisted
nanometer-scale dots.fThe transmission length,t is
defined asIszd= Is0dexps−z/,td, whereIszd is the opti-
cal intensity andz is the longitudinal position measur
from the input terminalsz=0dg.

One candidate device that meets these performanc
quirements is a plasmon waveguide using a metallized
con wedge structure that converts propagating far-field
to an optical near-field.2 In this device, a one-dimension
transverse magneticsTMd plasmon mode is excited ef

adElectronic mail: nomura@nanophotonics.t.u-tokyo.ac.jp
bdAlso with Japan Science Technology Agency, 687-1 Tsuruma, Mac
Tokyo, Japan 194-0004.
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ciently via a metallic core waveguide along the plate
However, the,t of the TM plasmon mode is still in the ord
of 700 nmsat l=830 nmd for a metallic core waveguide wi
a gold coresdiameterD=10 nmd insulated using air.3 To in-
crease,t, a more promising candidate is a nanodot cou
consisting of an array of closely spaced metallic nano
ticles, because higher transmission efficiency is expecte
ing to the plasmon resonance in the closely spaced me
nanoparticles.4 Energy transfer along the nanodot coupler
lies on the near-field coupling between the plasmon-pola
mode of the neighboring nanoparticles.

To increase in the efficiency of exciting localized surf
plasmon in the nanodot coupler than that excited by pr
gating far-field light, we equipped the nanodot coupler w
surface plasmon polaritonsSPPd condenser for efficient fa
near-field conversion. Figure 1sad shows the proposed optic
far/near-field conversion device. Incoming far-field ligh
first transformed into the two-dimensional SPP mode on

,FIG. 1. sad Bird’s eye view of a nanodot coupler with a SPP condensesbd

Experimental system.scd Schematic illustration of the SPP condenser.

© 2005 American Institute of Physics8-1
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gold film fsee Fig. 1sbdg. Then, the SPP mode is scatte
and focused by the SPP condenser, which consists of s
hemispherical metallic submicron particles that are arra
in an arc and work as a “phased array”fFig. 1scdg.5 The input
terminal of the nanodot coupler is fixed at the focal poin
the SPP. Finally, after the localized surface plasmon tr
mits through the nanodot coupler, it is converted into
optical near-field so that it couples to the nanophotonic
vice.

The advantages of this device are that it has;

s1d A high conversion efficiency, from the SPP mode to
localized surface plasmon in the nanodot coupler, ow
to coupling the scattering at the inlet meta
nanoparticle.6

s2d No cut-off diameter of the metallic nanoparticle arr
i.e., the beam width decreases with the diameter bec
the electric-field vector, which is dominant in the n
odot coupler, involves only a Förster field.4

s3d Long-distance propagation of the TM-plasmon mo
For example, the calculation using the finite-differe
time domainsFDTDd method estimated a transmiss
length of ,t=2 mm sat l=785 nmd for a plasmon
polariton mode with linearly aligned 50 nm dots with
nm separation.7,8

Advantagess1d to s3d are compatible with meeting requir
mentssAd to sCd, respectively.

To fabricate the nanodot coupler and SPP condense
ing a focused ion beamsFIBd, we used a silicon-on-insulat
wafer to avoid ion beam drift. The fabrication process wa
follows:

sid A s100d-oriented SOI wafer was bonded to a gl
substrate by anodic bondingfFig. 2sadg.9

sii d After removing the silicon substrate and SiO2 layer
from the SOI wafer by wet etching, carbon he
spheres were deposited using FIBfFig. 2sbdg.

siii d To excite SPP mode and enhance the optical near
energy, a 120 nm thick gold film was applied us
sputtering fFig. 2scdg. The number of hemisphere
their positions, and their sizes were optimized us
the FDTD method in order to minimize the focus
spot size.8

FIG. 2. Fabrication of the nanodot coupler and SPP condenser:sad Anodic
bondingfstepsidg, sbd carbon hemisphere deposition using FIBfstepsii dg, scd
120 nm gold film deposition using sputteringfstepsiii dg, sed and sdd SEM
images of the fabricated nanodot coupler and SPP condenser.
sivd Finally, a diffraction grating was fabricated using a
Downloaded 01 May 2005 to 131.112.188.11. Redistribution subject to AIP
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FIB milling technique 50µm below the condenser
order to excite the SPP by the incident optical
field.

Figures 2sdd and 2sed show scanning electron micr
scopicsSEMd images of the SPP condenser and nanodot
pler. Two banks were fabricated, in order to avoid illum
tion of the nanodot coupler by the satellite spotssoriginating
from higher-order diffractiond fFig. 2sddg. The nanodot cou
pler consisted of a linear array of nanoparticles with di
eters of 230 nm separated by 70 nm. The SPP cond
consisted of twelve scatterers 350 nm in diameter, aligne
an arc with a diameter of 10µm.

The spatial distribution of the optical near-field ene
was observed using a collection mode near-field optica
croscopefsee Fig. 1sbdg. A light source with a wavelength
l=785 nm light was used. A sharpened fiber probe with
nm thick gold film was used to enhance the collec
efficiency.10

First, we checked whether the SPP condenser led
ficient scattering and resultant focusing of the SPP by e
ing the SPP mode through the grating coupler. Figuressad
and 3sbd show a shear-force image of the SPP condense
the spatial distribution of the optical near-field energy,
spectively. As shown in the cross-sectional profilefdashed
curve in Fig. 3sddg through the focal point of the SPPfwhite
dotted line in Fig. 3sbdg, the full width at half maximum
sFWHMd of the spatial distribution of the SPP was as nar
as 400 nm. Figure 3scd shows the spatial distribution of t
optical near-field energy in the SPP condenser calculate
ing the FDTD method, where each cell was 50350
325 nm and the model consisted of 2403240380 cells
Considering the tip diameters50 nmd of the metallized fibe
probe used for collection mode, the observed distribu
fFig. 3sbd and dashed curve in Fig. 3sddg was in good agree
ment with the calculated resultsfFWHM=380 nm, solid
curve in Fig. 3sddg. These results imply that our device wo
as an efficient phased array.

Second, we measured the spatial distribution of the
tical near-field energy on a linear nanodot coupler, the i
terminal of which was fixed at the focal point of the S
Figures 4sad and 4sbd show an SEM image and the spa
distribution of the optical near-field energy on the nano

FIG. 3. sad Shear-force image of the SPP condenser.sbd The near-field
energy distribution ofsad taken atl=785 nm.scd Calculated spatial distr
bution of the electric-field energy using the FDTD method. The dashe
solid curves insdd are cross-sectional profiles along the dashed white
in sbd and scd, respectively.
coupler, respectively. The black dots in Fig. 4scd show cross-
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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sectional profiles along the white broken line in Fig. 4sbd.
Positionx=0 corresponds to the focal point of the SPP c
denser. Although not all of the energy couples to the nan
coupler owing to mode mismatch, the optical near-field
tensity has a maximum at each edge of the nanopart
This is due to an artifact resulting from the fiber probe
constant height mode. The dips indicated by arrowsA andB
originate from interference of the localized surface plas
in the nanodot coupler that arises from reflection at the
put terminal. However, the exponential envelopefsolid curve
of Fig. 4scdg fitted by neglecting these influences indica
that the transmission length,t was 4.0µm. ,t was five times
longer than the wavelength, which meets requirementsCd.
The beam width was 250 nm, which is comparable to
nanoparticle size. As the size of the nanoparticles was d
mined by the resolution of FIB for carbon hemisphere de
sition, the beam width can be decreased to sub-50 nm
using electron-beam lithography, which will meet requ
ment sBd.

Third, we checked whether near-field coupling betw
the neighboring nanoparticles resulted in lower propaga
loss by comparing our device with a metallic core wa
guide. For this purpose, we fabricated a gold core waveg
the same width as the diameter of the nanoparticles in
nanodot coupler, with its input terminal also fixed at the fo
point of the SPP. The open circles in Fig. 4sdd show the
cross-sectional profile of the metallic core waveguide and
exponential envelopefsolid curve in 4sddg indicates that th
transmission length,t was 1.2µm. To evaluate the observ
transmission length, we calculated the theoretical valu
our metallic core waveguide. Since the Au core wavegui
placed on a Si substrate, we calculated one-dimensiona
plasmon mode11 in the cylindrical Au core waveguide wi
an diameter of 250 nms«Au=s0.174+i4.86d2=−23.59
+ i1.69d sRef. 12d surrounded by the medium with an aver
dielectric constant of Si and air,13 «cl=hs3.705+i0.007d2

+1j /2=7.36+i0.03.12 Based on these assumptions, the
culated transmission length of our Au core waveguide is
µm. Since this is in good agreement with the observed v
s1.2 µmd.

Finally, we also observed the spatial distribution of
optical near-field energy for a zigzag-shaped nanodot co
fsee Figs. 5sad and 5sbdg. Corners A to D in Fig. 5scd repre-
sent the profiles at locations A to D in Fig. 5sdd, respectively

FIG. 4. SEM imagesad and the near-field energy distributionsbd of a lin-
early chained nanodot coupler.scd Solid circles show the cross-sectio
profiles along the white dashed line insbd. The solid curve shows the fitte
exponential envelope. A and B indicate dips resulting from the length o
nanodot coupler.sdd Open circles show the cross-sectional profiles a
metallic core waveguide and the solid curve shows the fitted expon
envelope.
Comparing adjacent curves, we found that the energy loss a

Downloaded 01 May 2005 to 131.112.188.11. Redistribution subject to AIP
t

.
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r

corners A–D was negligible. This is attributed to effici
coupling of the TM and transverse electric localized sur
plasmon at the corners. As a result, the transmission le
through this zigzag-shaped nanodot coupler was equiv
to that through a linear one.

In summary, we proposed and fabricated an optica
near-field conversion device that consisted of a nanodot
pler and an SPP condenser. The FWHM of the spatial d
bution of the optical near-field energy at the focal poin
the SPP was as small as 400 nm atl=785 nm. Furthermor
installing a linear nanodot coupler at the focal point of
SPP realized efficient excitation of plasmon-polariton m
with a transmission length of 4.0µm. Equivalent energ
transfer was observed in zigzag-shaped nanodot cou
These results confirm that a nanodot coupler with an
condenser can be used as the optical far/near-field conv
device required by future systems.
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Abstract

High spatial localization of an optical near field allows us to access and excite individual nanometric materials that

are much smaller than the diffraction limit of light, while propagating or far-field light can only excite the system

globally. This difference, as an initial condition, provides the new exciton dynamics by effective use of a dark state, or a

dipole-forbidden state in a quantum-dot (QD) system coupled by the optical near field. We show theoretically and

experimentally excitation energy transfer between CuCl quantum cubes, using temporally and spatially resolved near-

field spectroscopy. In addition, we report another new feature of the exciton dynamics inherent in a similar system, or

characteristic functional (AND/XOR-logic) operations, depending on the initial excitation as well as symmetry of the

spatial arrangement of the QDs.

r 2004 Elsevier B.V. All rights reserved.

PACS: 71.35.Gg; 73.21.La; 78.67-n; 42.79.Ta

Keywords: Dipole-forbidden energy transfer; Optical near field; Quantum coherence

Owing to the spatial localization of the field
beyond the diffraction limit of light, optical near-
field techniques allow us to control the states of
nanometric materials as well as to observe nano-
metric structures such as a single molecule and

quantum dots (QDs) [1,2]. They also provide, as
an initial condition, a distinct difference from
global excitation of the system by the far field to
individual excitation of the system by the near
field, which leads to the new exciton dynamics by
effective use of a dark state or a dipole-forbidden
state, for example. This kind of characteristic
dynamics is expected to open up a new way to
realize novel nanophotonic functional devices [3].
Towards this direction, we theoretically show
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excitation energy transfer between CuCl quantum
cubes, followed by experimental verification using
temporally and spatially resolved near-field spec-
troscopy [4]. Moreover, we numerically demon-
strate XOR- and AND-gate operations, using the
dynamics of a three-QD system coupled via optical
near fields that depends on the initial excitation as
well as symmetry of the spatially arranged QDs [5].
We first outline the formulation of a near-field

optical coupling between two nanometric quantum
dots, using the multipolar QED Hamiltonian in
the dipole approximation [6], �~m � ~D; where ~m and
~D represent the transition dipole moment and
electric displacement field, respectively. It has the
advantage that no explicit interdot Coulomb
interactions are included in the interaction
Hamiltonian and entire contribution to the fully
retarded result originates from exchange of
transverse photons. Basic ideas of the formu-
lation are to express internal electronic structures
in a QD in terms of a collection of local dipoles,
and to investigate the interactions between nano-
metric QDs and spatially varying optical near
fields, on the basis of the projection operator
method [7].
When we assume Frenkel excitons, the

excitonic states in a quantum dot specified by the
quantum number m and m can be expressed by
superposition of excitons in the Wannier repre-
sentation as [8]

fmm

�� � ¼ X
~R; ~R0

Fm
~RCM

� �
jm

~b
� �

ĉ
y
c~R0 ĉv~R fg

�� E
; (1)

where Fm
~RCM

� �
and jm

~b
� �

denote the envelope

functions for the center of mass (CM) and relative

motions of excitons, respectively. Here ~RCM is the

CM position, and ~b is defined as ~b ¼ ~R
0 � ~R with

the atomic sites ~R; ~R
0� �
: The creation and

annihilation operators of electrons at site ~R in

the energy band b ¼ ðc; vÞ are ĉ
y
b~R

and ĉ
b~R
;

respectively. According to Ref. [5], the near-field
optical coupling strength _U 0 between two ex-

citonic states fA
mm

���
E
in QD-A and fC

m0m0
���

E
in QD-C

can be written in the lowest order as

_U 0 ¼ jA
m ð0ÞjCn

m0 ð0Þ

�
ZZ

FA
m R

!
A

� �
FCn

m0 R
!

C

� �

� YA R
!

A � R
!

C

� �
þ YC R

!
A � R

!
C

� �h i
dR
!

A dR
!

C ;

ð2Þ

where the functions YAðCÞ ~RA � ~RC

� �
connect two

spatially isolated envelope functions of the CM
motions of excitons, and can be expressed as the
sum of two Yukawa functions with short and long
interaction ranges [5,7].
For later use, we give typical values of the

coupling strength in Eq. (2), using a Z3-exciton
state of CuCl quantum cubes embedded in a NaCl
matrix [9]. Calculation results are plotted in Fig. 1
as a function of the intercube distance. The solid
curve represents the coupling strength between
two dipole-active levels m ¼ m0 ¼ 1; 1; 1ð Þ of QDs
with a width of 5 nm, while the dotted curve is the
result for m ¼ 1; 1; 1ð Þ of QD with a width of 5 nm
and m0 ¼ 2; 1; 1ð Þ of QD with a width of 7 nm.For
conventional far field light, m0 ¼ 2; 1; 1ð Þ is the
dipole-forbidden exciton level, but it is allowed via
a near-field optical interaction that is schematically
illustrated in the inset of Fig. 1. Alternatively, a
propagating far field constructs a symmetric state
from two resonant exciton levels of inter-QDs by
global coupling, while an optical near field allows
producing an antisymmetric state by its steep
gradient field to excite either one of QDs

ARTICLE IN PRESS
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Fig. 1. Near-field optical coupling between two quantum cubes

as a function of the intercube distance. Inset: schematic

illustration of the QD-coupling via a gradient optical field.
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individually. The antisymmetric coupling strength
is estimated as _U 0 ¼ 5:05 meV ðU 0�1 ¼ 130 psÞ for
intercube distance of 6.1 nm, which is approxi-
mately a quarter of the symmetric case at the same
intercube distance.
Now we consider an antisymmetric coupling in

a two-quantum dot system consisting of QD-A
(two-level) and QD-C (three-level) in order to
investigate exciton dynamics, especially a transient
response from a steady state (see Fig. 2). Resonant
exciton states (E2-level) are coupled via near-field
optical interaction _UAC � _U 0; and note that this
coupling is usually forbidden, as mentioned above.
In addition, E2-level in QD-A and E1-level in QD-
C are coupled with a free photon reservoir while
E2-level in QD-C is coupled with a phonon
reservoir. Suppose that E1-level in QD-C is, for
simplicity, incoherently excited at t ¼ 0 by pulse-
laser photons with a rate of Ap tð Þ; after the system
reaches a steady state by the weak continuous CW
excitation of QD-A. Then the following terms

a Âr̂ tð Þ; Ay
h i

þ Ay; r̂ tð ÞÂ
h in o

þ Ap tð Þ Ĉ1r̂ tð Þ; Ĉy
1

h i
þ Ĉ

y
1; r̂ tð ÞĈ1

h in o
ð3Þ

are added to the equations of motion analogous to
Eq. (5), which will be discussed below. Here a is
the rate of weak CW excitation of upper levels in
QD-A than E2-level to achieve a steady state, while

the annihilation and creation operators of excitons

are Â; Â
y� �
; Ĉ1; Ĉ

y
1

� �
; and the density operator is

r̂ tð Þ: In the numerical calculation, we use the same
parameters [9] as before, and restrict ourselves to
the one- and two-exciton dynamics.
Fig. 2 shows a theoretical result on the transient

exciton population dynamics, together with ex-
perimental data on the temporally and spatially
resolved near-field optical spectroscopy. The solid
curve depicts the theoretical values, and the filled
circles represent the experimental data. Here, we
use U

0�1 ¼ 130 ps which was estimated above. The
excitation rate by the pulse laser was set as
Ap tð Þ�1 ¼ 1 ps; and the pulse width was assumed
to be 10 ps, while the rate a�1 ¼ 10 ns was
employed. The relaxation constants ðgA; gCÞ due
to e–h recombination in isolated QDs, and the
nonradiative relaxation constant G due to the
exciton-phonon coupling were set as g�1A ¼ 5:9 ns;
g�1C ¼ 2:1 ns; and G�1 ¼ 20 ps; respectively.It fol-
lows from Fig. 2 that temporal evolution of
exciton population in QD-A proportional to
experimental photoluminescence exhibits a
damped oscillation for a relatively long time. It is
due to the nutation at E2-levels of QD-A and QD-
C that originates from the state-filling of E1-level
of QD-C by pulse-laser photons. The oscillation
period in Fig. 2 is determined by the near-field
optical coupling U 0: The damping rate is governed
by the radiative relaxation constant of QD-C,
though the oscillation amplitude depends on that
of QD-A to become larger as gA becomes smaller.
Without taking quantum coherence into account,
the calculated damping rate is twice as fast as the
experimental one. Theoretical predictions are
consistent with experimental data, which indicates
the importance of quantum coherence between
resonant energy levels in a QD system coupled via
the near-field optical interaction.
Here we suppose a three-quantum dot system,

as shown in Fig. 3, in order to apply the above
discussion to logic and functional operations using
a near-field optically coupled QD system. Two
identical dots (QD-A and -B) are resonantly
coupled with each other via an optical near field,
while a three-level dot (QD-C) is loosely coupled
with a pair of QD-A and -B, and serves as an
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Fig. 2. Theoretical result on the transient exciton population in

QD-A (solid curve) and experimental photoluminescence data

(circles). The inset schematically depicts the system configura-

tion.
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output part with a dissipation process. A model
Hamiltonian for the system, Ĥ ; is given by

Ĥ ¼ Ĥ0 þ Ĥ int;

Ĥ0 ¼ _O Â
y
Âþ B̂

y
B̂

� �
þ _

X2
i¼1

OCi
Ĉ

y
i Ĉi;

Ĥ int ¼ _U Â
y
B̂þ B̂

y
Â

� �

þ _U 0 Â
y
Ĉ2 þ Ĉ

y
2Âþ B̂

y
Ĉ2 þ Ĉ

y
2B̂

� �
; ð4Þ

where the creation and annihilation operators of

excitons, Â
y
; Â

� �
; B̂

y
; B̂

� �
; and Ĉ

y
i ; Ĉi

� �
; are

illustrated in Fig. 3. The eigenfrequencies for the
symmetric system are denoted by OA ¼ OB � O;
while the near-field optical couplings are desig-
nated by UAB � U and UBC ¼ UCA � U 0: Then
the temporal evolution of the exciton occupation
in the QD system, r̂ tð Þ; is described by the
following master equation within the Born–
Markov approximation [10] as

_̂r tð Þ ¼ 1

i_
Ĥ ; r̂ tð Þ� �

�G
2

Ĉ
y
2Ĉ1Ĉ

y
1Ĉ2; r̂ tð Þ

n o
� 2Ĉ

y
1Ĉ2r̂ tð ÞĈy

2Ĉ1

h i
:

ð5Þ
It follows from the system’s symmetry that the
symmetric and antisymmetric-state representation
gives the smallest number of density-matrix
elements for describing the dynamics [11]. The

equations of motion for the density matrix, or the
exciton dynamics can be classified by the number
of excitons in the system, and the energy difference
_DO from the upper level of QD-C to E2-level of
QD-A (or -B) oppositely contributes to the one-
and two-exciton dynamics, respectively. It indi-
cates that the resonance conditions for selective
energy transfer in the one- and two-exciton states
are given by DO ¼ U and �U ; respectively, and
that such energy transfers allow us to selectively
pick up information about the initial exciton
populations in a pair of QD-A and -B. The result
can be utilized for logic operations in the system.
We show some numerical results for XOR- and

AND-logic operations, solving Eq. (5) for the one-
exciton and two-exciton dynamics in a CuCl
quantum cube system. The solid and dotted curves
in Fig. 4, respectively, show the temporal evolution
of the output population in QD-C for DO ¼ U

and �U : It shows that the system behaves as an
XOR-like-logic gate when DO ¼ U while it be-
haves as an AND-logic gate when DO ¼ �U :
Since the equally populated antisymmetric state is
decoupled from the symmetric-state dynamics, the
population in the XOR only reaches a half of the
maximum. In an asymmetrically arranged system,
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Fig. 3. Schematic drawing of a three-quantum dot system

coupled via optical near fields.
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Fig. 4. Temporal evolution of output population in QD-C for

DO ¼ U (solid curves) and DO ¼ �U (dotted curves). (a) QD-

A is only populated, and (b) both QD-A and -B are populated.

As the coupling strengths, _U ¼ 89meV (size:10 nm, intercube

distance: 5 nm) and _U 0 ¼ 14meV (size: 10 and 14.1 nm,

intercube distance: 15 nm) were used.
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however, it is no longer decoupled, nor has it no
radiation within a lifetime of the state. This fact
may be applied to a buffer memory, and it will be
possible to access quantum entangled states if the
initial excitation is appropriately prepared.
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Optical nanofountain: A biomimetic device that concentrates optical energy
in a nanometric region
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sReceived 4 June 2004; accepted 11 January 2005; published online 28 February 2005d

We have proposed and demonstrated a nanophotonic device, which concentrates optical energy in a
nanometric region. We call this device an “optical nanofountain,” which uses the energy transfer
among quantum dots and acts like a light-harvesting photosynthetic system. We experimentally
concentrated optical energy in a nanometric area less than 20 nm by using the optical nanofountain
which was composed of CuCl quantum dots embedded in a NaCl matrix. Its focal diameter of 20
nm corresponds to the numerical aperture of 12. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1875734g
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Optical fiber communication systems are the key to
transmission between central processing units or other
tronic devices owing to their large capacity and high sp
Currently, it is difficult to integrate optical devices with ele
tronic devices to support such systems, owing to the dif
tion limit of light. That is, optical devices cannot be sma
than the wavelength of light, while electronic devices, s
as switches, logic gates, and memories, are already les
100 nm in size. In order to exceed this limit, we have p
posed nanophotonic devices1 and demonstrated the operat
of a nanophotonic switch less than 20 nm in size base
the optical near-field energy transfer among quantum
sQDsd.2,3 Although the internal efficiency of nanophoto
devices is very high,2,4 for efficient operation of the syste
an interconnection device needs to be developed to c
the incident propagating light and drive the nanophot
device.1,5 Conventional far-field optical devices, such as c
vex lenses and concave mirrors, cannot be used for th
terconnection because of their diffraction-limited operat
In this letter, we propose and demonstrate an optical d
that we call an “optical nanofountain,” which concentrate
optical energy in a nanometric region by using optical n
field energy transfer among QDs. This nanometric op
device enables not only highly efficient interconnection
nanophotonic devices but also other nanometric optica
erations and measurements, e.g., nanometric optical
zers, highly sensitive nanometric resolution microsco
and so on.

The energy transfer from smaller to larger QDs h
been studied by the spectrally, spatially, and time reso
experiment. Kaganet al.6 observed the energy trans
among CdSe QDs coupled by dipole-dipole interdot inte
tion. We proposed the model for the unidirectional reso
energy transfer between QDs via optical near-field inte
tion and observed the energy transfer among randomly

adElectronic mail: kawazoe@ohtsu.jst.go.jp
bdCurrent affiliation: Department of Physics, Tokyo Institute of Technol

2-12-1 Ookayama, Meguro-ku, Tokyo 152-8551, Japan.
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persed CuCl QDs using the optical near-field spectrom
The theoretical analysis and time evolution of the en
transfer via optical near-field interaction were a
discussed.7,8 Crookeret al.9 studied the dynamics of excit
energy transfer in close-packed assemblies of monodis
and mixed-size CdSe nanocrystal QDs, and reported
energy-dependent transfer rate of excitons from small
larger dots.9

As we and other research groups mentioned,3,9 the prin-
ciple of the energy transfer among QDs is equivalent to
of the light-harvesting photosynthetic system, which s
fully concentrates and harvests optical energy in nanom
photosynthetic systems. The photosynthetic purple bac
Rhodopseudomonas acidophilasRefs. 10 and 11d has two
light-harvesting antennae: LH1 and LH2. LH1 contain
32-bacteriochlorophyllsBChld ring, and LH2 contains
B800 ring with 9 BChls and a B850 ring with 18 BCh
They harvest photons and efficiently transfer the excita
energy from B800 to LH1, where the excitonic energy
B800 is higher than that of LH1. This unidirectional ene
transfer is due to the nanometric dipole-dipole interac
i.e., an optical near-field interaction,12 among BChl ring
with low energy dissipation.13 The optical energy concentr
tor optical nanofountain, which we propose, operates in
same manner as the light harvesting system in the phot
thetic bacteria.

The optical nanofountain is operated using this en
transfer, as shown in Fig. 1sad, together with the energ
transfer between QDs via an optical near-field interaction3,7,8

When closely spaced QDs with quantized energy levels
nate with each other, near-field energy transfer occurs
tween them. Assuming that an effective size ratio betw
closely located QD-A and QD-B is 1:Î2, the quantized en
ergy levelss1,1,1d in QD-A and s2,1,1d in QD-B resonat
with each other, so that almost all of the excitation energ
QD-A is transferred to thes1,1,1d level in QD-B via near
field energy transfer and successive intersub
relaxation.14 This unidirectional energy transfer from sma
to larger QDs concentrates the optical energy in a nanom
region in a biomimetic manner. When different sized Q,

with resonant energy sublevels are distributed as shown in

© 2005 American Institute of Physics2-1
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Fig. 1sbd, energy transfer occurs via the optical near field
illustrated by the arrows. Light incident to the QD array
ultimately concentrated in the largest QD. The size of
area of light concentration corresponds to that of the
Therefore, this device realizes nanometric optical conce
tion. Since the mechanism of the optical nanofountai
similar to that of the light-trapping system in photosynth
bacteria, the operation of the optical nanofountain is a
mimetic action. The device proposed here is called an op
nanofountain because light spurts from the largest QD af
is concentrated by stepwise energy transfer from sm
neighboring QDs. In action, the device looks like a foun
in a basin, as shown schematically in Fig. 1scd. From previ-
ous experimental tests of nanophotonic switch operation2,4 it
is expected that the concentration efficiency of this de
will be close to 1 because there are no other possible r
ation paths in the nanometric system.

To demonstrate the operation of an optical nanofoun
we used CuCl cubic QDs embedded in a NaCl matrix
an average QD size of 4.2 nm and an average separat
less than 20 nm.15 Although, the QDs have an inhomog
neous size distribution and are randomly arranged in the
trix, the operation can be confirmed if an appropriate
group is found using nanometric resolution luminesce
spectrometer, i.e., near-field spectrometer. For the oper
we maintained a sample at the optimum tempera
Ts40 Kd. At T,40 K, the resonant condition becomes ti
due to narrowing of the homogeneous linewidth of the q
tized energy sublevels, while atT.40 K, the unidirectiona
energy transfer is obstructed by the thermal activatio

FIG. 1. sColord sad Schematic explanation of the energy transfer betw
QDs via an optical near-field interaction.Enx, Eny, Enz snx,ny,nzd=s1,1,1d
or s2,1,1d is the quantum number representing the excitonic energy lev
a QD. sbd Schematic explanation of the optical nanofountain and unid
tional energy transfer.scd Schematic drawing of a fountain in a basin.
excitons in the QDs. A 325 nm He–Cd laser was used as th
Downloaded 08 Jun 2005 to 133.11.64.73. Redistribution subject to AIP 
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excitation light source. A double-tapered UV fiber probe w
an aperture 20 nm in diameter was fabricated using che
etching and coated with a 150 nm thick Al film to ens
sufficiently high detection sensitivity.16 Figure 2sad shows a

FIG. 3. sColord Spatial distribution of the luminescence intensity of C
QDs of: sad 6 nmøLø10 nms3.215 eVøEpø3.227 eVd, sbd 4 nmøL
ø6 nms3.227 eVøEpø3.254 eVd, scd 2.5 nmøLø4 nms3.254 eVøEp

ø3.350 eVd, and sdd the total for 2.5 nmøLø10 nms3.215 eVøEp

ø3.350 eVd for the same area as in Fig. 2sbd. The cubes represent t

FIG. 2. sColord sad Near-field luminescence spectrum of CuCl QDs at 4
The relationship between the photon energy of luminescence and the
the QDs is shown above and below the horizontal axes.sbd Spatial distribu
tion of the luminescence intensity in an optical nanofountain. The b
spot surrounded by a broken circle is the focal spot.
epositions estimated from the luminescence intensity distribution.
license or copyright, see http://apl.aip.org/apl/copyright.jsp
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typical near-field luminescence spectrum of the sample i
correction-mode operation.17 It is inhomogeneously broa
ened due to the quantum size effect and the size distrib
of the QDs. We have never observed luminescence o
exciton molecules due to the low excitation density of
than 1 W/cm2. The spectral curve includes several fi
peaks, which are the luminescence that comes from diff
sized QDs. Since we can obtain the size-selective QD
tion from the spatial distribution of the luminescence p
intensity, the two-dimensional scanning measurement o
luminescence intensity collected by the photon energy al
us to search for QDs acting as optical nanofountains. A
K, it is not so difficult to find the QD array acting as
optical nanofountain. We found about one optical nanof
tain in the 535 mm2 region on the sample surface exp
mentally.

Figure 2sbd shows the typically spatial distribution of t
luminescence emitted from QDs that operates well as a
tical nanofountain. Here, the collected luminescence ph
energy, Ep, was 3.215 eVøEpø3.350 eV, which corre
sponded to the luminescence from QDs of size 2.5 nmøL
ø10 nm. The bright spot inside the broken circle co
sponds to a spurt from an optical nanofountain, i.e., the
spot of the nanometric optical condensing device. The d
eter of the focal spot was less than 20 nm, which was lim
by the spatial resolution of the near-field spectrometer. F
the Rayleigh criterionsi.e., resolution=0.61·l /NAd,18 we
obtained its numerical aperturesNAd of 12 for l=385 nm.

To demonstrate the detailed operating mechanism o
optical nanofountain, we show the size-selective lumi
cence intensity distribution, i.e., by photon energy, in F
3sad–3scd. The broken circles and the areas scanned by
probe are equivalent to that in Fig. 2sbd. The luminescenc
intensity distribution is displayed using a grey scale, wh
normalized scales are 0–0.6, 0–0.2, 0–0.1, and 0–1 for
3sad–3sdd, respectively. Cubes represent QDs whose p
tions were estimated from the luminescence intensity d
bution. In Fig. 3sad, a single QD of 6 nmøLø10 nm was
observed at the focal position. In Figs. 3sbd and 3scd, the
observed QDs are 4 nmøLø6 nm and 2.5 nmøLø4 nm,
respectively, and are located around the broken circles.
ure 3sdd shows the total luminescence intensity distribu
obtained as the integral of Figs. 3sad–3scd. The bright spot in
this figure agrees with the position of the largest QD in
3sad and the smaller QDs are distributed around it. T

means that the optical energy is concentrated to the large
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QD. The luminescence intensity at the bright spot is m
than five times greater than that from a single isolated Q
L=10 nm. While the luminescence intensities of the sm
surrounding QDs are lower than those of the isolated Q
This indicates that optical energy is transferred from sm
to larger QDs and is concentrated in the largest QD
shown by arrows in Fig. 3sdd. This device can also be used
a frequency selector, based on the resonant frequency
QDs, which can be applied to frequency domain meas
ments, multiple optical memories, multiple optical sig
processing, frequency division multiplexing, and so on.

In summary, we propose a nanophotonic device, the
tical nanofountain, which uses energy transfer among
and demonstrated its operation using CuCl QDs embedd
a NaCl matrix. This device concentrated the optical fi
energy and focused it within a 20 nm spot.
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We report the direct observation of optically forbidden energy transfer between cubic CuCl quantum dots via
an optical near-field interaction using time-resolved near-field photoluminescence (PL) spectroscopy. The energy
transfer time and exciton lifetime were estimated from the rise and decay times of the PL pump-probe signal,
respectively. We found that the exciton lifetime increased as the energy transfer time fell, which strongly supports
the notion that near-field interaction between QD makes the anti-parallel dipole coupling. Namely, a quantum-
dots pair coupled by an optical near field has a long exciton lifetime and optically forbidden features due to its
anti-parallel electric dipole pair. [DOI: 10.1380/ejssnt.2005.74]

Keywords: Photoluminescence; Nano-scale imaging, measurement, and manipulation technology; Alkali halides; Nano-
particles, quantum dots, and supra-molecules; Coupled quantum dots

I. INTRODUCTION

The unique optical properties of a quantum dot (QD)
system, i.e., the quantum size effect that originates from
the electronic state in QDs, are of major research inter-
est. A coupled QD system has more properties that are
unique than a single QD system, including the Kondo ef-
fect [1, 2], Coulomb blockade [3], spin interaction [4], and
so on. Furthermore, it is possible to control the coupling
strength of QDs by using the optical near-field interac-
tion, and to realize unique optical device operation. Re-
cently, we observed an optically forbidden energy transfer
between neighboring cubic CuCl QDs via an optical near
field [5]. The breaking of the dipole selection rule in the
nanometric region has been discussed theoretically [6]. It
is based on the fact that the point dipole description of a
QD is not suitable for the system that the dots approach
each other in a nanometric region. The magnitude of
this nanometric dipole-dipole interaction, i.e., the optical
near-field interaction, can be estimated by measuring the
energy transfer time [7].

The energy transfer between QDs is not only of physical
interest, but is also applicable to the novel technology of
nanophotonics [8]. We have proposed and demonstrated
a nanometric all-optical switch using an optical near field,
i.e., the nanophotonic switch [9, 10]. Since the switching
time depends strongly on the energy transfer time, obser-
vations of the energy transfer time are important for de-
signing nanophotonic switches, and for understanding the
phenomenon of energy transfer via an optical near field.
It is also important to measure the lifetime of the excitons
in a coupled QD pair, because the optical near-field inter-
action influences the exciton lifetime, and the repetitive

∗This paper was presented at International Symposium on Nano-
organization and Function, Tokyo, Japan, 11-12 November, 2004.
†Corresponding author: kawazoe@ohtsu.jst.go.jp

switching speed depends on the exciton lifetime [7].
For a coupled QD system, the carrier lifetime is ex-

pected to differ from that of an isolated QD. Figure 1
shows schematic drawings of the typical states of coupled
QDs. When their electric dipoles are parallel, the carrier
lifetime decreases due to the increase in the total oscilla-
tor strength, i.e., Dicke’s superradiance [11], as shown in
Fig.1 (a). Conversely, when their electric dipoles are anti-
parallel, their carrier lifetime increases, because the total
oscillator strength decreases, and they ultimately become
optically forbidden, as shown in Fig.1 (b).

In this letter, we report the observed energy transfer
time from the exciton state in a CuCl QD to the optically
forbidden exciton state in another CuCl QD, using time-
resolved optical near-field spectroscopy. We also show the
nature of the anti-parallel dipole-coupling feature of the
optical near-field interaction experimentally.

II. EXPERIMENTAL

Cubic CuCl QDs, i.e., quantum cubes (QCs), embed-
ded in NaCl are suitable for studying the optical near-field
interaction, because the possibility of energy transfer due
to carrier tunneling and Coulomb coupling can be ne-
glected, since the potential depth exceeds 4 eV and the
binding energy of exciton is more than 200 meV with its
Bohr radius of 0.68 nm [12]. We fabricated CuCl QCs em-
bedded in a NaCl matrix using the Bridgman method and
successive annealing, and found that the average size of
the QCs was L = 4.2 nm [13]. A 325-nm CW He-Cd laser
and 385-nm SHG of CW and mode-locked Ti-sapphire
lasers (repetition rate: 80MHz) were used as the light
sources. To achieve the selective excitation of the discrete
energy levels in the QCs, the duration of the transform-
limited pulse of the mode-locked laser was set at 10 ps.
A double-tapered fiber probe with a 150-nm aluminum
coating and a 40-nm diameter aperture was fabricated by
chemical etching and the pounding method [14, 15]. After

ISSN 1348-0391 c© 2005 The Surface Science Society of Japan (http://www.sssj.org/ejssnt) 74
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FIG. 1: Schematic drawing of a quantum dot (QD) pair and its electric dipoles. (a) The electric dipoles are parallel to each
other, i.e., the superradiant state. (b) The dipoles are anti-parallel, i.e., the dipole forbidden state.

the QC pairs in the inhomogeneous size-dispersed sam-
ple were found using an optical near-field microscope, the
temporal evolution of the photoluminescence (PL) pump-
probe signal was detected using the time correlation single
photon counting method with a 15-ps time resolution.

III. RESULTS AND DISCUSSIONS

Figures 2(a) and (b) show the near-field PL spectrum
of the sample and the spatial distribution of the lumi-
nescence intensity from a 6.3-nm QC at 15 K, respec-
tively, with the 325-nm CW probe light only, which ex-
cited the band-to-band transition in the sample. The in-
set in Fig. 2(b) shows the energy transfer between the
observed QCs, i.e., from 4.6- to 6.3-nm QCs, where τi,
τsub, and τex are the energy transfer time, inter-sub-level
transition time, and exciton lifetime, respectively. The
energy eigenvalues for the quantized Z3 exciton energy
level in a CuCl QC with side length of L are given by
Enx,ny,nz = EB +�

2π2(n2
x+n2

y +n2
z)/2M (L−aB)2, where

EB is the bulk Z3 exciton energy, M is the translational
mass of the exciton, aB is its Bohr radius, nx, ny, and
nz are quantum numbers (nx, ny, nz=1, 2, 3,...), and
d = (L − aB) corresponds to the effective side length
found after considering the dead layer correction [16].
There was resonance between the quantized exciton en-
ergy level of quantum number (1,1,1) in the 4.6-nm QCs
and the quantized exciton energy level of quantum num-
ber (2,1,1) in the 6.3-nm QCs. Note that the transition,
induced by the propagating light, between ground state

to (2,1,1) excited state is dipole-forbidden. However, op-
tical near-field energy transfer is allowed with the cou-
pling energy represented by the following Yukawa func-
tion: V (r) = A exp(−µ · r)/r [17, 18]. Here, r is the
separation between the two QCs, A is the coupling coef-
ficient, and µ is the inverse decay length of the Yukawa
function, which correspond to the effective mass of our
published effective interaction theory [17, 18]. For the
L = 4.6- and 6.3-nm QC pair with 10-nm separation, the
estimated τi is 50 ps, which is much shorter than τex,
which is a few ns. Since τsub is generally less than a few
ps and is much shorter than τi [19], luminescence of a
4.6-nm QC decreases due to competitive inhibition and
that of a 6.3-nm QCs increases due to the supply of the
excitation energy from the neighboring 4.6-nm QC. As a
result, the PL signal from the 6.3-nm QC was observed
as the spectral peak indicated by the arrow in Fig. 2(a).

Figures 3(a) and (b) show the differential PL spectrum
and the spatial distribution of the luminescence inten-
sity from the 4.6-nm QC at 15 K, respectively taken with
the 325-nm CW probe light and the 385-nm 10-ps pump
pulse. Here, the differential PL spectral intensity is de-
fined as (the PL spectrum with pump and probe light)-
(the PL spectrum with the probe light only)- (the PL
spectrum with the pump light only). The upward point-
ing arrow shows the photon energy of the pump pulse
tuned to the (1,1,1) exciton energy level in the 6.3-nm
QC. The inset in Fig. 3(b) shows the energy transfer
between the QCs when the pump pulse excites the 6.3-
nm QC. In this case, because the exciton energy in the
4.6-nm QC cannot be transferred to the (1,1,1) exciton
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FIG. 2: (a) The near-field PL spectrum. (b) The spatial dis-
tribution of the luminescence intensity from the 6.3-nm QC
(luminescence peak in (a)) with the 325-nm CW probe light
only. The inset shows the observed QC pair and the energy
flow.

energy level in the 6.3-nm QC due to the state filling ef-
fect, the exciton energy flows back and forth between the
(1,1,1) exciton energy level in the 4.6-nm QC and (2,1,1)
exciton energy level in the 6.3-nm QC[20, 21], and some
excitons recombine in the 4.6-nm QC. Therefore, the PL
signal from the 4.6-nm QC was detected as the spectral
peak indicated by the arrow in Fig. 3(a). The temporal
evolution of this PL signal strongly depends on the τi and
τex of the coupled QC system.

Figures 4(a) and (b) show the temporal evolution of
the PL peak intensity from 4.6-nm QCs on different time
scales: (a) from −70 ps to 350 ps, (b) from −400 ps to
4000 ps. The open squares (P1), circles (P2), and trian-
gles (P3) correspond to the experimental results observed
for three different 4.6- and 6.3-nm QC pairs. In Fig. 4(a),
the longitudinal axis has a linear scale. The solid, broken,
and dotted curves are fitted to the experimental values

FIG. 3: (a) The differential PL spectrum. (b) The spatial
distribution of the luminescence intensity from the 4.6-nm QC
with the 325-nm CW probe light and the 385-nm 10-ps pump
pulse. Here we used the narrow band-pass filter (FWHM:8
meV), whose optical density in the stop-band is more than 6.
The inset shows the observed QC pair and the energy flow.

using the rate equation, which is given by

dI4.6

dt
= I0 − I4.6

τi
− I4.6

τex 4.6
+

I6.3

τi
+ Iprobe,

dI6.3

dt
= I0 − I6.3

τi
− I6.3

τex 6.3
+

I4.6

τi
+ Iprobe. (1)

Here, I4.6 and I6.3 are the exciton populations in the 4.6-
and 6.3-nm QCs, respectively and I0 and Iprobe are the a
priori population and the exciton population created by
the probe laser. The exciton population in the 6.3-nm
QC is increased due to the pump pulse at t = 0. The
exciton population in the 4.6-nm QC is also increased
due to the prohibited energy transfer to the 6.3-nm QC
with the filling effect. This increase in the exciton pop-
ulation of the 4.6-nm QC corresponds to the increase in
the PL intensity from the 4.6-nm QC. The rise-time of
the PL intensity from the 4.6-nm QC strongly depends
on the energy transfer time τi. The energy transfer times
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FIG. 4: Time evolutions of the PL peak signal intensity in
Fig. 3(a) observed at different positions in the sample, i.e.,
different QC pairs, (P1:�, P2:©, and P3:�). (a) Evolution
in the range −70 ps ≤ t ≤ 350 ps with a linear longitudinal
axis. (b) Evolution in the range −400 ps ≤ t ≤ 4000 ps with
a logarithmic longitudinal axis. (c) Relationship between the
energy transfer and decay times for the PL pump-probe sig-
nal. Closed squares show the experimental results, which were
fitted using the solid curve.

(τi) for P1, P2, and P3 were estimated from the fitting
curves to be 25, 90, and 180 ps, respectively, as shown
in Fig. 4(a). This is the first direct measurement of the
energy transfer time between QDs, and the values agree
with the values estimated using our proposed near-field
interaction theory [18]. In addition, when we consider
scaling by 1/r3 (dipole-dipole interaction) or e−r/r (near-
field interaction), these estimated values are reasonable as
compared with the theoretical energy transfer time of 0.8
ps obtained in the light-harvesting antenna complex of
photosynthetic purple bacteria [6], whose system is about
one fifth the size of the CuCl QC system. Differences in
the rise times of P1, P2, and P3 are attributed to the
differences in the separations of the 4.6- and 6.3-nm QCs.

The decay time of the PL intensity from the 4.6-nm

QC also differed with the QC pair, as demonstrated in
Fig. 4(b), which has a logarithm-scale longitudinal axis.
The solid, broken, and dotted lines show the decay time
of the PL for QC pairs P1, P2, and P3, respectively, and
the respective values are 6.7, 4.2, and 2.9 ns. The solid
squares in Fig. 4(c) are the experimental results for the
relation between the decay and rise times of the PL from
the 4.6-nm QC for several QC pairs including P1, P2,
and P3. The decay time exceeds the exciton lifetime of
the isolated 6.3-nm QC measured experimentally, and in-
creases as the rise time falls. Rate Equation (1) indicates
that the decay time is determined by the exciton lifetimes
(i.e., physical properties constant ) in the 6.3-nm and 4.6-
nm QC. The other dissipative pathways can be negligible
small in consideration of the exciton luminescence effi-
ciency. Therefore the experimental result in Fig. 4(c)
means that the exciton lifetime in the QCs increases with
the optical near-field interaction. This increase in the
exciton lifetime due to the optical near-field interaction
can be understood using the feature of the anti-parallel
dipole-dipole coupling of an optical near field. The dif-
ference in the total oscillator strength, F , of the excitons
in the coupled QD system can be approximated to the
lowest order as being inversely proportional to the opti-
cal near-field interaction due to its anti-parallel coupling
characteristics. Then, the decay time of the PL intensity
from the 4.6-nm QC, which equals the exciton lifetime
τex, is given by τex ∝ 1/F ∝ 1/{F0?F0 ·exp(−aτi)}; then,
τex = τ0/{1 − exp(−aτi)}, where τ0, F0, and a are the
exciton lifetime of an isolated QC, its oscillator strength,
and the fitting parameter, respectively. The solid curve
in Fig. 4(c) is the fitted result based on this assumption,
and it agrees well with the experimental results.

Next, we discuss the origins of the anti-parallel cou-
pling features of the optical near-field interaction between
QDs. In the experiment, we detected the PL signal from
QCs, which means that only the transverse exciton was
detected, because the longitudinal exciton is optically for-
bidden and its dispersion differs from that of the trans-
verse exciton, i.e., it has a different energy in the QCs.
Since, the direction of the electric dipole in the transverse
exciton is perpendicular to the direction of propagation,
the dipole never becomes aligned with the direction of
propagation after the energy is transferred to the neigh-
boring QC. Although there are two possible eigenstates
of the mutual arrangements of the dipoles in excitons,
i.e., parallel and anti-parallel, as shown in Figs. 1(a) and
1(b), the occurrence probability of the anti-parallel state
exceeds that of the parallel state because the total energy
of the system for the anti-parallel state is lower than that
for the parallel state. This anti-parallel feature of the
optical near-field coupled QCs reduces the recombination
of excitons. Consequently, the exciton lifetime increases
with the optical near-field interaction.

IV. CONCLUSION

We measured the optically forbidden energy transfer
time between cubic CuCl QCs via the optical near-field in-
teraction directly using a PL pump-probe technique. The
signal rise time, which corresponds to the energy transfer
time, was from 25 to 180 ps. We also showed that the
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decay time increased as the energy transfer time fell; this
was attributed to the anti-parallel dipole-coupling feature
of the near-field interaction between the QDs. These fea-

tures are of interest physically and are applicable to pho-
tonic devices, such as optical nanometric sources, long
phosphorescence devices, and optical battery cells.
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ABSTRACT

Near-field and time-resolved photoluminescence measurements show evidence of exciton localization in vertically and laterally coupled GaN
quantum dots (QDs). The binding energies in multiple period QDs (MQDs) are observed to be stronger by more than six times compared to
single period QDs (SQDs). Excitons in MQDs have a short (450 ps) lifetime and persist at room temperature, while SQDs exhibit extraordinarily
long (>5 ns) lifetime at 10 K due to reduced spatial overlap of electron and hole wave functions in strained QDs.

The most spectacular property of quantum-confined nitride-
based quantum well (QW) or dots (QD) lie in the huge
electric fields along their growth axes as this material system
normally has wurtzite symmetry.1-6 The study of nitride QDs
is particularly interesting as it depicts the interplay of built-
in strain-dependent electric fields and quantum confinement
in the nitride-based material system. When the dot size is of
the order of the exciton Bohr radius, the quantum confine-
ment effects on both the exciton binding energy and the
optical band gap allow tailoring of the optical properties of
the system.3,6 In self-organized GaN QDs, the quantum
confinement effect observed in the “classical” GaAs-based
QD or QW, is offset by the large piezoelectric and spontane-
ous polarization fields, resulting in a red shift of the ground-
state optical transition below the bulk band gap by about
0.5 eV.3 This enormous shift is attributed to the piezoelectric
field exceeding 5 MV/cm. The dot size and built-in strain
fields can be engineered to tune the emission wavelength
from the visible to the ultraviolet light regime in GaN-QD

based optical emitters. QD layers are expected to effectively
decouple the active layers from the substrate and the buffer
layer and, thus reduce the defect density.6

We have recently reported the growth of GaN QDs grown
on relatively thin AlN spacer layers (2 nm). A large blue-
shift in the exciton emission energy indicates a strong carrier
confinement, despite the reduction in the effective stress
within the GaN QD layers.7-9 In this paper, we compare the
carrier recombination dynamics in single period laterally
coupled QD (SQD) and multiple period vertically stacked
QD (MQD) for investigating the emission mechanism in GaN
QDs by time-resolved photoluminescence (PL) measure-
ments. The stacking of multiple layers is expected to
influence the optical properties due the strain-induced
realignment of dots in one level with respect to the adjacent
level. The main motivation is to isolate pure dimensionality
effects in the MQDs from the influence of the giant
polarization (piezoelectric and spontaneous) induced electric
fields present in the SQD system.10-12 We present the first
report on exciton localization in vertically correlated GaN
MQDs in the presence of built-in strain field.* Corresponding author. E-mail: arup@unt.edu.
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GaN dots were self-assembled on a 2 nmthin AlN layer
over AlN/GaN superlattice buffer layer grown on sapphire
substrate using molecular beam epitaxy.8 Dots were self-
assembled by nitridation using RF plasma in a nitrogen
atmosphere. The dot size and density depend on the growth
condition, deposition time, and post growth treatment.9 The
SQDs were allowed to ripen, unlike the MQDs, which were
covered with a thin AlN spacer layer immediately after the
nucleation of self-assembled GaN structures. The ripening
of the dots in the SQDs leads to coupling in the lateral
direction. AFM images show that SQDs has a relatively
larger dot size (height/width- 20/150 nm) compared to the
MQDs (8/40 nm). It is observed from high-resolution
transmission electron microscopy that in SQDs, the lateral
separation is about 2-4 nm, whereas in MQDs, the lateral
separation is∼ 4-5 nm in the cap layer and 5-8 nm in the
underlying layers. Due to the narrower AlN spacer layers
between the dots (∼2 nm), a stronger coupling exists between
the dots in the vertical direction. Time-integrated PL (TI-
PL) and time-resolved PL (TR-PL) measurements were
performed using a frequency tripled Ti:sapphire laser mode-
locked at 100 MHz with an excitation energy at 4.66 eV,
and the PL signal was detected using a streak camera with
a resolution of 15 ps. A near-field scanning optical micro-
scope is used for studying exciton localization in single QD.

The recombination of the excitons has been investigated
by TRPL measurements performed using a 100 MHz Kerr-
lens mode-locked, frequency tripled Ti:sapphire laser with
a typical temporal width of 80 fs and an average incident
pump power of 0.3 mW (0.4µJ/cm2). The excitation
wavelength was 270 nm (4.6 eV) and the PL signal was
dispersed through a grating spectrometer (600 gr/mm) and
measured using a Hamamatsu streak camera with a resolution
of 15 ps.

The time integrated PL spectrum from a single QD layer
was compared to a MQD sample measured 2-10 ns after
the excitation of the pump laser pulse at 10 K (Figure 1a).
The PL emission energy depends on the size of quantum
dots. For MQDs with relatively smaller dots, the PL peak is
at 3.86 eV, nearly 400 meV blue-shifted with respect to the
bulk GaN bandedge. In SQDs, which are composed of larger
dots due to the ripening effect, the PL peak is centered at
3.37 eV and is significantly red shifted from the MQD PL
peak and lies 90 meV below the bulk GaN bandedge (3.46
eV). This red shift is a clear manifestation of the internal
polarization-induced electric field present in wurtzite GaN
QDs, which induces a red-shift in the QD transition energy
due to quantum confined Stark effect. It appears in case of
the single layer QDs owing to the relatively larger structural
dimension, the induced electric field dominates the quantum
confinement effect in larger QDs. The line width in SQDs
is also considerably narrower due to the reduced dot
distribution in a single period QD compared to that in the
multilayered structure in MQDs. The line width in MQD is
≈200 meV compared to 70 meV for the SQDs, which clearly
indicates that the dominant inhomogeneous broadening
mechanism in the MQDs results from dot size variations from
period to period. TEM images show vertical correlation in
MQDs.13 Figure 1b shows the near-field PL spectra of SQDs
and MQDs consisting of dominant sharp spectral features
respectively at 3.37 and 3.88 eV. The PL from a 450 nm×
450 nm area of MQD sample (inset of Figure 1b) shows
that the emission area is less than 50 nm. The line width in
SQD has a fwhm∼ 0.9 meV compared to 2.3 meV in the
MQD samples. The near-field PL peaks correspond to the
central far-field emission energy from both SQDs and MQDs
and indicates exciton localization in a cluster of few QDs.
It is observed that the near-field PL line width shown in

Figure 1. Comparison of PL spectra in single and stacked GaN QDs at 10 K: (a) time-integrated far-field PL, (b) near-field PL of a 450
nm × 450 nm scanned area, with spatial resolution of 40 nm, inset showing the spatially resolved PL of a MQD at 3.88 eV.
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Figure 1b is significantly narrower than the far-field PL line
width shown in Figure 1a. The narrow near-field PL spectrum
(∼ few meV) is presumably due to the emission from a
cluster of 2-5 dots, which are excited by the narrow NSOM
probe with 5 nm diameter and are 10-20 nm from the
surface. The far-field PL is significantly broader (> 100
meV) as it is influenced by inhomogeneous broadening due
to emission from a large ensemble of QDs, which are
simultaneously excited by a beam with relatively larger spot
diameter. The near-field PL spectrum yields information on
carrier recombination and exciton emission from single
quantum dots with minimal inhomogeneous broadening due
to lateral coupling. The far-field PL spectrum is strongly
influenced by the lateral coupling in the GaN/AlN QD system
with high dot density.

In MQDs, the lifetime is relatively steady (290-390 ps)
across the PL peak as a result of the stronger carrier
confinement in smaller QDs. Emission at lower energies
arises from larger QDs with reduced wave function overlap
and longer recombination times. Therefore, the decrease in
τD at low emission energies is likely to be caused by
nonradiative relaxation from the QDs. However, the decay
from SQD is more complex due to the presence of a strain-
induced piezoelectric polarization field. In SQDs, the lifetime
varies by nearly 2 orders of magnitude (∼70 ps to 5 ns),
which indicates the presence of large intrinsic strain. At high
emission energies, the GaN buffer layer at∼3.46 eV acts as
nonradiative recombination center. The strained and larger
dots emitting at lower energies (<3.3 eV) also contribute to
nonradiataive recombination and result in a decrease in the
PL decay time in SQDs.

Figure 2a shows the temporal evolution of the PL spectrum
from the 20-period QD sample measured at 10 K. A small
peak emanates from the GaN buffer layer at 3.49 eV and
decays within 25-30 ps. The PL spectrum is asymmetric
and the decay constant shows a weak biexponential feature

in all regions of this spectrum. With an increase in the delay
time, a red shift of the PL peak exceeding 35 meV is
observed, which indicates the collective effect of polarization
fields and photoexcited carrier screening. QDs grown under
reduced strain still have appreciable polarization fields
present in the dot regions of the GaN/AlN MQDs. Under
the influence of piezoelectric and spontaneous fields, opti-
cally excited carriers drift apart. The electrons (holes) move
toward the direction opposed to (along) the piezoelectric/
spontaneous field and the field induced by these spatially
separated charge carriers will screen the piezoelectric/
spontaneous field. On the other hand, the screening field due
to spatially separated charge carriers decreases with the delay
time due to the radiative recombination of electrons and
holes. At td ) 0, the screening field induced by the
photoexcited electron and holes is the strongest, which
reduces or partially balances out the piezoelectric and
spontaneous field. As the delay time increases, carriers
recombine radiatively and the screening field gradually
diminishes and the original piezoelectric/spontaneous field
is restored. Thus the total amount of shift fromtd ) 0 to td
f ∞ effectively corresponds to the variation of the electron
and hole levels in the presence of the piezoelectric/spontane-
ous field with and without carrier screening, respectively.
The PL spectra from MQDs also show a strong confinement
as indicated by the relatively small shift in the peak PL
energy with temperature.9

Figure 2b shows the time-resolved spectra of the SQDs
measured at various delay times at 10 K. Initially att ) 0,
the time-integrated PL spectra show a single peak at 3.37
eV emitting from the single-period GaN QD dots at an
energy below the GaN bandedge (Figure 1). The excitonic
peak from the 3D-GaN buffer layers appears due to carrier
relaxation from smaller dots relaxing carriers from higher
energy states. Within 100 ps, carrier relaxation occurs from
the bulk GaN states either due to the presence of shallow-

Figure 2. Time integrated photoluminescence spectra in (a) 20 period MQD and (b) SQD.
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level defect states or through the smaller GaN dots with size
comparable to GaN bandedge emission energy. The TRPL
decay time constant of the carriers at this energy (∼3.45 eV)
is extremely fast and occurs within 100 ps even at low
temperature. This enhancement of the recombination rate is
possibly due to the increase in the nonradiative recombination
center that occurs due to this particular growth technique.
We also observe an initial blue shift due to the band filling
of the QDs and screening of the photoexcited followed by
the gradual restoration of the large built-in piezoelectric
field.14 This time evolution also shows that the piezoelectric
field is considerably larger in SQDs compared to MQDs.
The relatively long decay time in single layer QDs at low

temperature is a signature of the spatial separation of electron
hole wave functions due to the strained induced by the
ripening of the QDs during the growth process.15

A comparison of the temperature dependent spectrally
integrated decay characteristics of the SQDs and MQDs been
shown in Figure 3. In MQDs there is no significant difference
in the decay constants from 10 to 100 K, and even at 300 K
the nonradiative recombination rate is lower than that in a
single period QD at 100 K. It is observed that in SQDs the
nonradiative recombination process is dominant as the
temperature increases and the PL intensity drops exponen-
tially, unlike the temperature insensitive feature in MQDs.

To compare the effective binding energies of the excitonic
states in confined QDs in the stacked MQDs and highly
strained SQDs, we show in Figure 4 the normalized
intensities of the time integrated spectral features as a
function of inverse temperature. These intensities are suc-
cessfully modeled with the activated behavior,

where∆E is the activation energy.
The exciton recombination time in the GaN SQDs at 10

K is single exponential with an extraordinarily long exciton
recombination time,∼5 ns and∆E ) ∆Esqd∼20 meV, while
in MQDs ∆E ) ∆Emqd ∼ 134 meV for the broad emission
states. This shows that the emission associated with these
QDs, whose activation energies differ by 6-fold, are signifi-
cantly different. The intensities obtained from fits of the
exponential decays in Figure 3 and Figure 1 also shows that
the short-lifetime component corresponds to the broad
emission feature in MQDs, while the long-lifetime compo-
nent corresponds to the relatively narrower spectral feature

Figure 3. Comparison of temperature dependence of decay times in single and multiple quantum dots.

Figure 4. Spectrally integrated intensities and time-integrated data
plotted as a function of inverse temperature. I(T) ) Io/[1 + C exp(-∆E/kBT)] (1)
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in SQDs. The PL spectra in SQD clearly result from excitons
confined to the QDs. However, this state is only weakly
bound (20 meV) and thermally depopulates by 150 K. The
extraordinarily long lifetime of this state (∼ 5.0 ns) indicates
that the overlap of the electron (e) and hole (h) wave
functions is significantly weaker than for the short-lived states
in strongly confined smaller QDs in the stacked MQD
system, suggesting that this excitonic state in SQD may result
from spatially indirect e-h transitions. In contrast, these
spectra and lifetimes indicate that the state responsible for
the broad emissions in MQDs is strongly bound (134 meV)
and persists nearly to room temperature. Moreover, the short
lifetime of this PL emission indicates that the electron and
hole overlap is large and the radiation recombination process
is dominant.17 The relatively long radiative lifetime in SQDs
can also be attributed to the lack of additional decay channels
induced by vertical correlation in MQDs.

The presence of a piezoelectric field in these larger clusters
of SQDs is further supported by optical power dependence
of the luminescence spectra. It has been observed (which is
not shown here) that as excitation power density increases,
the PL peak blue shifts significantly. This behavior is typical
of piezoelectric nanostructures and is due to partial screening
of the piezoelectric field by the photoexcited e-h pair.16 A
25 meV blue shift is observed as the power density varies
from 1 to 10µJ/cm2.

In conclusion, we have compared the carrier recombination
dynamics in SQD and MQDs. It is observed that at low
temperatures the recombination time in SQDs is over an
order of magnitude longer than the nonradiative recombina-
tion process at 100 K. The vertical correlation among the
adjoining stacked layer leads to enhanced PL efficiency in
MQDs and results in an efficient emission at room temper-
ature. At low temperature, the luminescence decay is
dominated by radiative recombination with relatively shorter
lifetimes (250-500 ps), which indicates a potential for device
applications. In SQDs, nonradiative processes resulting in
an extremely short total decay time constants at high
temperatures dominate exciton recombination.
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Blue Light Emission from Ultrafine Nanosized Powder of Silicon

Produced by Intense Pulsed Ion-Beam Evaporation
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Blue light emission has been observed from ultrafine nanosized powder of silicon, which was synthesized by rapid cooling of
high-density ablation plasma produced by intense pulsed light-ion beam interaction with a silicon target, called pulsed ion-
beam evaporation. The emission appears from the powder without heat treatment after being synthesized. Furthermore, the
emission is found to be very stable; neither red- nor blue-shift is observed. In fact, the spectrum from the powder four months
after the synthesis is the same as those from as-synthesized powder. The rapid heat cooling inherent to ion-beam evaporation
seems to be essential for emission. [DOI: 10.1143/JJAP.44.L92]

KEYWORDS: blue light emission, photoluminescence, nanosized powder of silicon, ion-beam evaporation, high-density ablation
plasma, rapid heat cooling

Recently, visible photoluminescence has been observed
from ultarfine nanosized powder (UFP) of silicon1–6) due to
quantum-size confinement, although, in principle the light
emission is not possible from bulk silicon because of indirect
transition. UFP can be produced by either wet or dry
processes. The former, such as chemical reaction, has the
advantage of mass production, whereas there is a problem of
poor quality. The latter, such as pulsed laser ablation, results
in powder of good purity, although the production rate is
very poor.

In 1995, we proposed and successfully experimentally
demonstrated the synthesis of UFP7) by rapid cooling of
high-density ablation plasma produced by the interaction of
an intense pulsed light-ion beam (LIB) with the target, called
pulsed ion beam evaporation (IBE).8–10) Here, the plasma
density of approximately 1018–1020 cm�3 can be obtained by
the IBE, which is more than 10–12 orders of magnitude
higher than those in conventional methods of plasma
production. Later, it was shown theoretically,11) using
equations of moment, lognormal distribution of the UFP
and an ion beam-target interaction, that the UFP can be
synthesized mainly by coagulation of monomers. Here, high-
density aluminum plasma is rapidly cooled by ambient
nitrogen gas to synthesize UFP of AlN. In fact, mono-
dispersed size distribution has been observed for AlN. Here,
rapid heat cooling at a rate of 108 K/s plays an important
role in synthesis of UFP.

In our previous paper, we reported the preparation of 0.18-
mm-thick silicon thin films within 20 ms.12) In the process,
heat associated with the plasma promoted the crystallization
of the deposited silicon thin films on substrates in vacuum at
room temperature. Since the average grain size of silicon in
the thin films was 27–56 nm, it is natural to conclude that
silicon UFP might be synthesized by IBE by adopting
conditions under which the quenching rate is high, i.e.
synthesis in atmospheric gas and/or at low temperature. On
the basis of the above consideration concerning the UFP
associated with IBE, we attempted the synthesis of silicon
UFP in He gas at �10�C.

The experiment was carried out using the pulsed power
generator, ‘‘ETIGO-II’’,13) at the Nagaoka University of
Technology. Basically, it consists of capacitor banks (Marx

generator), a pulse-forming network, switches, an impe-
dance-conversion line, and load (i.e., ion-beam diode). The
Marx generator consists of numerous capacitors, which are
initially charged in parallel and discharged in series by
closing the vacuum switches. The high-voltage pulse, with
the pulse width on the order of 1 ms, is compressed to 50 ns
by the pulse-forming network via a combination of switches.
The electric power can be converted into an intense pulsed
light-ion beam by using an ion-beam diode. In the experi-
ment, we have used a magnetically insulated diode (MID),14)

which prevents the motion of electrons due to the presence
of a transverse magnetic field.

Typically, the experiment was carried out under the
following conditions: proton beam energy (peak) �1MeV,
ion current on target �3 kA/cm2, and pulse width �50 ns.
The ion species of the beam is mainly protons, typically
more than 75%, and the rest is carbon, because a poly-
ethylene sheet was used as the flashboard anode of the MID.
Since the range, the distance from the surface in which the
energy of protons is dissipated due to interactions with free
electrons, bound electrons, and ions, can be estimated to be
14 mm for protons with the energy of 1MeV, extremely high
energy density, typically on the order of 100 J/cm2, can be
obtained on the target surface with an area of 100 cm2.
Under these conditions, the energy per atom on the target
can be estimated to be typically 15 eV/atom, which is
sufficient to ionize silicon. Thus, a high-density ablation
plasma can be produced.

Figure 1 shows the experimental setup of the ion-beam
diode and the chamber used to synthesize the UFP of silicon.
The distance between the anode of the MID and the target
was 170mm, where the geometric focal point of the MID is
160mm. The substrate of quartz glass was placed 90mm
downstream of the target. The substrate was kept at room
temperature or �10�C. The atmosphere was helium gas with
a purity of 99.9999% at 1 Torr, or residual gas evacuated to
10�4 Torr. In both atmospheres, oxygen partial pressure
should be 10�4 Torr. The UFP was collected on the
substrate. The photoluminescence was measured by illumi-
nating the UFP with a He-Cd laser of a wavelength of
325 nm. The intensity of visible light depended on the
position on the substrate. The UFP in a visible-light-emitting
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portion was separated from the rest. Both portions of UFP
were observed using a high-resolution, transmission electron
microscope (HR-TEM). From the HR-TEM images, the
grain size distributions for the UFP with and without visible
light emission were obtained.

Figure 2 shows the PL spectrum obtained from the UFP of
silicon. We can clearly see a broad emission from the blue to
green wavelength region. The blue emission at around
420 nm is the strongest in the spectrum. It is noted here that
the PL spectrum is very stable, and that neither blue- nor
red-shift is observed. In fact, the spectrum of the UFP
exposed to air for four months after synthesis is observed to
be very similar to that of as-deposited UFP of silicon.

Figure 3 shows a HR-TEM image of the UFP of silicon
exhibiting visible light emission. White dotted lines indicate
grain boundaries of the silicon. Although a large grain 10 nm
in diameter exists, it is found that most of the grains are less
than 5 nm in diameter. The UFP of silicon was successfully
synthesized by rapid quenching of plasma in He gas with the

substrate at �10�C.
Figure 4 shows the size distribution of the UFP, which

was determined from the HR-TEM image (see Fig. 3). It can
be seen that the sample emitting blue light emission consists
mostly of small particles, particularly those less than 4 nm in
diameter. In addition, it is seen that larger UFP particles emit
no visible light. From these results presented above, such an
emission seems to be due to the quantum size confinement of
silicon.

In summary, the ultrafine nanosized powder of silicon was
successfully synthesized by intense pulsed light-ion beam
evaporation. The emission was seen from the powder
obtained without heat treatment after being synthesized.
Blue light emission was clearly observed, with peaks at
around 420 nm. Furthermore, the emission was found to be
very stable, and neither red- nor blue-shift in the wavelength
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Fig. 1. Schematic of magnetically insulated ion beam diode and vacuum

chamber used to synthesize nanosize powder of silicon.
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Fig. 2. Photoluminescence spectrum obtained from nanosized powder of

silicon, where the substrate was kept at �10�C and the ambient gas was
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was observed. In fact, the spectrum obtained from the
powder four months after synthesis was very similar to that
of as-synthesized powder. Rapid heat cooling inherent to
ion-beam evaporation seems to be essential for emission.

This work was partly supported by 21st Century COE
program from the Ministry of Education, Culture, Sports,
Science and Technology of Japan.
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Near-field optical spectroscopy and microscopy of self-assembled
GaN/AlN nanostructures
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The spatial distribution and emission properties of small clusters of GaN quantum dots in an AlN
matrix are studied using high-resolution electron and optical microscopy. High-resolution
transmission electron microscopy reveals near vertical correlation among the GaN dots due to a
sufficiently thin AlN spacer layer thickness, which allows strain induced stacking. Scanning electron
and atomic force microscopy show lateral coupling due to a surface roughness of,50–60 nm.
Near-field photoluminescence in the illumination modesboth spatially and spectrally resolvedd at
10 K revealed emission from individual dots, which exhibits size distribution of GaN dots from
localized sites in the stacked nanostructure. Strong spatial localization of the excitons is observed in

GaN quantum dots formed at the tip of self-assembled hexagonal pyramid shapes with sixf101̄1̄g
facets. ©2005 American Institute of Physics. fDOI: 10.1063/1.1851005g
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The successful development of short wavelength li
emitting diodes and the most recent realization of nitr
based quantum dot lasers have stimulated great interest
application of quantum confined structures for blue and
traviolet optoelectronic devices.1,2 In particular, III-nitride-
based self-assembled quantum dotssQDsd are very promis
ing for a wide range of commercial applications.3–7

The study of self-assembled GaN quantum dots pre
a challenge, as the placement of individual dots is difficu
control during the epitaxial growth process, and the dot
sity can be quite high.8,9 Thus traditional experimental tec
niques often only allow simultaneous observation of la
ensembles of quantum dots where inhomogeneous bro
ing washes out many of the interesting features. We
investigated the optical properties of GaN QD and have
served that the built-in strain fields significantly influence
radiative recombination lifetime.10–12 The role of size distri
bution of the QDs on the radiative emission process is
yet clear.12

Recent reports on the near-field optical propertie
GaN QD studied using illumination mode are limited by
low spatial resolution due to carrier diffusion accentuate
a large dot size inhomogeneity.13,14 The contribution from
individual dots or coupled QD clusters exhibiting narr
near-field photoluminescencesPLd line shapes; few milli-
electron-voltsd from high-spatial resolution is yet to be
ported. The PL line shape of individual dots in the G
system is expected to be significantly broader than GaA
InP-based QDs due to broadening induced by a signific
larger LO phonon scattering rate. In this letter we presen
near-field optical emission characteristics from a cluster
few GaN QDs with very high spatial resolution. This le
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0003-6951/2005/86~4!/043103/3/$22.50 86, 04310
Downloaded 07 Feb 2005 to 131.112.188.11. Redistribution subject to AIP
e

s

-

n-
e
-

t

r

will also discuss the lateral and vertical electronic coup
of dots caused by interdot scattering of carriers.

The sample consisted of 40-stacked planes of GaN
in AlN matrix, grown on a sapphire substrate by molec
beam epitaxy.10,11 The buffer layer consisted of alternat
layers of AlN and GaN grown on a thin layer of initiati
AlN buffer. Quantum dots were formed by growing a G
layer at just above the critical thickness, which allows i
maintain its pseudo-coherence with the AlN lattice. The
planes were separated by 2-nm-thick AlN barriers
capped by an AlN layer 3 nm thick. The thin AlN spa
layer in the presence of self-assembly process led to th
mation of GaN QDs embedded within two-dimensio
GaN/AlN quantum-well-like structures.

The surface morphology of GaN nanostructures
studied using scanning electronsSEMd and atomic force m
croscopysAFMd. Shown in Fig. 1sad is a topographical ma
of an area of 131 mm2 measured using AFM, which exhi
its a honeycomb feature at the surface due to modulati
the AlN cap layer by the underlying GaN QDs. Due to
thin cap layer, a high densitys331010 dots/cm2d of the QDs
as well as a strong inhomogeneity of their lateral dimens
ranging from 30 up to 50 nm, is clearly evidenced.
height of these capped QDs range from 7 to 10 nm.
nonuniform surface topology induces inhomogeneous b
ening in the far-field emission spectrum due to lateral
pling. It was shown by Widmannet al.8 that the QD siz
varies significantly depending on whether the QDs are
lowed to evolve under vacuum before covering with AlN
not, as a result of a ripening mechanism. This variatio
size can lead to a large variation in the piezoelectric effe
the self-assembled GaN layers. Our experiments indicat
ripening leads to reduced footprint and increased height

11
l:

larger aspect ratio, as the dots are not spherical.

© 2005 American Institute of Physics3-1
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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The modulations at the surface are also observed i
high magnification SEM imagesfFig. 1sbdg. The SEM spatia
patterns of the capped GaN QDs showing island-like fea
can be correlated with the sample morphology as mea
by AFM. A large hexagonal GaN pyramid is self-assemb
on the AlN cap on the surface of the GaN QD layers wi
radius of curvature no more than 300 nm. The faces o

pyramids are theh101̄1̄j planes as evidenced by the an
between the inclined edge and the base of the pyramid
measured angle of around 58°–60° is in good agreemen
the calculated angle of 58.4° using the GaN lattice pa
eters ofc=5.185 Å anda=3.189 Å. The formation of th

pyramids indicates that theh101̄1̄j surfaces are sel

assembled preferentially compared to thef0001̄g surface

Thus it can be inferred thath101̄1̄j surfaces have the lowe
surface potential with respect to the self-assembly pro
The tip of the pyramid is very sharp with a diameter m
sured to be less than 20 nm.

The optical emission properties were investigated
studying the PL characteristics in the far-field and near-
limit. Figure 2 shows the time-integrated far-field PL sp

FIG. 1. sColor onlined sad AFM image showing the surface of GaN d
covered with 2 nm AlN cap layer.sbd SEM images showing the surfa
morphology and self-assembly of a hexagonal pyramid shape GaN str
with ,300 nm diameter.

FIG. 2. sColor onlined Far-field PL spectrum of GaN QDs with temperat

dependence of PL intensity and PL emission energy shown in the inset.
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e

s
d

e
h
-

.

trum of QDs at room temperature, measured using a
quency tripled Ti:sapphire laser delivering pulses of 1
duration at 267 nmsphoton energy 4.655 eVd. The peak
emission energy was close to 3.67 eV, with a broad
width of ,250 meV arising due to the inhomogeneous s
and also the lateral and vertical coupling amongst the QD
the various layers. The PL peaks from the QD layers
shifted to a higher energy as compared to the underlying
GaN for the wurtzite phasesband gap energyEg=3.45 eVd.
The inhomogeneously broadened PL line shape can be
uted to the emission from optically pumped carriers ther
ized in the statistically distributed ground states of
probed QD, which vary in energy because of small variat
in size, composition, and strain. The inset shows the
perature dependence of the PL intensity and emission
width. The relatively temperature-insensitive PL emis
below 125 K occurs as the radiative decay of excited car
dominates the recombination process.12 However, abov
125 K the PL intensity decreases more severely with inc
ing temperature due to increase in nonradiative recom
tion. The relatively small change in thermally induced
peak energy shifts0.168 meV/Kd is due to strong carrie
confinement in the QDs with the redshift at higher temp
tures likely due to a reduction of the exciton-Bohr radius
makes the excitons less polar.9 The photoluminescence ex
tation spectrum measured using a Xe lamp shows abso
from the GaN nanostructures from higher energies. A l
Stark shift exceeding 400 meV is observed to the bu
strain in the QD layers.

Compared to bulk or GaN/AlN quantum well, a lar
PL efficiency has been observed for this QD system des
relatively shorter radiative lifetime of,500 ps.12 The role of
inhomogeneity in the far-field PL spectra due to spatial
distribution has been investigated via near-field PL spec
copy. We have used a commercialsNSOMd6 operating in
illumination mode at 10 K for measuring the spatially
spectrally resolved PL spectra. A tapered, metal-coated
cal fiber having a nominal apical aperture of 30 nm was
ploited as the nanosource through which the sample w
radiated with UV lights325 nm delivered by a He–Cd c
laserd. Figures 3sad–3scd show monochromatic PL imag
within a 450 nm2 area, in which the detection waveleng
are 343±1, 345±1.5, and 355±1 nm, respectively.
NSOM-PL in Figs. 3sad and 3scd, which originates from
much smaller number of QDs compared to dot density
tained from surface features in Fig. 1, consists of a num
of sharp spectral features of similar amplitude with full wi
at half maximum ranging from 500meV to 2 meV. We ob
serve that the bright areas in Figs. 3sad and 3scd are large
than the dark ones. It may be that the honeycomb-like
features observed at the surface are not entirely opt
active and larger islands or smaller QDs presumably a
nonradiative recombination centers. The nucleation of
tively larger dots emitting at lower energies, i.e.,,3.49 eV
fFig. 3scdg is more prevalent compared to the smaller
emitting at higher energies,3.62 eV fFig. 3sadg. The
brighter regions A, B, C, E, F in Figs. 3sad and 3scd are an
indication of strong confinement and a correlation in the
tical direction.

As the optically active part of our sample consists o
QD or QW planes, several layers with varying QD spa
distribution are excited simultaneously. So even if

e

NSOM probe is located above a region of the first QD layer
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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containing large dots, luminescence at high energy still o
nated from the underlying QD planes. This suggests
while the intense background signal is due to the lumi
cence of a large part of the active region that canno
spatially resolved, the localized modulations are due on
the morphology of the dots located on the outermost la
which can be stronger in the presence of vertical correla

To gain insight into the origin of the light emission a
the influence of spatial variation of GaN QDs and quan
wells on the intensity, we performed cross-sectional tr
mission electron microscopysTEMd. Samples were pro
cessed in a dual-beam SEM/FIBsFEI Nova 600d using a Ga
ion beam accelerating voltage of 5 kV, followed by exa
nation in a Tecnai F20 analytical HRTEM. A near verti
correlation of the GaN dots,30 nm in width is observe
from STEM-HAADF imagesnot shown hered, with some do
assemblies being correlated at an angle slightly off ver
It is also observed that the width of these dots and
period correspond to the surface texture observed in A
and SEM imagessFig. 1d. A HRTEM image shown in Fig.
illustrates that 1.1- to 2-nm-high GaN QD-like clusters
embedded in GaN/AlN QW-like structures.

It is reasonable to assign the high energy PL spec
sFig. 2d to the superposition of blueshifted near-band-
excitonic emissions arising from clusters of dots with
smaller than the excitonic Bohr radius for GaNsaB,3 nmd,
at least in the growth directions3 nmd. The distribution o
the dots in the vertically stacked layers also explains
background emission from spatially unresolved underl
QD and QW layers. The strong room-temperature PL is
to the vertical correlation of the dots, while the lateral c
pling at the surface and underlying layers results in non

FIG. 3. Near-field luminescence spectra from GaN QD.sad Spatial and
spectrally resolved PL measured at 342–344 nm.sbd Spatial and spectral
resolved PL measured at 344–347 nm.scd Spatial and spectrally resolv
PL measured at 354–356 nm.
Downloaded 07 Feb 2005 to 131.112.188.11. Redistribution subject to AIP
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ative recombination. Contrast observed in the NSOM im
sFig. 2d may be due to stronger emission from dot clus
correlated more closely to the vertical direction, as opp
to dot clusters correlated off-axis observed in Fig. 4.

An intense emission is observed from a 20-nm-diam
“D” at an intermediate energy regime 3.59 eVs,345 nmd,
with a small background emissionfFig. 3sbdg, implying that
the source of this strong PL is significantly different from
emission of larger QDs or smaller QDs shown in Figs.sad
and 3scd. The emission at 3.39 eV is particularly strong
the vicinity of the hexagonal pyramid structure shown in
1sbd. The emission is likely due to the localization of ex
tons in GaN QD formed at the tip of the hexagonal pyram
The strong room-temperature PL is due to the vertical c
lation of the dots, while the lateral coupling at the surf
and underlying layers results in nonradiative recombina
resulting in reduced PL emission at higher temperature

In conclusion we have studied the luminescence fea
of a sample of GaN quantum dots with a spatial resolutio
50 nm. The luminescence spatial patterns near the pea
ergy were measured, showing island-like features that c
correlated with the sample morphology as measured by
and SEM techniques. Cross-sectional TEM investigation
vealed 1.1- to 2-nm-thick QD-like GaN layers correla
vertically or slightly off-axis, which may affect the vertic
NSOM intensity data.
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Nonadiabatic photodissociation process using an optical near field
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We demonstrated the deposition of nanometric Zn dots using photodissociation with gas-phase
diethylzinc and an optical near field under nonresonant conditions. To explain the experimental
results, we proposed an exciton-phonon polariton model, and discuss the quantitative experimental
dependence of the deposition rate on the optical power and photon energy based on
photodissociation involving multiple-step excitation via molecular vibration modes. The physical
basis of this process, which seems to violate the Franck-Condon principle, is the optically
nonadiabatic excitation of the molecular vibration mode due to the steep spatial gradient of the
optical near-field energy. ©2005 American Institute of Physics.@DOI: 10.1063/1.1828034#
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Optical near fields~ONF! have been applied to high
resolution optical microscopy, high-density optical memo
atom manipulation, and so on.1 We have studied the applica
tion of ONF to nanostructure fabrication by applying t
novel properties of ONF to photochemical reactions, a
have demonstrated the feasibility of the chemical va
deposition~CVD! of Zn dots using ONF techniques.2–4 We
have used the high spatial resolution capability of ONF
deposit 20 nm wide Zn wires2 and 25 nm wide Zn dots.4

Conventional optical CVD utilizes a two-step proces
photodissociation and adsorption. For photodissociation,
field light must resonate the reacting molecular gasse
order to excite molecules from the ground state to an exc
electronic state.5,6 The Franck-Condon principle holds th
this resonance is essential for excitation.5 The excited mol-
ecules then relax to the dissociation channel, and the di
ciated Zn atoms adsorb to the substrate surface. For n
field optical CVD ~NFO-CVD!, photodissociation can tak
place even under nonresonant conditions. Recently, we
ceeded in the photodissociation of metal organic molecu
and the deposition of Zn dots using a nonresonant ONF w
a photon energy lower than the energy gap of the electro
state of the molecule.7 This photochemical reaction is one o
the unique phenomena of ONF, and we have presented
eral processes that may produce the photochemical reac
In addition to optical CVD, these phenomena are applica
to many other photochemical nanotechnologies. Therefor
is very important to clarify their physical origin. In this pa
per, we report the incident optical-power and photon ene
dependencies of the deposition rate of Zn in NFO-CVD, a

a!Electronic mail: kawazoe@ohtsu.jst.go.jp
b!Present address: Department of Physics, Tokyo Institute of Techno

2-12-1 O-okayama, Meguro-ku, Tokyo 152-8551, Japan.
122, 0240021-9606/2005/122(2)/024715/5/$22.50
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explain the experimental results based on the feature
ONF and the exciton-phonon polariton~EPP! model.

In the EPP model, the ONF is able to excite the mole
lar vibration mode due to the steep spatial gradient of
ONF. Figure 1 illustrates schematics the excitation of
molecular vibration mode by ONF and EPP schematica
For an optical far field, the field intensity is uniform in
neutral molecule smaller than the wavelength. Only the e
trons in the molecule respond to the electric field with t
same phase and intensity. Therefore, an optical far field c
not excite the molecular vibration. By contrast, the field
tensity is not uniform in a molecule for an ONF with a ste
spatial gradient. The electrons respond nonuniformly, and
molecular vibration modes are excited because the molec
orbital changes and the molecule is polarized as a resu
this nonuniform response of the electrons, as shown in
1~a!. We propose the EPP model to quantify this excitati
process. The EPP is a quasiparticle, which is an exciton
lariton trailing the phonon~lattice vibration! generated by the
steep spatial gradient of its optical filed, as shown in F
1~b!. The EPP model is formulated below.

Details of the experiment have been report
previously.3,7 The cone angle and apex diameter of the fib
probe used for NFO-CVD were 30° and less than 30 n
respectively.1 Since a bare fiber probe without an opaq
coating was used for deposition, far-field light leaked to t
circumference of the fiber probe and an ONF was genera
at the apex. This allowed us to investigate the deposition
an optical far field and ONF simultaneously. The optic
power from the fiber probe was measured with a photodi
placed behind the sapphire substrate. The deposited Zn
were measured using a shear-force microscope with the
probe used for deposition. The buffer gas was ultrahigh
rity argon~Ar! at 3 Torr and the gas source of reactant m
y,
715-1 © 2005 American Institute of Physics
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024715-2 Kawazoe et al. J. Chem. Phys. 122, 024715 (2005)
ecules was diethylzinc~DEZn! at 100 mTorr at room tem
perature. A He-Cd laser~\n53.81 eV! was used as a nearl
resonant light source with the absorption band edgeEabs

~4.13 eV! of DEZn.8 Ar1 ~2.54 eV! and diode~1.81 eV!
lasers were used as nonresonant light sources.

Figure 2 shows shear-force topographical images of
sapphire substrate after NFO-CVD using the ONF for 3
eV ~a!, 2.54 eV~b!, and 1.81 eV~c!. The laser power and
irradiation time were~a! 2.3 mW and 60 s,~b! 360 mW and
180 s, and~c! 1 mW and 180 s, respectively. While th
previous work using conventional far-field optical CVD h
claimed that a Zn film cannot be grown using nonreson
light ~\n,4.13 eV!,9 we observed the deposition of Zn do

FIG. 1. Schematic explanations of the excitation of molecular vibrat
mode by ONF~a! and EPP~b!.

FIG. 2. Shear-force topographical images after NFO-CVD at photon e
gies of\n53.81 eV~a!, 2.54 eV~b!, and 1.81 eV~c!. The scanning area ar
4503450 nm2. The observed laser output power and the irradiation time
deposition were 2.3mW and 60 s~a!, 360mW and 180 s~b!, and 1 mW and
180 s~c!, respectively.
Downloaded 08 Jun 2005 to 133.11.199.17. Redistribution subject to AIP
e
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t

on the substrate just below the apex of the fiber probe us
NFO-CVD, even with nonresonant light. The chemical co
position of the deposited material was confirmed by x-r
photoelectron spectroscopy. Moreover, we observed lumin
cence from nanometric ZnO dots, which were prepared
oxidizing the Zn dots fabricated by NFO-CVD.4 These ex-
perimental results imply that the Zn was very pure.

In Fig. 2~a!, the photon energy exceeds the dissociat
energy (Ed52.26 eV) of DEZn and is close to theEabs of
DEZn, i.e., \n.Ed and \n'Eabs.8 The diameter~full
width at half maximum! and height of the topographical im
age were 45 and 26 nm, respectively. This image has a w
base, as shown by the dotted curves. This base is a Zn la
less than 2 nm thick, which is deposited by far-field lig
leaking from the bare fiber probe. This deposition is possi
because DEZn absorbs a small amount of light with\n
53.81 eV. The very high peak in the image suggests t
ONF enhances the photodissociation rate, because ONF
tensity increases rapidly near the apex of the fiber probe

In Fig. 2~b!, the photon energy still exceeds the dissoc
tion energy of DEZn, but it is lower than the absorptio
edge, i.e.,\n.Ed and \n,Eabs.8,10 The diameter and
height of the image were 50 and 24 nm, respectively. Wh
high intensity far-field light leaked from the bare fiber prob
it did not deposit a Zn layer, so there is no foot at the base
the peak. This confirmed that the photodissociation of DE
and Zn deposition occurred only with an ONF of\n52.54
eV.

In Fig. 2~c!, \n,Ed and\n,Eabs. Even with such low
photon energy, we succeeded in depositing of Zn dots.
topographical image had a diameter and height of 40 and
nm, respectively. We hardly claim that these depositions
Zn dots, in Fig. 2, are peculiar phenomena to an ONF,
cause while high intensity far-field light leaked from the ba
fiber probe, the Zn dots are deposited on the substrate
below the apex of the fiber probe.

To quantify this novel photodissociation process, we e
amine the relationship between the photon-fluxI and the
deposition rate of ZnR in Fig. 3. For\n53.81 eV~m!, R is
proportional toI. For \n52.54~j! and 1.81~d! eV, higher-
order dependencies appear and are fitted by the third-o

n

r-

r

FIG. 3. The optical power~photon-flux:I! dependency of the rateR of Zn
deposition. The dotted, solid, and broken curves fit the results usinR
5aI1bI21cI3.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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function R5aI1bI21cI3. The respective values ofa\n ,
b\n , and c\n are a3.8155.031026 and b3.815c3.8150 for
\n53.81 eV; a2.5454.1310212, b2.5452.1310227, and
c2.5451.5310242 for \n52.54 eV; a1.8150, b1.8154.2
310229, andc1.8153.0310244 for \n51.81 eV. These val-
ues are used to investigate the physical origin of nonreso
NFO-CVD below.

Figure 4 schematically shows the potential curves of
electron in a DEZn molecular orbital drawn as a function
the internuclear distance of the C–Zn bond, which is
volved in photodissociation.8 The relevant energy levels o
the molecular vibration mode are indicated by the horizon
broken lines in each potential curve. When a far-field ligh
used, photoabsorption~indicated by the white arrow in this
figure! triggers the dissociation of DEZn.11 By contrast,
when nonresonant ONF is used, there are three possible
gins of photodissociation, as we have already propos7

They are~1! the multiple photon absorption process,~2! a
multiple step transition process via the intermediate ene
level induced by the fiber probe, and~3! the multiple step
transition via an excited state of the molecular vibrati
mode. Possibility~1! is negligible, because the optical pow
density in the experiment was less than 10 kW/cm2, which is
too low for multiple photon absorption.12 Possibility ~2! is
also negligible, because NFO-CVD was observed for
light in the ultraviolet;near-infrared region, although DEZ
lacks relevant energy levels for such a broad region. A
result, our experimental results strongly supported possib
~3!, i.e., the physical origin of the photodissociation caus
by nonresonant ONF is a transition to an excited state v
molecular vibration mode. The three multiple-step excitat
processes in Fig. 4, labeled bya, b, andc contributed to
this.

To evaluate these contributions, we propose the E
model, which describes the ONF generated at the nanom
probe tip.13 An ONF is a highly mixed state with materia
excitation rather than a propagating light field; particular
electronic excitation near the probe tip driven by photo
incident into the fiber probe causes mode-mode or an
monic couplings of phonons. They are considered renorm
ized phonon which allow multiple-phonon transfer from t
tip to a molecule simultaneously.

FIG. 4. Schematic drawing of potential curves of an electron in DE
molecular orbitals. The relevant energy levels of the molecular vibra
modes are indicated by the horizontal broken lines.
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The model Hamiltonian for the ONF probe can be diag
nalized using the conventional theory,14 and expressed in
such a quasiparticle ~EPP! representation as H
5(p\v(p)jp

†jp . Here, the creation~annihilation! operator
for EPP and the frequency are denotedjp

†(jp) and v(p),
respectively. Therefore, in this model, a molecule loca
near the probe tip does not absorb simple photons, but
sorbs EPP, the energies of which are transferred to the m
ecule, exciting molecular vibrations or inducing electron
transitions.

We will now discuss the dissociation probability of
molecule, assuming that the deposition rate of the meta
oms is proportional to the molecular dissociation rate. T
transitions from the initial to the final states can be form
lated accordingly to the conventional perturbation meth
for the interaction Hamiltonian that is given by the multip
lar quantum electrodynamics Hamiltonian in the dipo
approximation15 for an optical near-field-molecule interac
tion as

H int52E m~r !•D'~r !d3r ,

D'~r !5 i(
p

S 2p\vp

V D 1/2

ep@ap exp~ ipr !

2ap
† exp~2 ipr !#.

Herem~r ! andD'(r ) denote the electric dipole operator an
the electric displacement vector at positionr , respectively.
The polarization unit vector of a photon is designated asep .
Rewriting the photon operators (ap ,ap

†) in terms of the
exciton-phonon polariton operators (jp ,jp

†) discussed above
and noticing that the electric dipole operator consists of t
components~electronic and vibrational!, we have the inter-
action Hamiltonian expressed in terms of EPP as

H int5 i $mel~e1e†!1mnucl~v1v†!%

3(
p

iA2p\vp

V
$vpvp8~jp1jp

†!%eipr.

Here mel and mnucl are the electronic and vibrational dipo
moments, respectively, and the creation~annihilation! opera-
tors of the electronic and vibrational excitations are deno
by e†(e) and v†(v), respectively. The incident photon fre
quency and transformation coefficients arevp and vp(vp8),
respectively. Then, the transition probability of one-, two
and three-step excitation~labeleda, b, and c in Fig. 4,
and denoted by the corresponding final states asu f first&,
u f second&, andu f third&) can be written as

Pfirst~vp!5
2p

\
u^ f firstuH intu i &u2

5
~2p!2

\d
vp

2vp8
2up8

2~mnucl!2I 0~vp!,

n
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Psecond~vp!5
2p

\
u^ f seconduH intu i &u25

~2p!3

\d2

vp
4vp8

6up8
2

u\v~p!2~Ea2Ei1 igm!u2
~mel!2~mnucl!2I 0

2~vp!,

Pthird~vp!5
2p

\
u^ f thirduH intu i &u35

~2p!4

\d3

vp
6vp8

10up8
2

u\v~p!2~Ea2Ei1 igm!u2u\v~p!2~Eex2Eg1 igm8 !u2
~mel!4~mnucl!2I 0

3~vp!,
a-
n-
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.

wheredup8, and I 0(vp) represent the probe tip transform
tion coefficient and incident light intensity, respectively. E
ergy conservation is assumed in each transition probab
For this purpose, the following initial and three final states
a system consisting of the optical near-field probe and a m
ecule are prepared:

u i &5uprobe& ^ uEg ;el& ^ uEi ;vib&,

u f first&5uprobe& ^ uEg ;el& ^ uEa ;vib&,

u f second&5uprobe& ^ uEex ;el& ^ uEb ;vib&,

u f third&5uprobe& ^ uEex8 ;el& ^ uEc ;vib&,

whereuprobe&, uEa ;el&, anduEb ;vib& represent a probe state
molecular electronic state, and vibrational state, respectiv
In addition, Ea (a5g,ex,ex8) and Eb(b5 i ,a,b,c) repre-
sent the molecular electronic and vibrational energies,
spectively, as schematically shown in Fig. 4, andgm andgm8
are the inewidth of the vibrational and electronic stat
respectively. It follows that these near-resonant transit
probabilities have the following ratio:

Psecond~vp!/I 0
2~vp!

Pfirst~vp!/I 0~vp!
5

Pthird~vp!/I 0
3~vp!

Psecond~vp!/I 0
2~vp!

5
\

2p

Pfirst~vp!

ugmu2I 0~vp!
S vp8

2

up8
2D S mel

mnuclD 2

.

Here we assumegm5gm8 , for simplicity. Using this ra-
tio, we analyze the experimental intensity dependence of
deposition rate to clarify possibility~3!. For \n52.54 eV, all
the processes~a, b, andc! depicted in Fig. 4 are possibl
because\n.Ed ~although \n,Eabs). Fitting the experi-
mental value of Pfirst(v2.54)5a2.54I 0(v2.54)5102 events/s
with reasonable values ofmnucl51 D, mel51023 D, gm

51021 eV, andvp8
2/up8

250.01, andd530 nm, we obtain the
following value for the ratio:

Psecond~v2.54!/I 0
2~v2.54!

Pfirst~v2.54!/I 0~v2.54!

5
Pthird~v2.54!/I 0

3~v2.54!

Psecond~v2.54!/I 0
2~v2.54!

5
\

2p

Pfirst~v2.54!

ugmu2I 0~v2.54!
S vp8

2

up8
2D S mel

mnuclD 2

.10215,

which is in good agreement with the experimental valu
b2.54/a2.54.c2.54/b2.54.10215. For \n51.81 eV, dissocia-
tion occurs via eitherb or c shown in Fig. 4, because\n
,Ed (Eobs). The ratio can be evaluated as
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Pthird~v1.81!/I 0
3~v1.81!

Psecond~v1.81!/I 0
2~v1.81!

5
\

2p

Pfirst~v1.81!

ugmu2I 0~v1.81!
S vp8

2

up8
2D S mel

mnuclD 2

.10215,

which is also in good agreement with the experimental va
c1.81/b1.81.10215. For the theoretical estimation, we use t
experimental value for Pfirst(v1.81).a2.54I 0(v2.54)
5102 events/s because both transitions for light with pho
energies of 1.84 and 2.54 eV are attributed to the coup
between phonons in the probe and molecular vibrations.
overall agreement between the theoretical and experime
results suggests that the EPP model provides a way to un
stand the physical origin of the near-field photodissociat
process. For\n53.81 eV, the direct absorption by the ele
tronic state is much stronger than in other cases, becaus
light is near resonant for DEZn. This is why we did n
observe higher-order power dependence of the depos
rate in the optical power region that we observed.

In conclusion, we demonstrated NFO-CVD of nanom
ric Zn dots based on the photodissociation of gas-phase
ethylzinc using ONF under nonresonant conditions.
clarify the physical origin of this process, the optical pow
and photon energy dependencies of the deposition rates
measured. We explain the dependencies using a multiple-
excitation process via the molecular vibration mode and
EPP model. In this model, the enhanced coupling betw
the optical field and molecular vibration originates from t
steep spatial gradient of the optical power of ONF. Suc
nonadiabatic photochemical process violates the Fran
Condon principle that assumes an adiabatic process, an
applicable to other photochemical phenomena. The proc
involved in the photochemical reaction based on O
reported here will open new methods in nanotechnology.

1See, for example, edited by M. Ohtsu,Near-Field Nano/Atom Optics and
Technology~Springer, Tokyo, 1998!.

2V. V. Polonski, Y. Yamamoto, M. Kourogi, H. Fukuda, and M. Ohtsu,
Microsc.194, 545 ~1999!.

3Y. Yamamoto, M. Kourogi, M. Ohtsu, V. Polonski, and G. H. Lee, App
Phys. Lett.76, 2173~2000!.

4T. Yatsui, M. Ueda, Y. Yamamoto, T. Kawazoe, M. Kourogi, and M
Ohtsu, Appl. Phys. Lett.81, 3651~2002!.

5J. G. Calvert and J. N. Patts, Jr.,Photochemistry~Wiley, New York, 1966!.
6R. L. Jackson, J. Chem. Phys.96, 5938~1992!.
7T. Kawazoe, Y. Yamamoto, and M. Ohtsu, Appl. Phys. Lett.79, 1184
~2001!.

8R. L. Jackson, J. Chem. Phys.96, 5938~1992!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J

024715-5 Nanodiabatic photodissociation process using an optical near field J. Chem. Phys. 122, 024715 (2005)
9M. Shimizu, H. Kamei, M. Tanizawa, T. Shiosaki, and A. Kawabata,
Cryst. Growth89, 365 ~1988!.

10R. L. Jackson, Chem. Phys. Lett.163, 315 ~1989!.
11H. Okabe,Photochemistry~Wiley, New York, 1978!.
12A. Yariv, Introduction to Optical Electronics, 3rd ed.~Holt, Rinehart and

Winston, New York, 1985!.
Downloaded 08 Jun 2005 to 133.11.199.17. Redistribution subject to AIP
. 13K. Kobayashi, S. Sangu, H. Ito, and M. Ohtsu, Phys. Rev. A63, 013806
~2001!.

14J. J. Hopfield, Phys. Rev.112, 1555~1958!; A. L. Ivanov, H. Haug, and L.
V. Keldysh, Phys. Rep.296, 237 ~1998!.

15D. P. Craig and T. Thirunamachandran,Molecular Quantum Electrody-
namics~Dover, New York, 1998!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Room temperature near-field photoluminescence of
zinc-blend and wurtzite ZnO structures

G.H. Leea,*, T. Kawazoeb, M. Ohtsub,c

aDepartment of Information Materials Engineering, Dong-Eui University, 995 Eomgwangno,

Busanjin-gu, Busan 614-714, South Korea
bJapan Science and Technology Corporation, 687-1 Tsuruma, Machida, Tokyo 194-0004, Japan

cInterdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, 4259 Nagatsuda,

Midori-ku, Yokohama 226-8502, Kanagawa, Japan

Accepted 2 June 2004

Available online 3 August 2004

Abstract

Near-field photoluminescence (PL) was measured from ZnO film, composed of nanocrystallites with zinc-blend (ZB) and

wurtzite (W) structures, on a sapphire (0 0 0 1) substrate at room temperature (RT). The size of nanocrystallites was in the range

of 30–50 nm. Using a fiber probe with aperture size of 80 nm, two near-field emission peaks attributed to one ZB and one W

structures were observed. The difference in the emission energies was 0.10 eV close to the calculated bandgap difference

between ZB and W structures. The intensity of emission peak from ZB structure with lower energy was stronger than that from

W structure, which is supposed to be resulted from the quenched excitonic effect of W structure.

# 2004 Elsevier B.V. All rights reserved.

PACS: 42.70.�a; 73.61.Tm; 78.55.�m; 81.05.Dz

Keywords: ZnO; Wurtzite; Zinc-blend; Near-field photoluminescence

1. Introduction

ZnO is an interesting material in optoelectronics

due to its wide bandgap energy of 3.27 eV at room

temperature (RT) and the large exciton binding energy

of 60 meV. The exciton binding energy is larger than

the thermal energy at RT of 24 meV, which results in

not only the ultraviolet (UV) excitonic emission with

high efficiency, but also the optically pumped exci-

tonic lasing with low threshold even at the temperature

higher than RT [1,2]. Owing to these features, ZnO has

become one of the most promising materials for blue

and ultraviolet light emitting diode and diode lasers.

ZnO can have zinc-blend (ZB) structure of cubic

phase or wurtzite (W) structure of hexagonal phase.

However, since W structure is predominant, the for-

mation of ZB-ZnO structure on sapphire substrate,

which has been widely used as the substrate due to its

thermal stability and high transparency, has not been

yet reported. On the other hand, it is well known that

W–ZnO induces piezoelectric field effects by residual

strain, which tends to quench the excitonic effects,

while the h0 0 1i direction in ZB structure is free from

the piezoelectric field. This implies that more effective
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* Corresponding author. Tel.: þ82 51 890 1722;

fax: þ82 51 890 1619.

E-mail address: ghl@deu.ac.kr (G.H. Lee).

0169-4332/$ – see front matter # 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.apsusc.2004.06.004



UV excitonic emission and lasing are expected from

ZnO with ZB structure. Thus, it is of considerable

importance to fabricate ZB-ZnO and observe its opti-

cal properties.

Since the conventional far-field spectroscope mea-

sures an ensemble of nanocrystallites with size fluc-

tuation, it results in inhomogeneous broadened

spectral features, which makes it impossible to eval-

uate the precise intrinsic crystallographic contribution

from the nanocrystallites. In contrast to this, near-field

optical microscope has nanoscale resolution, which

enables us to evaluate the optical properties of nan-

ometer scale structure and nanocrystallite. Recently

we have succeeded in evaluating optical spectra and

quantum size effect of individual ZnO nanocrystallite

using an optical near-field technique [3,4].

In this letter, we report on the characteristic optical

bandgap difference between Wand ZB-ZnO structures

through the PL spectra observed by near-field spectro-

scope at RT as well as the comparison of excitonic

effect on emission. The PL spectra of a nanocrystallite

with W structure and one with ZB structure were

observed by employing a high throughput fiber probe

with an aperture of 80 nm.

2. Experimental procedure

The ZnO film was prepared by oxidizing ZB-ZnS

film deposited epitaxially on a sapphire (0 0 0 1)

substrate. The ZnS film was deposited at 800 8C under

working pressure of 7 � 10�7 Torr by pulsed laser

deposition (PLD) method. KrF excimer laser (l ¼
248 nm, duration time: 20 ns, energy density: 5 J/cm2)

was used as a light source for the ablation of the single

crystal ZB-ZnS target. In the initial growth, ZnS with

ZB structure was grown on sapphire substrate. Thus

ZnS was deposited with the thickness of 3 nm and

oxidized at 900 8C under oxygen stream for 2 h. After

the oxidation, any ZnS peaks were not obtained and

predominant peaks from (0 0 0 2) of W-ZnO and

(0 0 4) of ZB-ZnO structure were observed in X-ray

diffraction patterns. The surface morphology was

observed using atomic force microscope (AFM) at

RT in air. The PL was measured with conventional far-

field PL spectroscope and near-field PL spectroscope

at RT and 77 K. The experimental setup is represented

in Fig. 1. A continuous wave He-Cd laser (l ¼

325 nm) was used for exciting ZnO nanocrystallites.

Far-field PL spectra were measured through a cooled

charge coupled device with a monochromator. The

signal of near-field PL was collected through the fiber

probe. For the effective detection of near-field PL, the

fiber probe was controlled in close proximity to the

sample surface (�10 nm) by shear force feedback

technique. The fiber probe was fabricated using an

UV fiber constituted of pure silica core and fluorine-

doped cladding [5]. The tip of fiber was sharpened by

employing the pulling/etching technique. Then the

cone angle and the apex diameter of the fiber tip

was 608 and <10 nm. The sharpened tip was coated

with 500 nm thick Al film by an evaporator. The Al

film on the top of the core was removed by using a

focused ion beam to fabricate an aperture with the

diameter as small as 80 nm.

3. Results and discussion

Fig. 2a shows the surface of the oxidized film

observed by AFM. Columnar and hexagonal crystal-

lites with the size of 30–50 nm are clearly observed.

Considering the crystallographic structures, it can be

suggested that the hexagonal phase and the columnar

phase represent typically c-axis oriented W structure

and c-axis oriented ZB structure, respectively. This

suggestion is proved from the y–2y XRD patterns

measured on the film. As shown in Fig. 2b, the two

dominant diffraction peaks from the (0 0 0 2) plane of

Fig. 1. Experimental setup for measurement of far- and near-field

photoluminescence. The aperture diameter of used fiber probe is

80 nm.

G.H. Lee et al. / Applied Surface Science 239 (2005) 394–397 395



W structure and the (0 0 4) plane of ZB structure are

observed, which indicates that the oxidized film is

made up of ZnO nanocrystallites with W and ZB

structures.

Fig. 3a and b shows the far-field PL spectra mea-

sured at RT and 77 K, respectively. One emission peak

with its energy of 3.17 eV (l ¼ 390 nm) is observed at

RT, while two peaks with peak energies of 3.22 eV

(l ¼ 384 nm) and 3.12 eV (l ¼ 397 nm) are obtained

at 77 K due to the suppression of spectral broadening

resulted from diminished phonon scattering effect.

The emission energy difference of the two peaks is

0.10 eV, which is very close to the calculated differ-

ence in energy gap between ZB and W–ZnO structures

(0.08 eV) [6]. Consistent with the surface morphology

of the ZnO film showing hexagonal and columnar

crystallites, the emission energy difference shows that

the two emission peaks are attributed to W and ZB-

ZnO structure. The emission with higher energy is

assigned to W structure and that with lower energy to

ZB structure.

To exclude the spectral broadening appeared in far-

field PL spectroscope due to size fluctuation of nano-

crystallites, PL measurement was performed at RT

using near-field PL spectroscope with high spatially

and spectrally resolution. It has been reported the

spatial and spectral resolution of the used near-field

optical microscope at room temperature [3]. The

spatial resolution of the near-field optical microscope

was estimated from a monochromatic near-field PL

image measured for ZnO nanocrystallites with the

grain size in the range of 30–160 nm. The diameter

of apertured UV fiber probe was 80 nm, which was the

same probe as used in this study. The cross sectional

profile of spots in the near-field PL image was com-

parable to the grain size of ZnO nanocrystallites. In

addition, the spatial resolution of the near-field PL

spectroscope was sufficient to resolve the single ZnO

nanocrystallite with the size of 55 nm [4]. This indi-

cates that our near-field PL spectroscope system has

considerable spatial variation reflecting the local crys-

tallite structure with the size of 30–50 nm. Accord-

ingly, as known from the crystallite size shown in

Fig. 2, the PL signal from a single columnar and a

single hexagonal crystallite can be detected through

the aperture with the diameter of 80 nm. Fig. 4 shows

the near-field PL spectrum measured at RT. The two

peaks were observed obviously by fitting the PL

spectrum even at RT. The peak energies were

3.22 eV (l ¼ 384 nm) and 3.12 eV (l ¼ 397 nm),

which are well in accordance with those measured

by far-field PL spectroscope at 77 K. Thus it is con-

cluded that the two emission peaks originates from W

Fig. 2. (a) AFM image of the surface and (b) y–2y XRD patterns

for ZnO film obtained by thermal oxidation of ZnS film deposited

with the thickness of 3 nm on a sapphire (0 0 0 1) substrate.

Fig. 3. Far-field PL spectra measured at (a) room temperature and

(b) 77 K for ZnO film obtained by thermal oxidation of ZnS film

with the thickness of 3 nm grown on a sapphire (0 0 0 1) substrate.
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and ZB nanocrystallites shown as columnar and hex-

agonal phase, respectively. The observation of the two

peaks at RT is based on the high spatial and spectral

resolution, the most important feature of near-field PL

spectroscope [7]. In addition, the intensity of emission

peak of ZB structure with lower energy is stronger

than that of W structure with higher emission energy,

which is not observed in far-field PL spectrum. The

excitonic effect in W-ZnO is quenched by piezoelec-

tric field effect resulted from residual strain, while the

h0 0 1i direction in ZB structure are free from the

piezoelectric field. It has also been reported that the

near-field PL spectroscope used in this study showed

the difference in the near-field PL intensity between

the ZnO nanocrystallites with different orientations

[3]. Because the exciton density depends on the crystal

orientation in ZnO [8], the difference in the emission

intensity means the difference of exciton density. Thus

the two emission peaks in Fig. 4 suggests that the

emission stimulated by excitons in ZB structure may

be stronger than that in W structure. This phenomenon

could be observed by near-field PL spectrum. Because

a single ZB and a single W crystallites were measured

in near-field PL spectrum, the quenched excitonic

effect of W crystallite could be clearly detected and

thus the PL intensity of excitonic emission from ZB

crystallite was observed stronger than that from W

crystallite. To our knowledge, this is the first report on

the comparison of the feature of excitonic emission

between W and ZB-ZnO structures.

4. Conclusions

The characteristic difference of 0.10 eV in optical

bandgap of zinc-blend and wurtzite ZnO structures

was observed at room temperature by near-field PL

spectroscope. The quenched excitonic effect of wurt-

zite crystallite could be detected obviously and thus

the PL intensity of excitonic emission from zinc-blend

crystallite was stronger than that from wurtzite crystal-

lite, which indicates that ZnO film with zinc-blend

structure offers the possibility of realizing more effec-

tive UV light emitting devices. In addition, the suc-

cessful growth of ZB-ZnO nanocrystallite, in the

metastable form, will be very useful information when

nanophotonic devices integrated with ZnO nanocrys-

tallines or ZnO nanostructures are fabricated on sap-

phire substrate.
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We fabricated UV-emitting nanocrystalline gallium nitride(GaN) films at room temperature using
photochemical vapor deposition(PCVD). For the samples synthesized at room temperature with
V/III ratios exceeding 5.03104, strong photoluminescence peaks at 3.365 and 3.310 eV, which can
be ascribed to transitions in a mixed phase of cubic and hexagonal GaN, were observed at 5 K. A
UV emission spectrum with a full width at half-maximum of 100 meV was observed, even at room
temperature. In addition, x-ray photoelectron spectroscopy measurement revealed that the film
deposited by PCVD at room temperature was well nitridized. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1806271]
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For future optical transmission systems with high d
transmission rates and capacity, we have prop
nanometer-scale photonic devices(i.e., nanophotoni
devices).1 These devices consist of nanometer-scale dots
wires, and an optical near-field is used as the signal ca
As a representative device, a nanophotonic switch ca
realized by controlling the dipole forbidden optical ene
transfer among resonant energy states in nanometer
quantum dots via an optical near field.1

GaN is a promising material for use in nanophoto
switches at room temperature, due to its large exciton b
ing energys26 meVd. Recently, many different techniqu
have been used to fabricate high-quality GaN films, suc
molecular-beam epitaxy,2,3 metalorganic chemical vap
deposition(MOCVD),4,5 and pulsed-laser deposition.6,7 Fur-
thermore, stimulated emission has been demonstrat
single-crystal GaN nanowires.8

The application of single GaN nanocrystallites in a na
photonic switch requires lateral integration with nanome
scale resolution. To meet this requirement, we proposed
demonstrated near-field optical chemical vapor depos
(NFO-CVD).9,10 Using the photochemical reaction betwe
the reactant molecules and the optical near field genera
the tip of an optical fiber probe, NFO-CVD is applicable
various materials, including metals, semiconductors, an
sulators, while precisely controlling their size and posit

a)Author to whom correspondence should be addressed; electronic

yatsui@ohtsu.jst.go.jp
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To apply NFO-CVD in fabricating GaN nanocrystallites, i
necessary to reduce the thermal drift of the substrate
probe to deposit smaller nanocrystallites. Although ph
CVD (PCVD) growth is a technique that can reduce
growth temperature11,12 by yielding the reactive radicals G
and N via photolysis of their precursors, and the photo
synthesis of GaN has been demonstrated at 500°C, it
tailed optical properties remain unclear.11,12

In this letter, we report on the dependence of photolu
nescence(PL) spectra on the V/III ratio of nanocrystalli
GaN films deposited at room temperature using PCVD.
growth chamber was evacuated to a base pressu
10−7 Torr. GaN samples 100 nm thick were grown on a
phire (0001) substrate at room temperature. We used
methylgallium (TMG) and semiconductor grade(99.999%)
NH3 as the III and V sources, respectively. H2 was used a
the carrier gas for the TMG. The partial pressure of NH3 was
fixed at 500 Torr, so that the V/III ratiosgd was varied by
changing the partial pressure of TMG. Since gas-phase
and NH3 have strong photoabsorption atl,270 nm
(Ref. 13) and l,220 nm,14 respectively, we used
frequency-quintupled Q-switched Nd:YAG lasersl
=213 nmd as the light source for the photodissociation of
precursors. The PL spectra of the samples were exam
using a continuous wave He-Cd lasersl=325 nmd. To check
the atomic composition of the sample, x-ray photoelec
spectroscopy(XPS; PHI 5400 MC equipped with a mon
chromatic AlKa radiation ofhn=1446.9 eV) was used aftel:

removing a surface layer of the sample.

© 2004 American Institute of Physics
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Figure 1(a) shows the room-temperatures300 Kd PL
spectra for samples fabricated in the range of 10øgø5
3105. A broad peak with a full width at half-maximu
(FWHM) of 0.5 eV is observed around 3.1eV for
samples deposited withgø90. These peaks correspond
the oxygen defect-related emission of hexagonal GaN.11 In
contrast, a sharp peak(FWHM of 100 meV) from 3.26 to
3.32 eV is observed for the samples withg. =5.03103

[Fig. 1(a)]. The low-temperatures5 Kd PL spectra of th
samples withg=53104 and 53105 are shown in Fig. 1(b).
Yellow luminescence was undetectable in either sample[see
Fig. 1(c)]. Both samples show two dominant PL peaks
3.366sI3d and 3.310 eVsI4d. These peaks have been repo
in a mixed cubic and hexagonal GaN structure in reg
close to the substrate.15,16

Further experiments on the temperature-dependent
lution of the PL spectra of the deposited film confirmed
origin of the PL peaks. Figure 2(a) shows typical PL spect
of a film deposited withg=53105 measured over the tem
perature range from 5 to 300 K. At 5 K, a strong, sharp p

FIG. 1. PL spectra as a function of the V/

FIG. 2. (a) Temperature dependence of the PL spectra for the sample

emission.(c) Temperature dependence of the integrated intensities ofI3 and I4.
Downloaded 20 Oct 2004 to 131.112.188.11. Redistribution subject to AIP
-

sI3d is observed at 3.361 eV, accompanied by a broad
around 3.310 eVsI4d. These values are consistent with th
reported by Mahet al.,16 who proposed a model to expla
the emission mechanism for peaksI3 and I4; that is, thes
peaks arise from the quantum confinement of carriers in
bic inclusions within the hexagonal material, analogous
type-I quantum well. They attributedI3 and I4 to the transi
tion from the confined state in the cubic phase, and to
transition involving an electron in the hexagonal phase
escaped from the confined state in the cubic phase t
shallow acceptor level in the cubic phase, respectively
though further analysis is required to confirm the microst
ture of the sample, their results might explain both of
peaks observed in our case. PeakI3 shifted with temperatur
following Varshni’s equation, which defines the tempera
dependence of the bandgap.17 Moreover, the narrow line
widths of 6.5 meV and the temperature behavior both
cate an excitonic nature. The height of peakI3 decrease
drastically with increasing temperature, and it almost di
peared at temperatures above 70 K. By contrast, a new

iosgd measured at(a) 300 and(b) and (c) 5 K.

3105. (b) Temperature dependence of the peak position for the prom
III rat
withg=5
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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(labeledIFX) emerged instead ofI3 at above 70 K, and it wa
even observed at room temperature. This behavior pre
ably resulted from the decomposition of localized exciton
the cubic-phase quantum well to free excitons, due to
increased thermal energy. PeakI4 observed at 3.310 eV d
not follow Varshni’s equation, since it shifted towards
line of peakI3 with increasing temperature[see Fig. 2(b)].
This can be ascribed to two possible transitions. One i
well-known donor–acceptor pair transition; however,
possibility is ruled out by the different peak positions,18 and
because the small activation energy of 26 meV forI4 [see
Fig. 2(c)] is clearly distinct from the typical value for a DA
of about 200 meV.19 The other is the free-to-bound transit
characterized by the equationEgsTd+nKT. We determine
n=1.5 empirically[see Fig. 2(b)], which is in good agree

ment with the value of MOCVD-growns112̄0d GaN.20 Fur-
thermore, the height of peakI4 increased with temperature
the expense of peakI3 [see Fig. 2(c)], implying that energ
was transferred from peakI3 to I4. These results imply thatI4
is a recombination of a free electron in the hexagonal ph
which escaped from a confined state in the cubic phase
sufficient thermal energy for release, with a hole bound o
acceptor center in the cubic phase. Detailed evaluatio
the distribution of the hexagonal or cubic phase and
size are currently underway using high-resolution trans
sion electron microscope images and the correspon
selected-area electron diffraction patterns, which corres
to a mixture of hexagonal and cubic phase; the results w
published separately.

XPS analysis was used to check the atomic compos
ratio of gallium and nitrogen.21 Figure 3 shows Ga 3d (a)

FIG. 3. XPS spectra of(a) Ga 3d and (b) N 1s for an as-grown GaN film
with g=53105. The XPS signals are plotted as open circles. The sum
spectra of the decomposed components are superimposed on the m
spectra using solid lines.
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and N 1s (b) spectra measured for the sample withg=5.0
3105. As shown in Fig. 3(a), the Ga 3d spectrum is decom
posed into four components at 17.6, 19.8, 20.9, and 23.
which can be ascribed to metallic Ga, GaN, oxide, and o
respectively.21,22 The N 1s spectrum[see Fig. 3(b)] is de-
composed into five components at 391.5, 393.5, 3
397.5, and 399.2 eV. The first three components corres
to the Auger lines of Ga,22 and the last two can be ascribed
the nitride and NH2, respectively.21 The NH2 species are re
ported to be formed on a GaN surface via the interac
between the surface and NH3 gas.23 The atomic compositio
ratio of the nitrized gallium was determined using the r
tive sensitivity factor(Ga 3d:0.43 and N 1s:0.499): gallium,
54.5%; nitrogen, 45.5%. This implies that the deposited
was well nitridized by the PCVD due to the large V/III rat
even at room temperature.

In conclusion, UV-emitting nanocrystalline GaN film
were fabricated using PCVD at room temperature. Fo
samples synthesized at large V/III ratiossù5.03104d, a
strong UV emission spectrum was observed, even at
temperature. Since the technique of depositing GaN
sented here is performed at room temperature, this meth
applicable to NFO-CVD, which could be used to fabric
size- and position-controlled nanometer-scale optoelect
devices.
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We report the demonstration of an atom funnel composed of evanescent light. The flux intensity of
cold Rb atoms output from a 240mm exit hole was 73107 atom/cm2 s at a blue detuning of
1.2 GHz. Sisyphus cooling doubled the output efficiency. The estimated flux intensity was
1012 atom/cm2 s when the exit-hole diameter was 110mm. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1786362]
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Nanophotonic integrated circuits using optical n
fields1 are devices that are expected to advance optical
nology and communication significantly in the next gen
tion. An optical nanoswitch, which is one element of s
circuits, is made by placing coherently controllable quan
dots in an orderly manner2–4. The switch regulates on–o
signals via the interaction between localized photons an
citons induced in the quantum dots.1,5 In order to work suc
a nanoswitch, we must arrange quantum dots of spe
sizes in specific positions precisely. However, it is difficul
fabricate a nanoswitch using conventional methods, su
the self-organized growth technique.6 To this end, chemica
vapor deposition using near-field light has been develo
and several nanometric structures have been produced1,7–9

Atom-by-atom deposition is the ultimate method for f
ricating such quantum dots. We have proposed two a
optical techniques based on mechanical interactions bet
atoms and near-field light: Atom deflection10 and single-atom
trapping.11 Since near-field light is not affected by the d
fraction limit, it is localized within a nanometer region. W
now consider how to control individual atoms selectiv
using resonant forces from near-field light and how to a
this to optical atom-by-atom deposition.

Dense, cold atoms moving at very slow speeds ar
quired for efficient interaction with nanometric near-fi
light. To generate such atoms, we have proposed an
funnel that uses blue-detuned evanescent light.12 The funne
collects atoms cooled with a magnetooptical trap(MOT) and
outputs them as an atomic beam with a high flux intensit
this letter, we report the observation of cold Rb atoms ex
the funnel.

Figure 1 shows the funneling of cold atoms schem
cally. First, total-internal reflection of a blue-detuned hol
light beam shone upward is used to excite evanescent
on the surface of the inner wall of the funnel optics, wh
are oriented vertically. Then, the cold atoms generated b
MOT are released, and they fall in response to gravity
nally, a pumping light beam that induces Sisyphus coolin
shone downward. When the cold atoms approach the
wall, they are reflected by the repulsive dipole force from
evanescent light13 and simultaneously lose their kinetic e
ergy because of the Sisyphus cooling.14,15 By repeating th
inelastic reflection, the cold atoms fall to the bottom and
via a small hole. The output atoms are confined inside
hollow light beam by the repulsive dipole force and

a)
Electronic mail: akifumi.takamizawa@physik.uni-muenchen.de
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guided through the beam. Consequently, a cold atomic
can be generated by multiloading cold atoms from the M

We demonstrated an evanescent-light funnel for R
oms. Figure 2 shows the experimental configuration w
double MOT. The funnel optics consisted of three plate
quartz glass measuring 15 mm on each side and 3 mm
The refractive index,n, was 1.45 for the resonant wavelen
l=780 nm. A triangular hole with 320mm sides was mad
in the ground-flat bottom and served as an exit hole, wit
effective diameter of 2R=240mm. The upper MOT wa
used to generate cold Rb atoms at a vacuum pressu
10−9 Torr, while the lower MOT was used to detect outp
ted atoms 25 cm below the exit hole at a background
sure of 10−11 Torr. Each MOT was composed of three
thogonal pairs of counterpropagatings+-s− light beams
repumping light beams, and a pair of anti-Helmholtz co

By operating the upper MOT for 2 s using polarizat
gradient cooling,16 we generated a cold87Rb atom ensemb
of Nin=33106 with a distribution diameter of 2s=2 mm
and a mean temperature ofT=9 mK, where the center wa
H=5 mm above the exit hole. A Ti:Al2O3 laser beam with
power of 110 mW and a waist of 4 mm illuminated
lower part of the funnel optics at an incident angle ou
=55° to the inner surface and induced the evanescent
Here, we used a Gaussian beam instead of a hollow be
pumping light beam with an intensity of 7mW/cm2 was
overlapped to transfer87Rb atoms in the 5S1/2, F=2 higher
hyperfine ground state into the 5S1/2, F=1 lower ground
state, where the frequency was red-detuned by 10 MHz
respect to the 5S1/2, F=2−5P3/2, F=2 transition. It was in
troduced along a thalweg of the funnel optics, such that i

FIG. 1. Funneling cold atoms using repulsive evanescent light excit
funnel optics by total internal reflection of a blue-detuned hollow
beam. Cold atoms released from an MOT are reflected again with Sis

cooling and are output from a small exit hole at the bottom.

© 2004 American Institute of Physics
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not affect the output atoms. The funneling time,t, was 1 s
We repeated the generation and funneling process 50
and stored the output atoms in the lower MOT with a cap
efficiency of 0.6 and a trapping time of 270 s.17 The numbe
of trapped atoms was estimated from the intensity of
resonant fluorescence measured using a charge-coupl
vice (CCD) camera.

Due to the Sisyphus cooling induced by evanes
light, which occurs inL-type three-level atoms, such as R
on applying a pumping light,14,15 the atoms accelerated
gravity were recooled and collected at the bottom. In ord
estimate the net number of funneled atoms, we subtracte
number obtained without the pumping light beam from
obtained with the pumping light, since some atoms(0.5% of
Nin) passed through the exit hole without reflection. Figu
plots the result as a function of the frequency detunind
measured with respect to the 5S1/2, F=1−5P3/2, F=0 transi-
tion. The number of funneled atoms was maximal atd /2p
= +1.2 GHz and accounted for 50% of the total numbe
output atoms. As shown in Fig. 3, the spectrum shows
dispersion character of the dipole force in relation to
atomic resonance frequency.18

FIG. 2. Experimental configuration using double MOTs to observe a
output from the evanescent-light funnel. Each MOT consists of 3D co
beams and anti-Helmholtz coils. The upper MOT is used to generate
atoms inside the funnel optics, while the lower MOT with the CCD is u
to detect the output atoms. An additional pumping light beam induces
phus cooling. The funnel optics with a 240mm exit hole is composed o
three glass plates.

FIG. 3. Net number of funneled87Rb atoms plotted as a function of t
frequency detuningd with respect to the 5S1/2, F=1−5P3/2, F=0 transition
where the number of incident atoms is 33106 and the excitation light powe
is 110 mW. We subtract the number obtained without the pumping

beam from that obtained with it.
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The numberNout
0 of atoms output without reflection c

be approximated by19

Nout
0 . Nin31 − exp1−

R2

s2 +
4kBTH

mg
24 , s1d

wherekB, m, andg are the Boltzmann constant, atomic m
and gravitational acceleration, respectively. Here, the nu
of output atoms decreases during the flight to the dete
region due to scattering caused by the evanescent-light
tation beam propagating upward. In order to consider
loss, the number of funneled atoms is calibrated by com
ing the numberNout

0 estimated using Eq.(1) with the numbe
obtained experimentally with the excitation beam only.
der detuning at +1.2 GHz, where the total numberNout of
output atoms is 2Nout

0 , the flux intensity is obtained as

F =
Nout

pR2t
, s2d

and is estimated to be 73107 atom/cm2 s under the exper
mental conditions. If a hollow light beam is used as the
citation beam, output atoms are guided through the ho
region without loss, maintaining the flux intensity.

In Sisyphus cooling, when a87Rb atom transfers fro
the F=1 lower ground state with a large light shift to
F=2 higher ground state with a small light shift, it lo
kinetic energy. The pumping light returns it to the low
ground state, so that the energy-loss process is repeat
the same time, since the reflection potential in the lo
ground state is higher than that in the higher ground stat
reflection efficiency increases on applying the pumping l
Therefore, the number of atoms output from the funne
creases due to the two effects. Under our experimental
ditions, however, if Sisyphus cooling did not occur, the n
ber of funneled atoms was estimated to be 1/8 the nu
that occurred with Sisyphus cooling. Consequently, Sisy
cooling contributes principally to the evanescent-light
nel.

The flux intensity depends markedly on the size of
exit hole. As the exit hole becomes smaller, the flux inten
increases. Indeed, we require a flux intensity
1012 atom/cm2 s for the precise control of atoms us
10 nm near-field light, which is comparable to the de Bro
wavelength. Let us estimate the flux intensity as a functio
the hole diameter, 2R, and the light power,P. The reflection
efficiency inside the funnel, and the output efficiency, dep
on the mean atomic kinetic energy,K. Assuming that Sisy
phus cooling necessarily occurs during reflection, the en
varianceDK per bounce in the direction perpendicular to
inner-wall surface is given by14

DK = 1 −
2

3

dhfs

d + dhfs
, s3d

where dhfs is the hyperfine splitting(=6.8 GHz for 87Rb).
Averaging over the atomic incident angle between 0
p /2, we get the three-dimensional(3D) variance DK3D
=s1/3d+s2/3dDK. Then, the reflection efficiencyhref

i in the

-

ith bounce is approximated by
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href
i . minFsDK3Dd−si−1d P

P0
e,1G , s4d

and the output efficiencyhout
i after theith bounce is given b

hout
i . minFsDK3Dd−2i Nout

0

Nin
,1G , s5d

where P0s=110 mWd is the light power in the experime
and minfa ,bg is a function that returns the lesser ofa andb.
The constante equalshref

1 with P=P0. Consequently, th
total output efficiency,hout

total=Nout/Nin, is written as

hout
total = hout

0 + o
i
p
j=1

i

href
j s1 − hout

j−1dhout
i . s6d

SubstitutingNout=hout
totalNin into Eq. (2), we calculate th

flux intensity. Figure 4 shows the result ford /2p
= +1.2 GHz andNin=108. Here, we take the upperlimit ofi
ast /Dt=67, whereDt=15 ms is the bounce period.13 Under
the experimental conditions,hout

total is 0.01 ande is 0.12. Us
ing these values, we obtain a flux intensity
1012 atom/cm2 s for 2R=110mm andP=1 W.

Monte Carlo simulations indicate that the mean temp
ture of atoms output from the evanescent-light funne
20 mK.20 By contrast, the decay length of the evanes
light is j=l /2pÎn2 sin2 u−1=190 nm, which equals the a
lowed minimum radius of the exit hole. An atomic fun
with such a small hole can be made by etching a silicon

21

FIG. 4. Flux intensity of output87Rb atoms calculated as a function of
light power,P, and the exit-hole diameter, 2R, whered /2p= +1.2 GHz and
Nin=108. The estimated flux intensity is 1012 atom/cm2 s for 2R=110mm
andP=1 W.
insulator substrate using photolithography.Since the small
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exit is clearly fixed, we can direct a cold atomic be
through the hole toward a given position precisely, un
other schemes using propagating light.22–24

In conclusion, we demonstrated an atom funnel that
evanescent light. Sisyphus cooling increases the outp
cold atoms. The cold atomic beam generated by the fu
will be used for atom manipulation using near-field light
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Spatially and spectrally resolved photoluminescence imaging of individual ZnO/ZnMgO nanorod
single-quantum-well structures(SQWs) with a spatial resolution of 55 nm was performed using the
optical near-field technique with a metallized UV fiber probe. Using excitation power
density-dependent photoluminescence spectra of a ZnO/ZnMgO SQW nanorod, we observed the
discrete energy levels in a ZnO quantum-well layer. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1776338]

For future optical transmission systems with high data
transmission rates and capacity, we have proposed
nanometer-scale photonic devices(i.e., nanophotonic de-
vices) and a method of integrating them.1 These devices con-
sist of nanometer-scale dots, and an optical near field is used
as the signal carrier. As a representative device, a nanopho-
tonic switch can be realized by controlling the dipole forbid-
den optical energy transfer among resonant energy level in
nanometer-scale quantum dots via an optical near field.2 It is
made of sub-100-nm scale dots and wires, and their size and
position on the substrate must be controlled with nanometer-
scale accuracy. A nanometer-scale ZnO dot is a promising
material for realizing these devices at room temperature, due
to its large excition binding energys60 meVd.3,4 Further-
more, the recent demonstration of semiconductor nanorod
quantum-well structure enables us to fabricate nanometer-
scale electronic and photonic devices on single nanorods.5–8

Recently, ZnO/ZnMgO nanorod multiple-quantum-well
structures(MQWs) were fabricated and the quantum con-
finement effect of the MQWs was successfully observed.8 In
addition, further improvement in the fabrication of nanorod
heterostructures has resulted in the observation of significant
photoluminescence(PL) intensity, even from nanorod single-
quantum-well structures(SQWs).9

To confirm the promising optical properties of individual
ZnO/ZnMgO SQWs for realizing nanophotonic devices, we
measured the PL spectra using a low temperature near-field
optical microscope(NOM). Using a metallized UV fiber
probe, the spatial distribution of PL intensity and sharp PL
spectra of individual ZnO well layers were observed.

ZnO/Zn1−xMgxO SQWs were fabricated on the ends of
ZnO nanorods with a mean diameter of 40 nm using

catalyst-free metalorganic vapor phase epitaxy.8,10 The nano-
rods were grown on Al2O3s0001d substrate. The average
concentration of Mgsxd in the Zn1−xMgxO layers used in this
study was determined to bex=0.2 using energy dispersive
x-ray spectroscopy in a transmission electron microscopy
chamber. The ZnO well layer thicknesssLwd investigated in
this study was 2.5 nm, while the thicknesses of the
Zn0.8Mg0.2O bottom and top barrier layers in the SQWs were
fixed at 60 and 18 nm, respectively(Fig. 1 shows a sche-
matic diagram of the SQWs).

Figure 2(a) shows far-field PL spectra taken at 15 K at
various excitation power densities. A strong, sharp peaksI2d

a)Electronic mail: yatsui@ohtsu.jst.go.jp
b)Also with: SORST, Japan Science and Technology Agency, 687-1 Tsu-

ruma, Machida, Tokyo 194-0004, Japan.
FIG. 1. Schematic of ZnO/ZnMgO SQWs on the ends of ZnO nanorods.
The inset shows an overview of the ZnMgO/ZnO nanorod SQWs.
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was observed at 3.371 eV, while broad peaks(IQW−1 and
IZnMgO) appeared at 3.480 and 3.555 eV. The number of
peaks and their positions did not change up to 100 W/cm2.
Further experiments on the temperature-dependent evolution
of the PL spectra in ZnO/Zn0.8Mg0.2O nanorod SQWs con-
firmed the origin of the PL peaks. Figure 2(b) shows typical
PL spectra of ZnO/Zn0.8Mg0.2O nanorod SQWs measured
over a temperature range from 10 to 293 K. At 10 K, a
strong, sharp peaksI2d was observed at 3.371 eV, while
broad peaks appeared at 3.485 eVsIQW−1d and
3.555 eVsIZnMgOd. As the temperature increased, the intensi-
ties of theI2 andIZnMgO peaks decreased drastically, and they
almost disappeared at temperatures above 100 K, while the
Iex andIQW−1 peaks increased relative toI2 andIZnMgO. This
behavior presumably results from the decomposition of
bound excitons to free excitions owing to the increased ther-
mal energy, and supports the argument described above, that
PL Iex and IQW−1 peaks correspond to a free exciton peaks,
and I2 and IZnMgO are the well-known neutral-donor bound
exciton peak emitted from ZnO nanorod stems and

Zn0.8Mg0.2O barrier layers, respectively. Furthermore, the
IQW−1 peak quenched rather slowly in comparison with the
rapid quenching behavior ofI2. Slow thermal quenching is
characteristic of quantum structures, supporting our postulate
that IQW-1 results from the quantum confinement effect. The
experimentalIQW-1 peak energy was consistent with the the-
oretical value in a one-dimensional square potential well, in
which 0.28m0 and 1.8m0 are the effective masses of electron
and hole in ZnO, respectively, at a ratio of conduction and
valance band offsetssDEc/DEvd of 9, and a band gap offset
sDEgd of 250 meV.

To examine the optical properties of individual
ZnO/ZnMgO nanorod SQWs, we performed spatially and
spectrally resolved PL spectroscopy using a low-temperature
NOM system in illumination-collection mode.11 A sharpened
UV fiber probe with a 50-nm-thick aluminum film was used
for the scanning. He–CD laser lightsl=325 nmd was used
to excite the ZnO/ZnMgO SQW through the UV fiber probe.
The PL signal was collected with the same fiber probe as
used for excitation, and detected using a cooled charge
coupled device through a monochromator. The fiber probe
was kept in close proximity to the sample surface
s,10 nmd using the shear-force feedback technique.

Figure 3(a) shows the spatially and spectrally resolved
PL image at 3.483 eV. Considering the rod diameter
s40 nmd, the bright spot labeledX [see Fig. 3(a)], the full
width at half maximum of which was as small as 55 nm[see
Fig. 3(b)], originated from one SQW nanorod. The spatial
resolution, which almost equals the ZnO nanorod diameter,
indicates that carrier tunneling between the nanorods can be
neglected. Since the deep potential depth between the
vacuum and the barrier layer is as much as 4 eV,12 the car-
riers generated in the barrier layer in one nanorod are con-
fined to the same nanorod through which the PL signal is
collected. Furthermore, high spatial resolution imaging can
be realized by enhancing the spatial resolution due to the
plasmon resonance at the metallized sharpened tip.13 Since
the sharpened UV probe is entirely coated with a thin metal
film, light propagates inside the fiber core and is efficiently
converted into the surface plasmon mode at the metallic tip,
just as with a Kretschmann configuration.14 Such plasmon
excitation effectively excites the carriers in the barrier layer
and scatters the evanescent field of the ZnO quantum-well
layer.

The five solid curves in Fig. 4(a) show the near-field PL
spectra and their power dependence as determined by fixing
the fiber probe at positionX in Fig. 3(a). In the weak exci-

FIG. 2. (a) Power-(at 15 K) and(b) temperature-dependence of the far-field
PL spectra of ZnO/ZnMgO nanorod SQWs.

FIG. 3. Monochromatic PL image of ZnO/ZnMgO nanorod SQWs obtained
at a photon energy of 3.483 eV.(b) Cross-sectional PL profile through
spotX.

728 Appl. Phys. Lett., Vol. 85, No. 5, 2 August 2004 Yatsui et al.

Downloaded 28 Jul 2004 to 131.112.188.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



tation condition, a single PL peak is observed at
3.483 eVsIQW−1d. At excitation power densities exceeding
5 W/cm2, another peak appears and grows at an energy of
3.508 eVsIQW−2d, which is 25 meV higher thanIQW−1. To
confirm the origin of these emission lines, we plot the inte-
grated PL intensity for the emission lines of bothIQW−1 and
IQW−2 in Fig. 4(b). The PL intensity ofIQW−1, indicated by
the open circles, increases almost linearly up to 9 W/cm2

and gradually saturates. This strongly implies that theIQW
−1 emission line originates from the recombination of the
ground state, and the saturation suggests band-filling. As
shown in the far-field spectra in Fig. 4(a) [see dashed curves
F1 and F2], the energy difference at different positions was
as small as 5 meV. Therefore, the large differences25 meVd
betweenIQW−1 andIQW−2 is not due to fluctuations in the
ZnO well width. Furthermore, changing the temperature
drastically alters the emission energy, as shown in Fig. 2(b);
thermal heating due to the illumination light is absent. At a
power density of around 6 W/cm2, the PL line of IQW−2
indicated by the closed circles appears. From this threshold-
like PL behavior as a function of excitation power density,
the PL line ofIQW−2 is associated with the emission of the
first excited state. Considering the composition and size of
the SQWs, the energy separation betweenIQW−1 and IQW
−2 s25 meVd is in agreement with the prediction of the the-

oretical value of the energy differencesDE=Eh2−Eh1

=21 meVd between the first excited state of the holesEh2d
and the ground state of the holesEh1d. In this calculation, we
used the following parameters: 0.28m0 and 1.8m0 for the
effective masses of the electron and hole, respectively, and a
band gap offsetsDEgd of 250 meV. This is the first detection
of the excited state in ZnO quantum structures, although it
has previously been observed in high-quality ZnO bulk
crystals.15

In conclusion, we investigated the power-dependent fea-
tures of individual ZnO/ZnMgO nanorod SQWs. Using a
thin aluminum-coated UV fiber probe, we observed band-
filing in the ground state and the resultant first excited state
of a hole in ZnO/ZnMgO SQWs. This successful detection
is attributed to the high spatial resolutions55 nmd of NOM
and the high detection sensitivity utilizing plasmon reso-
nance at the tip of the metallized UV fiber probe. The results
shown here provide one criterion for realizing nanophotonic
devices, such as the switching devices confirmed by the au-
thors in CuCl quantum cubes.2

Research by S.J.A. and G.C.Y. was supported by Korea
Research Foundation Grant No. KRF-2002-041-C00098.
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FIG. 4. (a) Solid curves show the near-field PL spectra of ZnO/ZnMgO
nanorod SQWs at excitation densities ranging from 1.2 to 12 W/cm2. The
dashed curves(F1 andF2) show the far-field PL spectra. All the spectra were
obtained at 15 K.(b) The excitation power dependence of the PL intensity at
3.483(open circles) and 3.508(closed circles) eV.
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Spatially localized nature of the optical near field (ONF) is applicable to novel 

nanofabrication. For example, we have found the nonadiabatic photochemical reaction (NPR) 
of organic molecules by nonresonant ONF with photon energy lower than the dissociation 
energy of molecule [1]. For the optical far field, only the electrons in the molecule respond to 
the electric field with the same phase and intensity. Therefore, the photon energy of light must 
resonate to the reacting molecules in order to excite the molecules from the electronic ground 
state to an excited electronic state for photochemical reaction. The Franck-Condon principle 
supports this photochemical reaction. However, the ONF with a steeply spatial gradient of 
optical intensity can excite the molecule under nonresonant condition. Since the intensity in a 
molecule is not uniform for an ONF, and the electrons feel non-uniform field intensity, the 
molecular orbital changes and molecules are polarized. Thus the molecular vibration modes 
are excited. Our proposed NPR [1] is the multiple-step molecular activating via such vibration 
modes. We can explain NPR quantitatively using the exciton-phonon polariton (EPP) model. 
In EPP model, the ONF, i.e., electromagnetic field in a nano-system, is described as 
quasiparticle, 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. 

Here, we explain EPP model and 
demonstrated a novel nano-photolithography 
using NPR. In the experiment, we used the 
UV-photoresist and electron-beam (EB) 
photoresist. As a result of the irradiation of 
ONF, the UV-photoresist was exposed, while 
th used red-light source which has no ability 
to expose the UV-photoresist. In the same 
way, while the EB photoresist is insensitive 
to far-field light, it was exposed. Finally, we 
succeeded in the patterning of 50-nm width 
using the spatial locality of ONF and NPR. 
We call this technique “nonadiabatic 
photolithography”. NPR phenomenon is 
physically interest and the nonadiabatic 
photolithography is promising as the next 
generation photolithography overcoming the 
diffraction limit of light.   

A part of this work was supported by "Nanotechnology Support Project" of the 
Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan. 

Keyword: Nonadiabatic Photochemical Reaction, Photolithography, Nanophotolithography, 
Nanofabrication, 
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Fig.1.Schematic drawings of potential 
curves of an electron in molecular orbital 
and the exciton phonon polariton (EPP).  



Demonstration of Nanophotonic Devices using  
Near-Field Optically Coupled Quantum Dots 

Tadashi Kawazoe1, Kiyoshi Kobayashi2, Kouichi Akahane3, 

Naokatsu Yamamoto3, Naoki Ohtani3, and Motoichi Ohtsu1,4 
1 Japan Science and Technology Agency, Machida, Tokyo 194-0004, Japan. 2 Department of Physics, Tokyo 

Institute of Technology, Meguro-ku, Tokyo 152-8551, Japan. 3 National Institute of Information and 
Communications Technology, Koganei, Tokyo 184-8795, Japan. 4 Department of Electronics Engineering, 

University of Tokyo, Bunkyo-ku, Tokyo, 113-8656, Japan. 

 
An optical near-field generated on a nanometric element, is free from the diffraction 

of light and enables the operation and integration of nanometric optical devices.  By using 
the localized optical near-field as the signal carrier, which is transmitted from one nanometric 
element to another, a nanoscale photonic device can be realized.  The primary advantage of 
nanophotonics is the capacity to achieve novel functions that are based on local 
electromagnetic interactions, while realizing nanometer-sized photonic devices.  Based on 
this idea, we observed an optically forbidden energy transfer between cubic CuCl quantum 
dots (QDs) [1] and proposed several nanometric optical devices: a nanometric AND-gate [1], 
a nanometric XOR-logic gate [2], and an optical nanofountain (i.e., a nanometric optical 
condenser) [1].  So far, we have demonstrated operation of them. 

Here, we demonstrate nanometric 
devices using CuCl QDs. CuCl QDs are 
unsuitable for the actual integration owing to 
their size and position inhomogeneity and 
chemical instability. For the III-V semiconductor, 
we can obtain size- and position- controlled 
quantum dots using molecular beam epitaxial 
growth (MBE). Toward their actual integration in 
nanophotonic modules, we prepare the InAlAs 
quantum dots using MBE and discuss a 
NOT-gate using InAlAs quantum dots.  In the 
III-V semiconductors, InAlAs is suitable for our 
purpose; realization of nanophotonic integrated 
device. Because its bandgap can be widely 
controlled from 0.3 eV to 2.2 eV, the strong 

confined system (such as CuCl quantum dots in NaCl) is possible. Finally, we obtained 
luminescence from a single In0.5Al0.5As quantum dot at around 1.8 eV, using a near-field 
spectrometer, for the first time (Fig.1). The experimental results have shown physically 
interest; the luminescence intensity from single QD depends on the distance between the 
probe and the QD. We also discuss the high expectation of InAlAs quantum dots acting as the 
nanophotonic device.  

Keyword: Nanophotonic device, Near-field luminescence, single quantum dot 
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Fig.1.Near- and Far field Luminescence 
of In0.5Al0.5As QDs. 
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Abstract To realize the nanophotonic device 
required by future systems, we demonstrated the 
feasibility of nanometer-scale optical chemical 
vapor deposition using optical near-field 
techniques. Furthermore, the possibilities of 
self-assembling integration using optical 
near-field were also presented. 
 
Optical transmission systems require increased 
integration of photonic switching devices. To 
support this increase, it is estimated that the size 
of photonic matrix switching devices should be 
reduced to less than 100 nm by the year 2015. To 
realize this, we have proposed nanometer-scale 
photonic devices and their integration [i.e., 
nanophotonic integrated circuits (ICs)] [1]. These 
devices consist of nanometer-scale dots, and an 
optical near field is used as the signal carrier (see 
Fig. 1). As a representative device, a 
nanophotonic switch can be realized by 
controlling the dipole forbidden optical energy 
transfer among resonant energy states in 
nanometer-scale quantum dots via an optical near 
field [2]. 

In order to realize the nanophotonic switch, we 
proposed and demonstrated near-field optical 
chemical vapor deposition (NFO-CVD), which 
enables the fabrication of nanometer-scale 
structures, while precisely controlling their size 
and position [3-5]. In this process, resonant 
photons excite metal-organic molecules from the 
ground state to the excited electronic state and the 
excited molecules relax to the dissociation 
channel [6]. Then the dissociated metal atoms 
adsorb to the substrate. Thus, NFO-CVD is 
applicable to various materials, including metals, 
semiconductors, and insulators [see Figs. 2(a), (b), 

and (c)]. We also fabricated UV-emitting ZnO 
dots by oxidizing Zn immediately after 
deposition to confirm that the deposited dots are 
Zn [see Fig. 2(d)] [5]. 

In order to realize further controllability in size, 
we studied dependence of nanoparticle formation 
on photon energy used for the NFO-CVD. As the 
light source for the photodissociation of 
diethylzinc (DEZn), a He-Cd laser [photon 
energy Ep = 3.81 eV] was used. This is a resonant 
light because its photon energy exceeds the band 
edge energy of DEZn. Figure 3(a) shows 
topographical image of Zn deposited on a (0001) 
sapphire substrate by NFO-CVD. 

To control the size distribution, we introduced 
Ar+ (Ep = 2.54 eV) or He-Ne (Ep = 1.96 eV) 
lasers, in addition to the He-Cd laser. Their 
photon energies are lower than the absorption 
band edge energy of DEZn, i.e., they are 
nonresonant light sources for the dissociation of 
DEZn. Figures 3(b) and 3(c) show topographical 
images of Zn deposited by NFO-CVD with 
irradiation at Ep = 3.81 and 2.54 eV and at Ep = 
3.81 and 1.96 eV, respectively.  The respective 
FWHMs were 60, 30, and 15 nm [see Fig. 3(d)]; 
i.e., a lower photon energy gave rise to smaller 
particles. 

The dependency of fabricated size on the 
photon energy is due to plasmon resonance of 
optical absorption in a metal nanoparticle [7-9], 
which strongly depends on particle size. This can 
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Fig. 1 Nanophotonic switch 
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induce the desorption of the deposited metal 
nanoparticles [10]. As the deposition of metal 
nanoparticles proceeds in the presence of light, 
the growth of the particles is affected by a trade 
off between deposition and desorption, which 
determines their size, and depends on the photon 
energy. 

These results suggest that the additional light 
controls the size of the dots and reduces the size 
fluctuation, i.e., size regulation is realized. 
Furthermore, the position can be controlled 
accurately by controlling the position of the fiber 
probe used to generate the optical near field.  
The experimental results and the suggested 
mechanisms described above show the potential 
advantages of this technique in improving the 
regulation of size and position of deposited 
nanodots. Furthermore, since our deposition 
method is based on a photodissociation reaction, 
it could be widely used for nanofabrication of the 
other material for example GaN, GaAs, and so 
on. 

For realization of mass-production of 
nanometric structures, we also demonstrated 
possibilities of applying such a near-field 
desorption to other deposition technique, which 
does not use fiber probe. We performed 
metal-nanoparticles deposition over the 
pre-formed grooves on the glass substrate by the 
sputtering uneder the illumination [see Fig. 3(a)]. 
Since the optical near-field is enhanced at the 
edge of the groove, it can induce the desorption 
of the deposited metal nanoparticles when they 
reach at their resonant size for optical absorption. 
By illuminating 2.33-eV light during the 

depostion of Al film, we successefully fabricated 
80-nm Al dots chain with 40-nm separation as 
long as 20 µm [see Fig. 3(b)] 

In order to realize a far/near -field conversion 
device coupling nanophotonic ICs with external 
conventional diffraction-limited photonic devices, 
we will also discuss possibilities of applying such 
a structure to a nano-dot coupler, in which energy 
transfer relies on near-field coupling between 
plasmon-polariton modes of neighboring particles 
[11]. 
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images of Zn deposited by NFO-CVD with (a) Ep =
3.81 eV, (b) Ep = 3.81 and 2.54 eV, and (c) Ep = 3.81
and 1.96 eV, respectively. 

(b)100nm

hν

SiO2

(a)
Sputtering

 
Fig. 3 (a) Fabrication process of metal dots-chain by 
the spattering using near-field desorption technique.
(b) Al dots-chain with 2.33-eV light illumination. 
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Abstract  —  Using low-temperature near-field 
spectroscopy of isolated ZnO nanorod single-quantum-well 
structures (SQWs), the dependence of the quantum 
confinement effect of the photoluminescence peak on the well 
width was observed.  Furthermore, the homogeneous 
linewidth of the isolated ZnO SQWs was determined as small 
as 3 meV. 

Index Terms  —  Nanophotonics, ZnO, single-quantum-
well, nanorod, optical near-field.  
 

I. INTRODUCTION 

Future optical transmission systems will require 
nanophotonic integrated circuits [1] composed of 
nanometer-scale dots to increase data transmission rates 
and capacity. ZnO nanocrystallite is a promising material 
for realizing room-temperature nanophotonic devices, 
owing to its large exciton binding energy [2]. Furthermore, 
the recent demonstration of a semiconductor nanorod 
quantum-well structure enabled us to fabricate nanometer-
scale electronic and photonic devices on single nanorods 
[3-5]. Recently, ZnO/ZnMgO nanorod multiple-quantum-
well structures (MQWs) were fabricated and the quantum 
confinement effect was observed successfully [6]. Further 
improvement in the fabrication of nanorod 
heterostructures has resulted in the observation of 
significant PL intensity, even from ZnO/ZnMgO nanorod 
single-quantum-well structures (SQWs) [7]. To confirm 
the promising optical properties of individual ZnO SQWs 
for realizing nanophotonic devices, we measured the 
photoluminescence (PL) spectra from isolated ZnO SQWs 
for the first time using a low-temperature near-field 
optical microscope (NOM). 

II. ZNO/ZNMGO SQW NANORODS 

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 [8]. The 
average concentration of Mg in the ZnMgO layers used in 
this study was determined to be 20 at. %. The ZnO well 
layer thickness, Lw, 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. After growing ZnO nanorod 
SQWs on sapphire (0001) substrate, they were dispersed 
on the substrate to be isolated. 

III. NEAR-FIELD SPECTROSCOPY 

To confirm the promising optical properties of 
individual ZnO SQWs, we used collection-mode NOM at 
15K, using a He-Cd laser (λ=325 nm) for the excitation, 
and a UV fiber probe with an aperture diameter of 30 nm 
[Fig. 1]. 

In the near-field spectra, the emission peaks around 
3.365 and 3.552 eV originate from the neutral-donor 
bound exciton (DOX) in the ZnO stem, and the free 
exciton in the ZnMgO layers, respectively, which 
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Fig. 1 Schematic of near-field spectroscopy of 
isolated ZnO SQWs on the ends of ZnO nanorod. 
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correspond to the peaks in the far-field spectra [dashed 
curves in Fig. 2(a)]. At the well layer, however, the 
emission from DOX was suppressed, while blue-shifted 
PL emission peaks emerged at IQW

1: 3.499 (Lw = 2.5 nm), 
IQW

2: 3.444 (Lw = 3.75 nm), and IQW
3: 3.410 eV (Lw = 5.0 

nm). Their peak positions were consistent with the 
theoretical prediction (3.488, 3.430, and 3.410 eV) using 
the finite square-well potential of the quantum 
confinement effect in the ZnO well layer for Lw = 2.5, 
3.75, and 5.0 nm, respectively, we concluded that peak 
IQW

1-IQW
3 originated from the ZnO SQWs. The theoretical 

calculation used 0.28m0 and 1.8m0 as the effective masses 
of an electron and hole in ZnO, respectively, at a ratio of 
conduction and valance band offsets (∆Ec /∆Ev) of 9, and 
a band gap offset (∆Eg) of 250 meV [7]. The spatial 
distribution of the optical near-field intensity for ZnO 
SQWs of Lw = 3.75 nm [Figs. 2(b) and 2(c)] supported the 
postulate that the blue-shifted emission peaks were 
confined to the end of the ZnO stem. Furthermore, the 
spectral widths (3 meV) of the ZnO SQWs for Lw = 2.5 

nm and Lw = 3.75 nm were much narrower than those of 
the far-field spectra (40 meV). 

To estimate the linewidth of the isolated ZnO SQWs, 
we observed power-dependent PL spectra of Lw = 3.75 nm 
[Fig. 3(a)] at excitation densities ranging from 0.6 to 4.8 
W/cm2. The shape of each spectrum was reproduced by 
the Lorentzian function indicated by the solid line. As 
shown in Figs. 3(b) and 3(c), the integrated PL intensity 
(IPL) increased linearly, while the homogeneous width (∆) 
remained constant around 3 meV. These results indicate 
that the emission line at 3.444 eV was the emission from a 
single-exciton state in ZnO SQWs, and that the linewidth 
of the PL spectra is governed by the homogeneous 
broadening that is the result of the internal electric field 

effect in ZnO [9] or a large stem width (40 nm). 

IV. CONCLUSIONS 

The results shown here provide criteria for realizing 
nanophotonic devices using a two-level system. As a 
representative device, a nanophotonic switch can be 
realized by controlling the dipole forbidden optical energy 
transfer among resonant energy levels in nanometer-scale 
QD via an optical near field [10]. By considering the 
amount of the energy shift of the single exciton state in 
ZnO nanocrystallites owing to the quantum confinement 
effect at room temperature, it is estimated that the size 

P
L 

in
te

ns
ity

 (a
.u

.)

FFc

NFc

FFb

NFb
FFa NFa

(a)

(b)

(c)

1µm

D0X ZnMgO

IQW3

IQW2

IQW1

P
L 

in
te

ns
ity

 (a
.u

.)

FFc

NFc

FFb

NFb
FFa NFa

(a)

(b)

(c)

1µm

(b)

(c)

1µm

D0X ZnMgO

IQW3

IQW2

IQW1

 
Fig. 2. (a) Size-dependent PL spectra of isolated ZnO 
nanorod SQWs with LW = 2.5 nm (FFa, NFa), 3.75 nm 
(FFb, NFb), and 5.0 nm (FFc, NFc), obtained at 15 K. FF: 
far-field spectrum of vertically aligned ZnO nanorod 
SQWs. NF: near-field PL spectrum of the isolated ZnO 
SQWs obtained at the well layer. The near-field intensity 
distributions of the isolated ZnO SQWs (Lw = 3.75 nm) 
obtained at (b) 3.365 and (c) 3.444 eV, respectively 
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Fig. 3. (a) Low-temperature (15 K) near-field PL spectrum 
of the isolated ZnO SQWs (LW=3.75 nm) at excitation 
densities ranging from 0.6 to 4.8 W/cm2. Power dependence 
of the (b) integrated PL intensity (IPL) and (c) linewidth (∆).



accuracy in ZnO 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 QDs [10]. Therefore, the 
success of near-field PL and absorption measurement of 
isolated SQWs described above is a promising step 
toward designing a nanophotonic switch and related 
devices. 
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Abstract  —  We demonstrate, for the first time, operation 

of a nanometric optical NOT-gate using CuCl quantum dots 
coupled by an optical near-field interaction. The device size 
was smaller than 20nm and its operation energy was much 
lower than that of a conventional photonic device. Toward an 
actual nanophotonic device, we discuss the possibility of 
coupled InAlAs quantum dots. Double-layer InAlAs quantum 
dots was prepared using MBE. On the near-field 
luminescence spectroscopy, a luminescence peak from a single 
InAlAs quantum dots was observed for the first time.  We 
show that the sample has great potential for a nanophotonic 
device. 

Index Terms  —  Nanometric optical control, nanophotonic 
devices, optical near field, quantum dots, near-field 
spectroscopy.  

I. INTRODUCTION 

Optical data transmission systems require increased 
integration of photonic devices for higher data 
transmission rates.  It is estimated that the size of photonic 
switching devices should be reduced to a sub-wavelength 
scale, since in the near future it will be necessary to 
integrate more than 10,000×10,000 input and output 
channels on a module.  As conventional photonic devices, 
e.g., diode lasers and optical waveguides, have to confine 
light waves within their cavities and core layers, 
respectively, their minimum sizes are limited by the 
diffraction of light.  Therefore, they cannot meet the size 
requirement, which is beyond this diffraction limit.  It can 
be readily understood that a novel optical nanotechnology, 
i.e., nanophotonics, is required in order to go beyond the 
diffraction limit [1]. 

An optical near-field generated on a nanometric element, 
is free from the diffraction of light and enables the 
operation and integration of nanometric optical devices.  
By using the localized optical near-field as the signal 
carrier, which is transmitted from one nanometric element 
to another, a nanoscale photonic device beyond the 
diffraction limit can be realized.  The primary advantage 

of nanophotonics is the capacity to achieve novel functions 
that are based on local electromagnetic interactions, while 
realizing nanometer-sized photonic devices.  Based on this 
idea, we observed an optically forbidden energy transfer 
between neighboring cubic CuCl QDs via an optical near-
field [2] and proposed several nanometric optical devices: 
a nanometric AND-gate (i.e., a nanophotonic switch) [3], a 
surface plasmon-polariton condenser [4], a nanometric 
XOR-logic gate [5], and an optical nanofountain (i.e., a 
nanometric optical condenser) [6].  So far, we have 
demonstrated operation of the AND gate, surface plasmon-
polariton condenser and optical nanofountain [3, 4, 6].  
Here, we propose a nanometric NOT-gate using CuCl 
quantum dots embedded in a NaCl matrix, and 
demonstrate its operation.  CuCl quantum dots are 
unsuitable for the actual integration owing to their size and 
position inhomogeneity and chemical instability, but they 
are suitable for verifying the operation principle.  For the 
III-V semiconductor, we can obtain size- and position- 
controlled quantum dots using molecular beam epitaxial 
growth (MBE).  Toward their actual integration in 
nanophotonic modules, we prepare the InAlAs quantum 
dots using MBE and discuss a NOT-gate using InAlAs 
quantum dots.  Finally, we obtained luminescence from a 
single InAlAs quantum dot at around 1.8 eV using a near-
field spectrometer, for the first time.  The experimental 
results give rise to high expectation of InAlAs quantum 
dots acting as the nanophotonic device. 

II. NANOPHOTONIC NOT-GATE 

Figure 1 shows a schematic explanation of the proposed 
nanophotonic NOT-gate.  In a cubic quantum dot, the 
carriers are quantized and their discrete energy levels are 
given by the quantum numbers (nx, ny, nz)[2]. Assuming 
two cubic quantum dots with side lengths 2L (QDIN), and 

αL + (QDOUT), respectively, the quantized energy levels 
(2,1,1) in QDIN and (1,1,1) in QDOUT are not resonant with 
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each other, but are nearly resonant.  Here, α is the extra 
size required to detune their energy levels.  QDIN is used 
as the input terminal of the gate.  Optical power is supplied 
to QDOUT, which acts as the output terminal. Without the 
input signal, the energy from the optical power supply is 
emitted from QDOUT directly, generating output (Fig. 1(a) 
In=0 & Out=1).  Conversely, by applying the input signal, 
the energy level (2,1,1) in QDIN shifts owing to the band 
renormalization or the DC-Shark effect, by which it 
becomes resonant to (1,1,1) in QDIN.  Therefore, the 
energy from the optical power supply in QDIN is 
transferred to QDOUT by an optical near-field interaction 
[2], which suppresses output signal generation (Fig. 1(b) 
In=1 & Out=0).  As a result, an output signal with 
temporal behavior that is inverted from that of the input 
signal is obtained.  These operations correspond to a 
NOT-gate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematic explanation of the operation of a 
nanophotonic NOT-gate using cubic quantum dots.  QDIN acts as 
the input terminal. QDOUT acts as the output and power supply 
terminals. 

III. NOT-GATE OPERATION USING CUCL QUANTUM DOTS 

We used CuCl QDs embedded in a NaCl matrix to 
verify NOT-gate operation, as CuCl QDs offer discrete 
energy levels similar to the exciton described in Fig. 1 [7].  
In the experiment, the second harmonic generation (SHG) 
of CW Ti:sapphire laser (hv = 3.2704 eV) and the SHG of 

a mode-locked Ti:sapphire laser (hv = 3.2195 eV) were 
used as the optical power supply and input signal pulse, 
respectively.  The respective power densities of the optical 
power supply and input signal were 1 and 2 W/cm2 at the 
sample surface. The sample temperature was controlled at 
15 K.  Figure 2(a) shows the spatial distribution of the 
optical near-field output-signal intensity without an input 
signal, i.e., with the optical power supply only.  Figure 
2(b) shows the distribution with an input signal pulse. 
These images were acquired using near-field optical 
spectrometry in the area of the sample.  The insets in Fig. 
2 are schematic drawings of the existing QD pair for NOT-
gate operation, which were confirmed from the 
luminescence spectra. The sizes of the two QDs, estimated 
from the wavelengths of their luminescence, were 5.0 and 
6.3 nm, which satisfy the NOT-gate operation condition, 
as shown in Fig. 1.  We measured the NOT-gated signal at 
the center of the circles in Fig. 2, from which the size of 
this device was estimated to be 20 nm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Spatial distribution of the output signal from a 
nanophotonic NOT-gate measured using a near-field microscope 
at Input=0 (a) and Input =1 (b). 
 

The dynamic behavior of the NOT-gate was evaluated 
using the time correlation single photon counting method.  
The repetition rate and pulse duration of the laser were 80 
MHz and 2 ps, respectively.  The time resolution of the 
experiment was 15 ps.  Figure 3 shows the temporal 



evolution of the output signal.  The horizontal broken line 
shows the output signal level without an input signal pulse. 
The output signal rises synchronously within a time period 
shorter than the time resolution (the high, short pulses 
synchronous with the input signal pulses arise from 
leakage of the pump pulse to the detection instruments, 
and are artifacts), and it decreases to a level lower than the 
level indicated by the broken line.  The fall time of the 
output signal is about 100 ps, which corresponds to the 
energy transfer time between QDs.  This output signal 
recovers to the level of the broken line within 10 ns, which 
is close to the exciton lifetime in CuCl QDs.  This means 
that this NOT-gate can operate at a 100-MHz repetition 
frequency. The advantages of this nanophotonic NOT-gate 
are its small size and low power consumption. We 
estimated that the switching energy of this device was 
about 5 orders of magnitude smaller than the conventional 
electronic gate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Temporal evolution of the output (upper) and input 
pulse (lower) signals from the nanophotonic NOT gate circled in 
Fig. 2. 

 

IV. NANOPHOTONIC DEVICE USING INALAS QUNATUM 
DOTS 

CuCl quantum dots embedded in NaCl have the 
potential to be an optical near-field coupled system 
because the possibility of other energy transfer, such as 
carrier tunneling and Coulomb coupling, can be neglected. 
However, CuCl is not suitable for an actual device owing 
to its chemical instability and the controllability of dot size 
and position. Therefore, we have attempted to construct 
nanophotonic devices using other materials [8, 9]. The III-
V compound semiconductor is one of the promising 
materials for an actual nanophotonic device. In the III-V 
semiconductors, InAlAs is suitable for our purpose: 

realization of a nanophotonic integrated device. As its 
bandgap can be controlled widely from 0.3 eV to 2.2 eV, a 
strong confined system (such as CuCl quantum dots in 
NaCl) is possible. For the first step, we selected X=0.5 as 
the composition ratio of InXAl1-XAs quantum dots to make 
the bandgap energy exceed 1.6 eV, where general 
photodetectors have high sensitivity.   

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Sample structures fabricated using MBE in S-K mode 
growth.  The mean size of the double layer In0.5Al0.5As quantum 
dots was 5 nm high and 25 nm in diameter. 

 
Figure 4 shows sample structures fabricated using MBE 

in S-K mode growth [10, 11].  The mean In0.5Al0.5As 
quantum dots were 5 nm high and 25 nm in diameter. For 
nanophotonic device operation, double quantum dots 
layers were grown. Using this fabrication method, the 
quantum dots can be aligned vertically. Therefore, we can 
easily obtain the quantum dots pair acting as a NOT-gate. 
To investigate the suitability of the fabricated sample as a 
nanophotonic device, we measured the far- and near-field 
luminescence spectra.  In Fig.5 (a), the broken curve 
shows the far-field luminescence spectrum at 12 K. The 
luminescence peak at 1.5 eV comes from the GaAs buffer 
layer and the luminescence around 1.8 eV comes from the 
In0.5Al0.5As quantum dots. The far-field luminescence from 
the quantum dots is broadened owing to the size 
inhomogeneity. The solid curve shows the typical near-
field luminescence spectrum at 11 K. For the near-field 
spectroscopy, we used a HeNe laser (hv = 1.958 eV) and 
obtained the luminescence spectrum form a single 
quantum dot. Its luminescence linewidth was free from 
size inhomogeneity and was much narrower. The 
luminescence from a single quantum dot appeared at 
1.7569 eV. The spectral linewidth (FWHM) was less than 
500 µeV, which was limited by the spectral resolution of 
the spectrometer used. This is the first observation of such 
narrow luminescence from a single InAlAs quantum dot 
and this narrowness of luminescence indicates that the 
sample was of high quality. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. (a) Far-field (broken curve) and near-field (solid 
curve) luminescence spectra of the fabricated sample (InAlAs 
quantum dots). (b) Near-field luminescence spectra from 
different quantum dots at different positions. The Insets show the 
luminescence intensity distributions on the sample surface 
measured using the scanning near-field spectrometer. 

 
Figure 5 (b) shows the near-field luminescence spectra 

at the different positions on the sample surface. The insets 
show the intensity distributions of the respective 
luminescence peaks QD1 and QD2. As their photon 
energies and intensity distributions differ, the 
luminescence peaks QD1 and QD2 come from different 
quantum dots. In this way, we confirmed the existences of 
several quantum dots within an area of 1 µm2. The density 
of the quantum dots measured using atomic force 
microscopy exceeded 1000 /µm2. We postulate that there 
are two reasons for the low quantum-dot density measured 
using near-field spectrometry. 1: Energy-selective 
excitation. The photon energy of the laser used was lower 
than the bandgap of the barrier layer. Therefore, when the 

linewidths of the discrete energy sublevels in a quantum 
dots are narrow, the number of quantum dots decreased 
due to the energy-selective excitation. 2: Energy transfer to 
the surface quantum-dot layer and non-radiative energy 
dissipation. The luminescence efficiency of the quantum 
dots without cap layer is very low owing to the non-
radiative recombination pass [12]. When vertical energy 
transfer from quantum dots with a cap layer to quantum 
dots without a cap layer occurs, most of the quantum dots 
dissipate the excitation energy non-radiatively. These two 
reasons support the postulate that the sample acts as the 
desired nanophotonic device, because reason 1 means 
sample quality is high and the energy transfer in reason 2 
is necessary for operation of the nanophotonic device.  

V. CONCLUSION 

We demonstrated operation of a nanometric optical 
NOT-gate with a device size of 20 nm using two cubic 
CuCl quantum dots. This device utilizes the resonant 
optical near-field energy transfer and the small energy shift 
owning to the band renormalization or DC-Shark effect of 
quantum dots. For an actual nanophotonic integrated 
device, we fabricated the double layer InAlAs quantum 
dots and observed the luminescence of a single quantum 
dot for the first time. Finally, we described the potential of 
InAlAs quantum dots as a nanophotonic device. 
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Abstract: This paper presents a novel photolithography 
method based on a nonadiabatic photochemical process, 
which is photo-activation via the molecular vibration energy 
level using an optical near field, to exceed light diffraction 
limits. We used this process to expose UV-photoresist, which 
does not react to visible light, using a 672-nm light source. 
Using independent coherence and polarization, which are 
intrinsic features of optical near-fields, we succeeded in 
forming T-, L-, and ring-shaped two-dimensional arrays. 
Finally, we found that even an electron-beam resist, which is 
completely photo-insensitive, could be exposed using this 
method, and we obtained a fine structure 50 nm wide. 
Index Terms: Fabrication, nanotechnology, nonadiabatic 
photochemical reaction, photolithography, 
nanophotolithography 

I. INTRODUCTION 

Novel methods of nano-fabrication are required for mass 
production of photonic and electronic devices. Fabrication 
that uses nano-imprint lithography, near-field phase mask 
lithography, and evanescent near-field optical lithography 
(ENFOL) [1] is less expensive and has a higher throughput 
than that using electron or ion beams, X-rays, or deep UV 
lithography. ENFOL is especially useful because it allows 
for the use of conventional photolithographic components 
and systems. 

Spatial locality of an optical near field can be used in 
novel fabrication. For example, we found that in near-field 
optical chemical vapor deposition (NFO-CVD), metal 
organic molecules can be photodissociated even by an 
optical near field with a lower photon-energy than the 
dissociation energy of a molecule [2]. This unique 
photodissociation is due to a nonadiabatic photochemical 
process based on an exciton-phonon polariton model [3, 4]. 
According to this model, the nonadiabatic photochemical 
process is a universal phenomenon applicable to many 
other photochemical processes, including photoresist 
exposure. 

Following from this model, we proposed a novel method 
of photolithography that uses a nonadiabatic 
photochemical process, i.e., nonadiabatic near-field 
photolithography. Using this method, UV-photoresist, 
which is suitable for nano-lithography, can be exposed 
using inexpensive visible light sources and equipment 
without using expensive UV light sources. 

The wave properties of light can cause problems for 
nanometric photolithography, including not only the 
diffraction limit, but also coherency and polarization 
dependence. In photolithography of high-density 
nanometric arrays, the optical coherent length is longer 
than the 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 separation. The 
transmission intensity of light passing through a photo-
mask strongly depends on its polarization, so the design of 
photo-mask structures must include such effects. Since the 
optical near field in nonadiabatic near-field 
photolithography has no wave properties, these problems 
are easily solved. 

In this study, we attempted nano-photolithography using 
visible 672- and 532-nm lasers for the UV photoresist; this 
paper illustrates the exposure time dependence of exposure 
depth. We were able to fabricate T-, L-, and ring-shaped 
arrays using nonadiabatic near-field photolithography. We 
were also able to demonstrate, for the first time, 
nonadiabatic near-field photolithography using a photo-
insensitive electron-beam resist. 

II. NONADIABATIC PHOTOLITHOGRAPHY USING UV 
PHOTORESIST 

Figure 1 (a) shows a schematic configuration of the 
photo-mask used and the Si-substrate on which the 
photoresist (OFPR-800 or TDMR-AR87: Tokyo-Ohka 
Kogyo Co.) was spin-coated. These were used in contact 
mode, and we kept the gap between the photo-mask and 
photoresist as narrow as possible. Figures 1 (b)-(d) show 
atomic force microscopy (AFM) images of the photoresist 
surface after exposure and development. Figure 1 (b) 
shows that the nonadiabatic photochemical process created 
a corrugated pattern on the photoresist although 
photoresist OFPR-800 does not react to propagating 672-
nm light. The corrugated pattern was 30 nm deep and 150 
nm wide, much smaller than the wavelength of the light 
source.  

To decrease exposure time, we used other light sources 
and photoresists, keeping in mind the material properties 
of the nonadiabatic photochemical process and its strong 
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dependence on photon energy [3, 4]. Figure 1 (c) 
illustrates our use of photoresist TDMR-AR87 with the g-
line of a Hg lamp as the light source. The corrugated 
pattern on the photoresist caused by the nonadiabatic 
photochemical process was obtained with a 60-s exposure, 
although TDMR-AR87 does not react to the g-line. Figure 
1 (d) shows that a similar pattern was obtained with 
exposure times as short as 3 s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) A schematic of the photo-mask and the Si-substrate 
spin-coated with photoresist (OFPR-800 or TDMR-AR87) 
during the exposure process; (b) Atomic force microscopy 
images of photoresist OFPR-800 developed after a 4-h exposure 
to a 672-nm laser; (c) Atomic force microscopy images of 
photoresist TDMR-AR87 exposed to the g-line of a Hg lamp for 
30 s; and (d) Atomic force microscopy images of photoresist 
TDMR-AR87 exposed to the g-line of a Hg lamp for 3 sec. 
 

Grooves on the photoresist appeared along the edges of 
the Cr mask pattern. In this region, a steeply spatial 
gradient of optical energy indicates the existence of an 
optical near field. Therefore, these results of exposure 
indicate that the nonadiabatic process originates from an 
optical near-field effect [3,4]. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Depth of the developed grooves versus exposure time. 
 

Figure 2 shows the exposure time dependency of groove 
depth in the corrugated pattern for two sets of light source 
and photoresist. The optical power densities of the 
exposure lights were 30 mW/cm2 for the g-line light and 1 
W/cm2 for the 672-nm laser; both dependencies saturated 
at a depth of about 100 nm. These results support the 
hypothesis that the nonadiabatic process originates from an 
optical near-field effect, since the optical near field is 
localized at the edge of the Cr mask. The exposure rate in 
the first set of TDMR-AR87 and a g-line light source was 
more than 104 times higher than for the OFPR-800 with a 
672-nm laser. This increase in exposure rate drastically 
decreased the exposure time, making it sufficiently short 
for mass production. 

III. FORMATION OF T-, L-, AND RING- ARRAYS  

In demonstrations of conventional nano-
photolithography reported by other researchers, the 
photomask with the lines and spaces structure are 
popularly used, because the problems come from the 
interference fringes and the negative effect of light 
polarization can be reduced by selecting the polarization.  
For more general patterns such as T-, L-, and ring-shaped 
arrays, however, it is impossible to reduce the problem, 
even if polarization is controlled. Figure 3 shows AFM 
photoresist images after development. We used photo-
masks with T-, L-, and solid-circle Cr mask-arrays (see 
Figs. 3 (a), (b), and (c), respectively). At exposure, we 
used linear polarized light with the Hg g-line (λ=435nm) 
and TDMR-AR87 i-line (λ=365nm) photoresist. We were 
able to reproduce the formation of arrays with the 
expected shapes. For comparison, we exposed the 
photoresist using the i-line of a Hg lamp, which is used for 



conventional photolithography. We did not obtain the 
expected shape, but only a pattern exposed by fringe light 
interference. Since the TDMR-AR87 photoresist has a low 
absorbance, there was a strong interference effect. This 
successful development of arrays with complex structures 
means that nonadiabatic near-field photolithography can 
have practical uses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Atomic force microscopy images after development of 
photoresist TDMR-AR87 exposed to the g-line: (a) T-shaped 
array, (b) L-shaped array, and (c) solid circle-shaped array. 

III. USING ELECTRON BEAM RESIST 

Since this novel process results from the excitation of 
molecular vibration modes, the nonadiabatic 
photochemical process using an optical near field can 
induce a photochemical reaction even in photo-insensitive 
organic molecules; electron beam resist is one example. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (a) Atomic force microscopy images after developing 
electron beam resist exposed using a 355-nm laser. (b) Cross-
sectional profiles of the developed pattern along broken lines A 
and B in Fig. 4 (a). 
 

Figure 4 shows atomic force microscope images of the 
electron beam resist (ZEP520: ZEON) surfaces after 
exposure and development using nonadiabatic near-field 
photolithography. The exposure light source was the third 
harmonic generation of a Q-switched Nd:YAG laser with a 
repetition rate of 20 Hz and a typical pulse width of 10 ns. 
The exposure light power density was 20 mW/cm2 and the 
exposure duration was 5 minutes. The resist thickness was 
less than 80 nm, and the electron beam resist was prebaked 
at 180°C for 2 min. We used a photo-mask with a two-
dimensional array pattern of 1 µm diameter Cr-disks (the 
disks were 100 nm thick and separated by 2 µm). The 



incident angle of the exposure light was 70°, as shown in 
Fig. 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. (a) Schematic configuration of the photo-mask used 
and the Si-substrate spin-coated with electron beam resist 
(ZEP520) during the exposure process. (b) Magnified schematic 
drawing of the contact region. The optical near field is 
eliminated, as shown in the drawing, due to the low incident 
angle of the exposure light. 
 

 In Fig. 4 (a), the arrow indicates the direction of the 
incident light. After development, we obtained fabricated 
two-dimensional arrays on the photoresist. The 
nonadiabatic photochemical process exposed even the 
electron-beam resist. The photoresist was not exposed by 
direct photo-irradiation, and the fabricated structure, 
which had a diameter of 1 µm, was asymmetrical because 
the light incident angle was 70° (see Fig. 5). Therefore, 
this result strongly supports the hypothesis that exposure 
of electron beam resists is due to the nonadiabatic 
photochemical process; the optical near-field distribution 
was not cylindrically symmetrical due to the large incident 
angle of light, as shown in Fig. 5 (b). Figure 4 (b) shows 
cross-sectional profiles of the patterns developed across 
broken lines A and B in Fig. 4 (a). The pit width was 50 
nm, which is much smaller than the wavelength of the 
incident lights. The pit depth was 70 nm, deep enough to 
reach the Si substrate. The structure fabricated on the 
electron beam resist had a keen edge, providing a higher 

fabrication resolution, compared with fabricated structures 
using a photoresist (see Figs. 1 and 3). The great 
advantages of this keen edge are due to the properties of 
the electron beam resist, including a greater uniformity and 
smoother surface.  

IV. CONCLUSION 

Using nonadiabatic near-field photolithography, we 
succeeded in exposing UV photoresist using a visible light 
source, while the photoresist is inactive to visible light. 
Optical near-field features enable fabrication of 
nanometric two-dimensional arrays with complex shapes. 
Experimental results support the hypothesis that 
nonadiabatic photolithography is suitable for developing 
actual electronic and photonic devices. 

Finally, we succeeded in exposing the electron beam 
resist using nonadiabatic photolithography. Since the 
properties of the electron beam resist make it suitable for 
developing fine structures, we obtained nanometric 
structures: keen-edged nano-pits 50 nm wide and 70 nm 
deep. 
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Abstract: We propose a hierarchical optical memory system in which near-fields and far-fields 
read detailed dipole distributions and features within a region-of-interest, respectively. With 
hierarchical coding, near- and far-field accesses are associated with different hierarchical 
information.  
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1. Introduction 

Ultrahigh-capacity optical data storage is an important technology.  Various methods to increase the storage density 
have been pursued, such as shortening the operating wavelength [1]. With such methods, the storage density is still 
bound by the diffraction limit of light. One technique to overcome this limitation, which we make use of in our 
proposed system, is optical near-fields [2]. These high-density optical memories, however, need certain seeking or 
scanning mechanisms, which might be a problem, for instance, when searching terabyte- or petabyte-scale memories. 

In dealing with this problem, we first note that information has hierarchy in terms of its meaning or quality, such 
as “abstract” and “detailed” information, “low” and “high” resolution information, and so forth. Similarly, as 
discussed below, we can find physical hierarchy in the different modes of light propagation. For example, in a near-
field, a spatial distribution of the dipole moments is obtained, whereas in a far-field, the macroscopic features of the 
dipole moments are obtained. We associate these hierarchies in the system demonstrated in this paper, that is, a 
hierarchical optical memory system having both near- and far-field readout functions with a simple digital coding 
scheme. As schematically shown in Fig. 1, in the far-field mode, low-density, rough information is read-out, 
whereas in the near-field mode, high-density, detailed information is read-out.  

2. Logical model of hierarchical coding 

The two-layer hierarchical memory in this paper is explained using the notations far-code and near-code. The far-
code depends on the array of bits distributed within a certain area and is determined logically to be either ZERO or 
ONE. Each far-code is comprised of multiple smaller-scale elements, whose existence is determined by the near-
code. To obtain such information hierarchically, we introduce the following simple logical model.  

Consider an (N+1)-bit digital code, where N is an even number. Now, let the far-code be defined depending on 
the number of ONEs (or ZEROs) contained in the (N+1)-bit digital code:   
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Fig. 1 Hierarchical optical memory using near- and far-field accesses.
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The (N+1) digits provide a total of 2N+1 possible different permutations, or codes. Here, we note that half of them, 
namely 2N permutations, have less than N/2+1 ONEs among the (N+1) digits (i.e., far-code = 1), and the other half, 
also 2N permutations, have more than N/2+1 ZEROs (i.e., far-code = 0). In other words, 2N different codes could be 
assigned to two (N+1)-bit digital sequences so that their corresponding far-codes are ZERO and ONE, respectively. 
We call this (N+1)-bit code a near-code.  

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

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

Suppose, for example, that the far-code stores text data and the near-code stores 256-level (8-bit) image data. 
Consider a situation where the far-code should represent an ASCII code for “A”, whose binary sequence is 
“0100001”. Here, we assume that the gray levels of the first two pixels, which will be coded in the near-code, are 
the same value. (Here, they are at a level of “92”.) However, the first two far-codes are different (ZERO followed by 
ONE). Referring to the rule shown in Fig. 2(a), and noticing that the first far-code is ZERO and the near-code 
should represent “92”, the first near-code should be “001101010”. In the same way, the second near-code is 
“110001011”, so that it represents the level “92”, while its corresponding far-code is ONE.  

3. Physical model of the near- and far-codes 

The far-code is determined based on the rule given by eq. (1), which depends on the number of ONEs coded in the 
near-code. Here, we employ a simple physical model where the near-code is represented by an array of dipole 
moments. As schematically shown in Fig. 3(a), dipole moments are distributed in an xy plane, where an (N+1)-bit 
code is assigned in an equally spaced grid. The electrical field at position r in Fig. 3(a) is given by 
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where ω is the operating frequency, k is the wave number, and si,j represents the position of a dipole specified by 
indexes i and j [3]. The existence of the dipole at the position si,j is given by the near-code as  
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Suppose that the pitch of adjacent dipoles is given by b. Here, if we assume that b<<1<<r, then eq. (2) is simplified 

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

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

253    111001000 (456)  111111101(509)
254    111010000 (464)  111111110(510)
255    111100000 (480)  111111111(511)
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Fig. 2 Example of logical model for the near-code and far-code. Here, the original 8-bit information is coded 
differently in near-code depending on its corresponding far-code which is either ZERO or ONE.  
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which means that the electrical field intensity at position r is proportional to the number of ONEs given by the near-
code in that area.  

4. Experiment and Simulation 

For the experiment, an array of particles was made, in which 100-nm-diameter Au particles were distributed over a 
SiO2 substrate. Each group of 3 × 3 Au particles with 300-nm pitch represented a near-code, and adjacent near-
codes were located with 2-μm spacing. An SEM picture is shown in Fig. 3(b-1). These particles were fabricated by 
using electron-beam (EB) lithography using a Cr buffer layer (a liftoff technique), which allowed Au formation on 
the SiO2 substrate with features having a diameter down to 35 nm, as shown in Fig. 3(b-2). Although final 
experimental results are still pending, basic simulations were performed assuming ideal isotropic metal particles to 
see how the scattering light varies depending on the number of particles for the far-code using a Finite Difference 
Time Domain simulator (Fujitsu Inc. Poynting).  Fig. 3(c) shows calculated scattering cross sections as a function of 
the number of particles. The assignment of particle(s) in the grid is also shown. A linear correspondence to the 
number of particles was observed.  

5. Summary 

In summary, we propose a hierarchical optical memory system in which near-fields are used to read detailed dipole 
distributions, whereas far-fields are used to detect features within a region-of-interest. An experimental device and 
simulations were also shown. With hierarchical coding, near- and far-field accesses are associated with different 
hierarchical information, which should help overcome problems involved in searching huge memory spaces. 
General design of the logical model and applications will also be pursued as well as physical implementations.  
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Abstract: We propose and demonstrate a memory-based computation architecture combining data 
summation and broadcast mechanisms using optical near-field interactions between quantum dots, 
which will allow high-density integration beyond the diffraction-limit of light.  
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Optical technologies are expected to provide novel solutions to accommodate the continuously growing volume of 
data traffic in communication systems, for example, by further enhancing the overall system performance by 
performing certain functional behavior in the optical domain. In this regard, all-optical signal processing 
technologies have been intensively investigated, and the application of intrinsic optical characteristics, such as the 
high degree of parallelism, in computing systems has been studied since the 1970s [1, 2]. However, many 
technological difficulties remain to be overcome; one problem is the low level of hardware integration due to the 
diffraction limit of light, which is much larger than the gate width achievable in VLSI circuits.  This results in 
relatively bulky hardware configurations. Nanophotonics, on the other hand, is free from the diffraction limit since it 
is based on local interactions between nanometric particles, such as quantum dots (QDs), via optical near fields [3]. 
In this paper, using such local optical interactions, we propose a nanophotonic computing architecture based on 
table-lookup operations, as schematically shown in Fig. 1. The essential basic functions, data summation [4] and 
broadcast mechanisms, are implemented using near-field interactions, which enable ultra-high density and low 
power dissipation compared to electronic content addressable memory (CAM) chips or conventional optical 
implementations.  

First, we begin by relating the table lookup problem to an inner product operation. The inner product of two N-bit 
vectors ∑=

•=•
N

i ii ds
1

DS , where ),,( 1 Nss L=S  represents input data and ),,( 1 Ndd L=D  represents reference data, 

will provide a maximum value when the input perfectly matches the reference data by assuming an appropriate data 
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Fig. 1 Table-lookup operations and examples of their implementation. 
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representation [4]. Also, multiple inner products are equivalent to a matrix-vector multiplication, which can 
represent a wide range of parallel computations [2]. Furthermore, arbitrary combinational logic can be reformulated 
as a table lookup operation; the computation is equivalent to table lookup where all possible “input-answer” 
combinations are pre-recorded.  

In the inner product operation, the multiplication of two bits, namely
iii dsx •= , based on local optical near-field 

interactions can be achieved by a combination of three quantum dots [5, 6]. Two additional basic functionalities are 
important for this architecture. One is a data gathering, or summation, mechanism for similarity evaluation, denoted 
by Σxi, where all data bits should be taken into account (Fig. 2(a)) [4]. The other is a broadcast architecture where 
input data is uniformly distributed to multiple table entries (Fig. 2(b)). Optics is in fact well suited to such broadcast 
purposes, as in the form of imaging optics [1, 2] or optical waveguide couplers, thanks to its wave propagation 
nature. However, its integration density is physically limited by the diffraction limit of light, which leads to bulky 
system configurations. In nanophotonics, on the other hand, the near-field interaction happens only locally. In other 
words, “functionally global” behavior is required even though the principle of optical near-field interactions is 
inherently “physically local”. 

We utilize a uni-directional energy transfer via near-field interactions to implement such global behavior. For 
summation, by using a configuration where surrounding excitations are transferred towards a quantum dot QDC 
located at the center (Fig. 2(c)) based on a so-called nanophotonic fountain [7]. As a fundamental case, we assume 
two quantum dots QDA and QDB, as shown in Fig. 2(d). The ratio of the sizes of QDA and QDB is 2:1 . There is a 
resonant quantized energy sublevel between those two dots, which are coupled by an optical near-field interaction. 
Since the intra-sublevel relaxation via exciton-phonon coupling is fast, the population is quickly transferred to the 
lower (1,1,1)-level in QDB. Therefore, the exciton population in the (1,1,1)-level in QDA is transferred to the (2,1,1)-
level in QDB [5]. Similar energy transfers may take place among the resonant energy levels in the dots surrounding 
QDC so that energy flow can occur, which provides a global sum of the excitons. It should be noted that this 
interaction is forbidden for far-field light; this plays a critical role in the internal operation of nanophotonic devices. 
Here, we also note that the input energy level for the QDs, that is, the (1,1,1)-level, can also couple to the far-field 

excitation (Fig. 2(e)). We utilized this fact for data broadcasting, which is explained as follows. Suppose that arrays 
of nanophotonic circuit blocks are distributed within an area whose size is comparable to the wavelength, as shown 
in Fig. 2(f). Here, for broadcasting, multiple input QDs simultaneously accept identical input data carried by a 
diffraction-limited beam of focused far-field light by tuning the optical frequency so that the light is coupled to 
dipole-allowed energy sublevels. One of the design restrictions is that energy sublevels for input channels do not 
overlap with those for outputs. Also, if there are QDs internally used for near-field coupling, dipole-allowed energy 
sublevels for those QDs cannot be used for input channels since the inputs are provided by far-field light, which may 
lead to misbehavior of internal near-field interactions if resonant levels exist.  
A proof-of-principle experiment was performed to verify the nanoscale summation and broadcast mechanisms 

using CuCl quantum dots in an NaCl matrix, which has also been employed for demonstrating nanophotonic 
switches [5]. We selected a quantum dot arrangement where small QDs (QD1 to QD3) surrounded a “large” QD 
(QDC), as schematically shown in Fig. 2(c). Here, we irradiated three light beams with different wavelengths, 325 
nm, 376 nm, and 381.3 nm; these beams respectively excite the quantum dots QD1 to QD3 having diameters of 1 nm, 
3.1 nm, and 4.1 nm, respectively. The excited excitons are transferred nonradiatively to QDC, which then relaxes and 
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Fig. 2 Data summation and broadcast mechanism for the memory-based architecture. 
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radiates light, which is observed by a near-field fiber probe. Notice the output signal intensity at a photon energy 
level of 3.225 eV in Fig. 3(a), which corresponds to a wavelength of 384 nm, or a QDC size of 5.9 nm. The intensity 
varies approximately as 1:2:3 depending on the number of excited QDs in the vicinity. The spatial intensity 
distribution was measured by scanning the fiber probe, as shown in Fig. 3(b), where the energy is converged at the 
center. Hence, this architecture works as a summation mechanism based on exciton energy transfer via optical near-
field interactions. Such a quantum-dot-based data gathering mechanism is also extremely energy-efficient compared 
to other optical methods such as focusing lenses or optical couplers. For example, the transmittance between two 
materials with refractive indexes n1 and n2 is given by 4n1n2/(n1+n2)2; this gives a 4% loss if n1 and n2 are 1 and 1.5, 
respectively. The transmittance of an N-channel guided wave coupler from the input to the output is 1/N if the 
coupling loss at each coupler is 3 dB. In nanophotonic summation, the loss is attributed to the dissipation between 
energy sublevels, which is significantly smaller. Incidentally, it is energy- and space-efficient compared to electrical 
CAM VLSI chips.  
To verify the broadcasting method using multiple 3-dot nanophotonic switches (2-input AND gates), we irradiated 

two input light beams (IN1 and IN2) via far-field light. When both inputs exist, an output signal is obtained through 
optical near-field interactions from the positions where the switches exist, as described above. In the experiment, 
IN1 and IN2 were assigned to 325 nm and 384.7 nm, respectively: They were irradiated over the entire sample 
(global irradiation). The spatial intensity distribution of the output, at 382.6 nm, was measured by scanning a near-
field fiber probe within an area of 1 µm × 1 µm, as shown in Fig. 3. In Fig. 3(c), only IN1 was applied to the sample, 
whereas in Fig. 3(d) both inputs, IN1 and IN2, were applied. Here, note the regions marked by , , and . In 
those regions, the output signal levels were respectively low and high in Fig. 3(c) and (d), which indicates that 
multiple AND gates were integrated at densities beyond the diffraction limit of light while input data was globally 
irradiated, that is to say, using broadcast interconnects, by far-field light.  
In summary, an architecture for nanophotonic computing is proposed based on table lookup using near-field 

interactions between quantum dots (QDs). Its basic functions, data summation and broadcast mechanisms, are 
discussed and their proof-of-principle experiments are demonstrated using CuCl QDs. Owing to its ultrahigh spatial 
density and low power dissipation, a massive array of such functional components will be useful in applications 
such as massive table lookup operations in networking and information processing systems.  
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Fig. 3 (a, b) Nanophotonic summation. (c, d) Broadcast example. Spatial intensity distribution of 
the output (382.6 nm) of AND gates. (c) Output level: low (1 AND 0 = 0), and (d) output level: 
high (1 AND 1 = 1). 
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Abstract: We demonstrate, for the first time, operation of a nanometric (20 nm) optical NOT-gate 
using quantum dots coupled by an optical near-field interaction.  We propose that the complete set 
of logic gates can be realized. 
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An optical near-field enables the miniaturization of photonic devices beyond the diffraction limit of light [1].  
Recently, we observed an optically forbidden energy transfer between neighboring cubic CuCl QDs via an optical 
near-field [2], and demonstrated nanometric optical switching (i.e., a nanophotonic AND-gate) by controlling this 
energy transfer [3]. 

Fig.1. Schematic explanation of the operation of a nanophotonic NOT-gate using cubic quantum dots.  QD-A acts as the 
input terminal. QD-B acts as the output and power supply terminals. 

 Here, we propose that a NOT-gate can also be realized based on the energy transfer between QDs via the 
optical near-field interaction.  Figure 1 shows a schematic explanation of the proposed nanophotonic NOT-gate.  
Assuming two cubic QDs with side lengths 2L  (QD-A), and L α+  (QD-B), respectively, the quantized energy 
levels (2,1,1) in QD-A and (1,1,1) in QD-B are not resonant with each other, but are nearly resonant.  Here, α is the 
extra size required to detune their energy levels, and (nx, ny, nz) refers to the quantum numbers for the sublevels in 
the cubic QDs.  QD-A is used as the input terminal of the gate.  Optical power is supplied to QD-B, which acts as 
the output terminal.  Without the input signal, the energy from the optical power supply is emitted from QD-B 
directly, by which output is generated  (Fig. 1(a) In=0 & Out=1).  Conversely, by applying the input signal, the 
energy level (2,1,1) in QD-A shifts owing to the band renormalization or DC-Shark effect, by which it becomes 
resonant to (1,1,1) in QD-B.  Therefore, the energy from the optical power supply in QD-B is transferred to QD-A 
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by an optical near-field interaction [1], which suppresses output signal generation (Fig. 1(b) In=1 & Out=0).  As a 
result, an output signal whose temporal behavior is inverted from that of the input signal is obtained.  These 
operations correspond to a NOT-gate. 

 We used CuCl QDs embedded in a NaCl matrix to verify NOT-gate operation, as CuCl QDs offer discrete 
energy levels similar to the exciton described in Fig. 1 [4].  Figure 2(a) shows the spatial distribution of the optical 
near-field output signal intensity without an input signal, i.e., with only the optical power supply (λ=379 nm cw-
laser).  Figure 2(b) shows the distribution with an input signal pulse (λ=385 nm mode-locked laser).  These images 
were acquired using near-field optical spectrometry in the area of the sample.  The insets in Fig. 2 are schematic 
drawings of the existing QD pair for NOT-gate operation, which were confirmed from the luminescence spectra.  
The sizes of the two QDs, estimated from the wavelengths of their luminescence, were 5.0 and 6.3 nm, which satisfy 
the NOT-gate operation condition, as shown in Fig. 1.  We measured the NOT-gated signal at the center of the 
circles in Fig. 2, from which the size of this device was estimated to be 20 nm. 

 Fig.2. Spatial distribution of the output signal from a nanophotonic NOT-gate measured using a near-field microscope at 
Input=0 (a) and Input =1 (b). 

The dynamic behavior of the NOT-gate was evaluated using the time correlation single photon counting method.  
For the input signal pulse, the 385-nm second harmonic generation (SHG) of a mode-locked Ti-sapphire laser was 
used.  The repetition rate and pulse duration of the laser were 80 MHz and 2 ps, respectively.  The time resolution of 
the experiment was 15 ps.  Figure 3 shows the temporal evolution of the output signal.  The horizontal broken line 
shows the output signal level without an input signal pulse. The output signal rises synchronously within a time 
period shorter than the time resolution (the high, short pulses synchronous with the input signal pulses are owing to 
leakage of the pump pulse to the detection instruments, and are artifacts), and it decreases to a level lower than the 
level indicated by the broken line.  The fall time of the output signal is about 100 ps, which corresponds to the 
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energy transfer time between QDs.  This output signal recovers to the level of the broken line within 10 ns, which is 
close to the exciton lifetime in CuCl QDs.  This means that this NOT-gate can operate at a 100-MHz repetition 
frequency. 

Fig.3. Temporal evolution of the output (upper) and input pulse (lower) signals from the nanophotonic NOT gate circled in 
Fig. 2. 

Additional functional nanophotonic logic gates (e.g., NAND-, NOR-, and OR-gates) can be realized by 
combining this NOT-gate with the nanophotonic AND-gate [3], allowing realization of the complete set of 
nanophotonic logic devices.  Using these nanophotonic logic gates, novel data processing systems, such as a photon 
computer, may be developed in the future. 
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Abstract: Ultrahigh-density data-broadcasting optical interconnects are proposed and 
experimentally demonstrated using optical near-field interactions between quantum dots, which 
are forbidden for far-field light, allowing sub-wavelength device functions and far-field excitation 
for global interconnects.  
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Optical interconnects have been thoroughly investigated to overcome the limitation of their electrical counterparts 
[1, 2]. Nanophotonics requires yet another type of interconnect since it is based on local electromagnetic interactions 
between a few nanometer-size particles, such as quantum dots (QDs), via optical near fields, which in turn allows 
device integration at densities beyond the diffraction limit [3]. As interconnects for such high-density devices, near- 
and far-field converters based on, for example, plasmon waveguides have been studied [4, 5]. In this paper, we 
propose another interconnection method based on both far- and near-field interactions for data broadcasting; the 
method is schematically shown in Fig. 1 (a) and (b). Broadcast interconnects is an important subset for applications 
such as matrix vector multiplication [6], broadcast-and-select architectures [7], and so forth.  

In nanophotonics, uni-directional energy transfer is possible between neighboring QDs via optical near-field 
interactions, as schematically shown in Fig. 1(c); such energy transfer is forbidden for far-field light [3, 8, 9]. This 
unique feature enables nonlinear functions such as optical switching [10] and data summation [11], as well as 
extremely high integration density. From the view point of interconnects, however, it invokes a stringent 
requirement for individual addressability since the devices are arrayed on the sub-wavelength scale. However, data 
broadcasting allows another interconnection scheme. Suppose that arrays of nanophotonic circuit blocks, such as the 

BROADCAST
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Fig. 1 (a) Broadcast-type interconnects and (b) their nanophotonics implementation.  (c) Near-field interaction 
between quantum dots for internal functions. (d) Far-field excitation for identical data input (broadcast) to 
nanophotonic devices within a diffraction-limit-sized area.  
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nanophotonic switches described later, are distributed within an area whose size is comparable to the wavelength, as 
shown in Fig. 1(d). Here, for broadcasting, multiple nanophotonic input QDs simultaneously accept identical input 
data carried by diffraction-limited far-field light by tuning the optical frequency so that the light is coupled to 
dipole-allowed energy sublevels, as describe below. In a frequency multiplexing sense, this interconnection method 
is similar to multi-wavelength chip-scale interconnects [12]. However, known methods require a physical space 
comparable to the number of diffraction-limited input channels due to wavelength demultiplexing, whereas in our 
proposed scheme, the device arrays are integrated on the sub-wavelength scale, and multiple frequencies are 
multiplexed in the far-field light supplied to the device. 

Here we explain the near- and far-field coupling mentioned above based on a model assuming CuCl QDs, which 
are later employed in experiments; these QDs are also used to demonstrate the principles of nanophotonic switching 
[6] and summation [7]. The potential barrier of CuCl QDs in a NaCl crystal can be regarded as infinitely high, and 
the energy eigenvalues for the quantized Z3 exciton energy level (nx,ny,nz) in a CuCl QD with side of length L are 
given by  
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where EB is the bulk energy of the Z3 exciton, M is the translational mass of the exciton, aB is its Bohr radius, nx, ny, 
and nz are quantum numbers (nx, ny, nz=1,2,3,…), and a=L-aB corresponds to an effective side length found after 
considering the dead layer correction. The exciton energy levels with even quantum numbers are dipole-forbidden 
states [13]. The optical near-field interaction, however, is allowed for such energy levels. According to (1) there 
exists a resonance between the quantized exciton energy sublevel of quantum number (1,1,1) for the QD with 
effective side length a and that of quantum number (2,1,1) for the QD with effective side length a2 . (For simplicity, 
we refer to the QDs with effective side lengths a and a2  as "QD a" and "QD a2 ", respectively.) Therefore, energy 
transfer between QD a and QD a2  occurs, which is forbidden for far-field light; this plays a critical role in the 
internal operation of nanophotonic devices. 
Here, we notice that the input energy level for the QDs, that is, the (1,1,1)-level, can also couple to the far-field 

excitation. We utilized this fact for data broadcasting. One of the design restrictions is that energy-sublevels for 
input channels do not overlap with those for outputs. Also, if there are QDs internally used for near-field coupling, 
dipole-allowed energy sublevels for those QDs cannot be used for input channels since the inputs are provided by 
far-field light, which may lead to misbehavior of internal near-field interactions if resonant levels exist. Therefore, 
frequency partitioning among the input, internal, and output channels is important; this is schematically shown in 
Fig. 2(a).   
Fig. 2(b) shows a diagram for illustrating frequency partitioning, where the horizontal axis shows QD size and the 

vertical axis shows energy sublevels. The 3-digit sets in the diagram are the principle quantum numbers of the QDs. 
As an example, we used a nanophotonic switch (2-input AND gate) composed of three QDs with a size ratio of 

2:2:1 . The details of the switching principle are shown in reference [10]. The two input channels are assigned to 
QD a and QD 2a, and the output appears from QD a2 . Here, multiple input dots QD a and QD 2a can accept 
identical input data via far-field light for broadcasting purposes. Also, adding more optical switches means adding 
different size dots so that the corresponding far-field resonant frequencies do not overlap with the other channels. 
For instance by multiplying the scale of the QDs by a natural number, such as a22 , a4 , and a24 , the number of 
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Fig. 2 (a) Frequency partitioning for external and internal nanophotonic operations. (b) Frequency-diagram for 
multiple implementations of 3-dot nanophotonic switches. 

CWF6



channels increases. More dense integration is also possible by appropriately configuring the size of the QDs.  As an 
example, consider a QD whose size is a3/4 . The (1,1,1)-level in this QD a3/4  can couple to the far-field 
excitation. It should be noted that this particular energy level is equal to the (2,2,1)-level in QD 2a, which is an 
already-used input channel; however, the far-field excitation cannot couple to QD 2a since the (2,2,1)-level in QD 
2a is a dipole-forbidden energy sub-level. Therefore, a QD trio composed of a3/4 , a3/8 , and a3/16  can make 
up another optical switch, while not interfering with other channels even though all of the input light is irradiated in 
the same area whose size is determined by the diffraction limit of light. The size of these QDs should be 
approximately an integer multiple of half the lattice constant. 
To verify the broadcasting method, we performed the following experiments using CuCl QDs which were 

inhomogeneously distributed in a NaCl matrix at a temperature of 22 K. To operate a 3-dot nanophotonic switch (2-
input AND gate) in the device, we irradiated at most two input light beams (IN1 and IN2) via far-field light. When 
both inputs exist, an output signal is obtained through optical near-field interactions from the positions where the 
switches exist, as described above. In the experiment, IN1 and IN2 were assigned to 325 nm and 384.7 nm, 
respectively: They were irradiated over the entire sample (global irradiation). The spatial intensity distribution of the 
output, at 382.6 nm, was measured by scanning a near-field fiber probe within an area of 1 µm × 1 µm, as shown in 
Fig. 3. In Fig. 3(a), only IN1 was applied to the sample, whereas in Fig. 3(b) both inputs were irradiated. Here, note 
the regions marked by , , and . In those regions, the output signal levels were respectively low and high in Fig. 
3(a) and (b), which indicates that multiple AND gates were integrated at densities beyond the diffraction limit of 
light while input data was globally irradiated, that is to say, using broadcast interconnects, by far-field light.  

In summary, broadcast interconnects for nanophotonic devices are proposed and experimentally demonstrated 
using far- and near-field interactions. Combining this broadcasting mechanism with switching [10] and summation 
[11] will allow the development of nano-scale integration of optical parallel processing devices, which have 
conventionally resulted in bulky systems. 
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Fig. 3 Experimental results. Spatial intensity distribution of the output (382.6nm) of AND gates. 
(a) Output level: low ( 1 AND 0 = 0), and (b) output level: high (1 AND 1 = 1) 
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Abstract: Using low-temperature near-field spectroscopy of ZnO nanorod single-quantum-well 
structures, the dependence of the quantum confinement effect of the photoluminescence peak on 
the well width was observed and the homogeneous linewidth was determined as 3 meV. 
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Future optical transmission systems will require nanophotonic integrated circuits [1] composed of nanometer-scale 
dots to increase data transmission rates and capacity. ZnO nanocrystallite is a promising material for realizing room-
temperature nanophotonic devices, owing to its large exciton binding energy [2]. Furthermore, the recent 
demonstration of a semiconductor nanorod quantum-well structure enabled us to fabricate nanometer-scale 
electronic and photonic devices on single nanorods [3-5]. Recently, ZnO/ZnMgO nanorod multiple-quantum-well 
structures (MQWs) were fabricated and the quantum confinement effect was observed successfully [6]. Further 
improvement in the fabrication of nanorod heterostructures has resulted in the observation of significant PL intensity, 
even from ZnO/ZnMgO nanorod single-quantum-well structures (SQWs) [7]. To confirm the promising optical 
properties of individual ZnO SQWs for realizing nanophotonic devices, we measured the photoluminescence (PL) 
spectra from isolated ZnO SQWs for the first time using a low-temperature near-field optical microscope (NOM). 

 

PL

ZnO stem
1µm

ZnMgO
60nm

ZnMgO
18nm

ZnO SQW

He-Cd laser  
 

Fig. 1 Schematic of near-field spectroscopy of isolated ZnO SQWs on the ends of ZnO nanorod. 
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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 [8]. The average concentration of Mg in the ZnMgO layers used in 
this study was determined to be 20 at. %. The ZnO well layer thickness, Lw, 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. After growing ZnO nanorod SQWs on sapphire (0001) substrate, they were dispersed on the 
substrate to be isolated. To confirm the promising optical properties of individual ZnO SQWs, we used collection-
mode NOM at 15K, using a He-Cd laser (λ=325 nm) for the excitation, and a UV fiber probe with an aperture 
diameter of 30 nm [Fig. 1]. 

In the near-field spectra, the emission peaks around 3.365 and 3.352 eV originate from the neutral-donor bound 
exciton (DOX) in the ZnO stem, and the free exciton in the ZnMgO layers, respectively, which correspond to the 
peaks in the far-field spectra [dashed curves in Fig. 2(a)]. At the well layer, however, the emission from DOX was 
suppressed, while blue-shifted PL emission peaks emerged at 3.499 (Lw = 2.5 nm), 3.444 (Lw = 3.75 nm), and 3.410 
eV (Lw = 5.0 nm). The amount of the blue shift was consistent with the theoretical prediction using the finite square-
well potential of the quantum confinement effect in the ZnO well layer. The spatial distribution of the optical near-
field intensity for ZnO SQWs of Lw = 3.75 nm [Figs. 2(b) and 2(c)] supported the postulate that the blue-shifted 
emission peaks were confined to the end of the ZnO stem. Furthermore, the spectral widths (3 meV) of the ZnO 
SQWs for Lw = 2.5 nm and Lw = 3.75 nm were much narrower than those of the far-field spectra (40 meV). 
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Fig. 2. (a) Size-dependent PL spectra of isolated ZnO nanorod SQWs with LW = 2.5 nm (FFa, NFa), 3.75 nm 
(FFb, NFb), and 5.0 nm (FFc, NFc), obtained at 15 K. FF: far-field spectrum of vertically aligned ZnO nanorod 
SQWs. NF: near-field PL spectrum of the isolated ZnO SQWs obtained at the well layer. The near-field 
intensity distributions of the isolated ZnO SQWs (Lw = 3.75 nm) obtained at (b) 3.365 and (c) 3.444 eV, 
respectively. 
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Fig. 3. (a) Low-temperature (15 K) near-field PL spectrum of the isolated ZnO SQWs (LW=3.75 nm) at excitation 
densities ranging from 0.6 to 4.8 W/cm2. Power dependence of the (b) integrated PL intensity (IPL) and (c) 
linewidth (∆). 
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To estimate the linewidth of the isolated ZnO SQWs, we observed power-dependent PL spectra of Lw = 3.75 
nm [Fig. 3(a)] at excitation densities ranging from 0.6 to 4.8 W/cm2. The shape of each spectrum was reproduced by 
the Lorentzian function indicated by the solid line. As shown in Figs. 3(b) and 3(c), the integrated PL intensity (IPL) 
increased linearly, while the homogeneous width (∆) remained constant around 3 meV. These results indicate that 
the emission line at 3.444 eV was the emission from a single-exciton state in ZnO SQWs, and that the linewidth of 
the PL spectra is governed by the homogeneous broadening that is the result of the internal electric field effect in 
ZnO [9] or a large stem width (40 nm). 

The results shown here provide criteria for designing nanophotonic devices, such as the switching devices 
confirmed by the authors in CuCl quantum cubes by controlling the dipole forbidden optical energy transfer among 
resonant energy states in quantum dots [10]. 
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Abstract: Colloidal gold nanoparticles were aligned with the desired position and separation on 
the edge of a Si wedge by controlling the particle-substrate and particle-particle interactions using 
an optical near field. 
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For future optical transmission and signal-processing systems with high data-transmission rates and capacity, we 
have proposed nanometer-sized photonic integrated circuits (i.e., nanophotonics ICs) [1]. As a representative device, 
the operation of a nanophotonic switch was demonstrated by controlling the dipole forbidden optical energy transfer 
among resonant energy states in CuCl quantum cubes via an optical near field [2]. Coupling these nanophotonic ICs 
with external conventional diffraction-limited photonic devices requires a nanometer-sized optical waveguide for 
far-/near-field conversion. To realize this, it has been suggested that electromagnetic energy can be guided along a 
nano-dot coupler, which is an array of closely spaced metallic nanoparticles [3]. Energy transfer in the nano-dot 
coupler relies on dipole-dipole coupling between neighboring nanoparticles. To realize a nano-dot coupler 
consisting of 50-nm gold nanoparticles with 50-nm separation, the dispersion of their separation has to be as small 
as 10 nm to maintain an efficiency higher than 50% that of the perfectly ordered array [3]. 

Promising components for integrating these nanometer-sized photonic devices include chemically synthesized 
nanocrystals, because they have uniform size, controlled shape, a defined chemical composition, and tunable surface 
chemical functionality. However, position- and size-controlled deposition methods have not yet been developed. As 
several methods have been developed to prepare nanometer-sized templates reproducibly, it is expected that the self-
assembly of colloidal nanostructures into a lithographically patterned substrate will enable precise control at all 
scales. Capillary forces play an important role, because colloidal nanostructures are synthesized in solution. 
Recently, the successful integration of polymer and silica spheres [4] into templates by controlling the capillary 
force using appropriate template structures has been reported, although their size and separation are typically 
uniform. 

To control position and separation very accurately, preliminary deposition was performed on a patterned Si 
substrate, in which an array of 10-µm holes in 100-nm-thick SiO2 was fabricated using photolithography [Fig. 1(a)]. 
Subsequently, s suspension of latex beads was dropped onto the Si substrate while it was spun at 3,000 revolutions 
per minute. As shown in Fig. 1(b), the suspension flow split into two branches at the SiO2 rim of a hole. Scanning 
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Fig. 1 (a) Schematic of a lithographically patterned Si substrate. (b) SEM image of latex beads 
dispersed on a lithographically patterned Si substrate rotated at 3,000 rpm. Higher-magnification 
SEM images of white squares A (c) and B (d) in (b). (e) Schematic of the particle-assembly 
process driven by the capillary force and suspension flow. 

CThL1



electron microscope (SEM) images [Figs. 1(c) and (d)] show a chain of colloidal beads aligned at the Si/SiO2 
interface. Note that the number of rows of latex beads decreased as the flow advanced [Figs. 1(c) and 1(d)] and only 
the smallest beads, which were 20 nm in diameter, reached the front of the suspension flow [Fig. 1(d)]. Assuming 
the same particle-suspension contact angle [denoted ψ in Fig. 1(e)] for various particle diameters, the flow speed of 
the larger latex beads had greater deceleration, as the magnitude of the force pushing the particles on the SiO2 
[denoted F in Fig. 1(e)] owing to evaporation of the solvent is proportional to the particle diameter [4]. In other 
wards, size selection was realized. 

Based on the results of preliminary deposition, we tried assembling metallic nanoparticles, which can be used 
to construct nano-dot couplers [3]. In this trial, we investigated the assembly of colloidal gold nanoparticles with a 
mean diameter of 20 nm dispersed in citrate solution at 0.001%. The nanoparticles were prepared by the citric acid 
reduction of gold ions and terminated by a carboxyl group with a negative charge. Therefore, aggregation could not 
use the same deposition process as used for the latex beads. To control separation and positioning, we examined the 
aggregation of colloidal gold nanoparticles under illumination, because the colloidal gold nanoparticles have strong 
optical absorption. Strong absorption should desorb the carboxyl group from the colloidal gold nanoparticles and 
result in their aggregation. As frontal illumination through the suspension pushes the aggregated nanoparticles 
outside the beam spot [Fig. 2(a)], the suspension was illuminated through a glass substrate [Fig. 2(b)] to realize 
selective aggregation of the gold nanoparticles at the desired position. 

Next, we used a Si wedge as the substrate [Fig. 2(c)], because this is a suitable structure for a far-/near-field 
conversion device [5]. Colloidal gold nanoparticles were deposited around the edge of the wedge after evaporating 
the suspension without illumination [Figs. 3(a) and 3(b)] because the suspension at the edge of the wedge is thinner 
than that on the Si(111) slant owing to its low capillarity, which causes the convective transport of particles toward 
the edge [6]. Further selective alignment along the edge of the Si wedge was realized by illumination through the 
substrate. Figures 3(c) and 3(d) show the colloidal gold nanoparticles deposited with illumination with 690-nm light 
(25 mW/mm2) for 60 seconds. Since the optical near-field energy is enhanced at the edge owing to the high 
refractive index of Si [see Fig. 2(b)], selective aggregation along the edge with higher density is seen in these figures. 
This is the result of the desorption of the carboxyl group by the absorption of light by the colloidal gold 
nanoparticles. 

Note that the colloidal gold nanoparticles were closely aggregated and aligned linearly to form an array when 
the polarization was perpendicular to the edge axis [Fig. 3(c)], while they were aligned with a separation of several 
tens of nanometers with parallel polarization [Fig. 3(d)]. Since the optical near-field energy is higher with parallel 
polarization than with perpendicular polarization, greater aggregation was expected with parallel polarization. 
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Fig. 2 (a) Aggregated colloidal gold nanoparticles with frontal illumination with 690-nm 
light (25 mW/mm2) for 60 seconds. (b) Schematic of the experimental setup. (c) SEM image 
of the fabricated Si wedge structure. 
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Unexpectedly, the parallel polarization resulted in weaker aggregation. We believe that this incongruity originated 
from differences in the charge distribution induced inside the gold nanoparticles. Based on the polarization-
dependence of the aggregation, it is reasonable to consider the aggregation along the edge with perpendicular 
polarization as owing to partially adsorbed carboxyl groups [Fig. 3(e)], while the disaggregation with the parallel 
polarization resulted from the repulsive force induced by the carboxyl groups partially attached to the colloidal gold 
nanoparticles [Fig. 3(f)]. 

 
The experimental results and suggested mechanisms described here show the potential advantages of this technique 
for improving the regulation of the separation and positioning of nanoparticles, and possible application to realize a 
nano-dot coupler for far-/near-field conversion. 
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Fig. 3 (a) Overview of the Si wedge structure. (b) SEM image of colloidal gold nanoparticles 
deposited on the edge of the Si wedge structure without illumination. SEM images of colloidal 
gold nanoparticles on the Si wedge structure under illumination with polarization perpendicular 
(c) and parallel (d) to the edge. White arrows indicate gold nanoparticles aligned along the edge. 
Schematic diagrams of colloidal gold nanoparticles aggregated along the edge of the Si wedge 
with polarization perpendicular (e) and parallel (f) to the edge. 
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Anti-parallel coupling of Quantum Dots  
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We report the direct observation of optically forbidden energy transfer between 
cubic CuCl quantum dots via an optical near-field interaction using time-resolved 
near-field photo-luminescence (PL) spectroscopy.   

Figures 1 shows the spatial distribution of the 
luminescence intensity from the 4.6-nm QC at 15 K with 
the 325-nm CW probe light and the 385-nm 10-ps pump 
pulse.  The excitation intensity of pump and probe laser 
was 1 W/cm2 and 100nJ/cm2·pulse.  The photon energy 
of the pump pulse tuned to the (1,1,1) exciton energy level 
in the 6.3-nm QC.  The inset shows the energy transfer 
between the QCs [1] when the pump pulse excites the 
6.3-nm QC.  In this case, because the exciton energy in 
the 4.6-nm QC cannot be transferred to the (1,1,1) exciton 
energy level in the 6.3-nm QC due to the state filling 
effect, the exciton energy flows back and forth between 
the (1,1,1) exciton energy level in the 4.6-nm QC and (2,1,1) exciton energy level in the 
6.3-nm QC, and some excitons recombine in the 4.6-nm QC.  Therefore, the PL signal 
from the 4.6-nm QC was detected as a hot region in Fig. 1.  We measured the temporal 
evolution of this PL signal.  The energy transfer time between QCs is observed as the 
signal rise time.  As a result of the experiments for the several QC pairs, we found the 
decay time (i.e., the exciton lifetime) of the PL 
signal depend on the signal rise time, as shown in 
Fig.2.  The exciton lifetime increased as the 
energy transfer time fell, which strongly supports 
the notion that near-field coupling has anti-parallel 
dipole features.  Namely, a quantum-dots pair 
coupled by an optical near field has a long exciton 
lifetime and optically forbidden features due to its 
anti-parallel electric dipole pair.   

These features are of interest physically and are applicable to photonic devices, 
such as optical nanometric sources, long phosphorescence devices, and optical battery 
cells. 
[1] T. Kawazoe, K. Kobayashi, J. Lim, Y. Narita, and M. Ohtsu, Phys. Rev. Lett. 88, 
pp.067404 (2002). 
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Nanophotonics: Optical near field phenomena and applications to devices, 
fabrication, and systems 

  
Motoichi OHTSU  
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 As an introduction to the symposium, this talk presents the definition, true nature, and technical 
progress of nanophotonics1-4). Nanophotonics, proposed by M. Ohtsu in 1993, is defined as a 
novel technology that utilizes local electromagnetic interactions between a few nanometer-sized 
elements and optical near fields. Since optical near fields are free from the diffraction limit of 
light due to its size-dependent localization and size-dependent resonance features, nanophotonics 
enables fabrication, operation, and integration of nanometric devices (Fig.1). 

Fig. 1 Concepts of nanophotonics. 
 
 It should be noted that nanophotonics is not only to realize nanometer-sized optical technology 
(quantitative innovation). True nature of nanophotonics is to realize “novel functions and 
phenomena, which are not possible as long as propagating lights are used (quantitative 
innovation)”. These novel functions and phenomena are possible by noting that the nanometric 
system (composed of nanometer-sized elements and optical near fields) is buried in a 
macroscopic heat bath. Energy non-conservation can be observed in the nanometric system due 
to energy exchange between the two systems. Higher order effects, e.g., magnetic dipole or 
electric quardrupole transitions are not neglected due to localized nature of optical near fields. 
Further, nonadiabatic processes, deviating from the Franck-Condon’s principle, are also possible.  
 Recent technical progress of devices, fabrications, and systems to be presented are; (1) two 

mailto:ohtsu@ee.t.u-tokyo.ac.jp


types of nanophotonic devices, i.e., phonon-coupled devices (optical switch, AND gate, NOT 
gate, content addressable memory, D/A converter, etc.) and propagating light-coupled devices 
(buffer memory, super-radiant optical pulse generator, etc.), (2) interface devices connecting 
macroscopic and nanophotonic devices, i.e., metallic nano-dot array, (3) nanophotonic 
fabrication, i.e., size- and position-controlled photochemical vapor deposition including 
nonadiabatic process, desorption and self-organization based on sized-dependent resonance, 
application of nonadiabatic process to photo-lithography, and (4) nanophotonic systems, i.e., 
optical routers in fiber communication, optical memory, optical data processing, etc. 
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Abstract A nano-scale data summation architecture is proposed and experimentally demonstrated using exciton 
energy transfer between quantum dots based on local electromagnetic interaction via optical near-fields. It will 
enable high-density, low-power content addressable memory architecture.  

 
 Introduction 

To benefit from the transparency of optical 
communication, considerable efforts are being made, 
for example, in all-optical packet switching [1]. Optical 
implementation of table lookup has also been studied 
using, for instance, optical waveguides [2]. One 
serious problem with these approaches, however, is 
the level of integration achievable, which is essentially 
constrained by the diffraction limit of light.  

Nanophotonics, on the other hand, is not restricted 
by the diffraction limit since it is based on local 
electromagnetic interactions between a few 
nanometric elements individually excited by optical 
near fields [3]. Here we propose and experimentally 
demonstrate a data summation mechanism based on 
nanophotonics, which, for instance, forms the basis 
for table lookup or content addressable memory 
(CAM) [4], as schematically shown in Fig. 1(a).  
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Fig. 1 (a) Table lookup or content addressable 
memory (CAM) for optical switching. (b) Inner product 
operation as a data matching application. (c) 
Summation mechanism in quantum dots. (d) Inter-dot 
interaction via an optical near field. 

Nanometric content addressable memory 
We can relate the CAM architecture to an inner 

product operation. We assume an N-bit input signal 
S=(s1,...,sN) and reference data D=(d1,...,dN). Here the 
inner product S·D=Σsi·di will provide a maximum 
value when the input perfectly matches the reference 
data. The multiplication of two bits, namely xi=si·di, 
has already been demonstrated by a combination of 
three quantum dots (QDs) [5]. Therefore, the key 
operation remaining in order to achieve an optical 
CAM is the summation, Σxi, where all data bits xi 
(i=1,...,N) should be taken into account; this is 
schematically shown in Fig. 1(b). The existing ways of 
realizing such a data gathering scheme include 
focusing lenses, optical waveguide couplers, and so 
forth; however, such methods impose yet another 
barrier to integration and miniaturization. In 
nanophotonics, on the other hand, optical energy is 
attracted to a certain quantum dot by optical near-field 
couplings between quantum dots, as described later. 
The exclusiveness of the matching operations should 
be noted. The inner product S·D is, in fact, not 
enough to determine the correct matching of input S 
and reference D; the inner product of the inverted 
input signal and reference data is also required. 
Inversion is, however, a difficult function to implement 
optically. One possible option is to properly design the 
modulation format [6], for instance by representing a 
logical level by two digits, such as by Logic 1=“10” 
and Logic 0=“01”. Then, an N-bit logical input is 
physically represented by 2N bits, which makes the 
inner product equivalent to the matching operation. 
For the purpose of implementing longest prefix 
matching, which is important for packet data transfer 
[7], a “don't care” status is also required and it can be 
coded by “11” in this scheme.  

 
Nanometric summation mechanism 

The nanometric summation architecture is based 
on inter-dot interaction via an optical near field, as 
schematically shown in Fig. 1(c) where excitations are 
transferred towards a certain quantum dot (at the 
centre). As a fundamental case, we assume two 
quantum dots QDA and QDB, as shown in Fig. 1(d). 



The ratio of the sizes of QDA and QDB is 2:1 . 
Between those two dots, there are resonant energy 
levels that are coupled by an optical near-field 
interaction [5,8,9]. Therefore, the exciton population is 
transferred to QDB [8,9]. It should be noted that this 
interaction is forbidden for far-field light. Since the 
sublevel relaxation via exciton-phonon coupling is fast, 
the population is quickly transferred to the lower level 
in QDB, which constitutes a uni-directional signal flow. 
Similar energy transfers may take place in the dots 
surrounding QDB among the resonant energy-levels 
so that energy flow can occur. One could worry that if 
the lower energy level of QDB is occupied, another 
exciton cannot be transferred due to the Pauli 
exclusion principle. Here, thanks again to the nature 
of the optical near-field interaction, the exciton 
population goes back and forth between QDA and 
QDB, which is called nutation [9,10]. Therefore, we 
can effectively regard this state as the exciton 
remaining waiting until QDB becomes empty.  

Numerical calculations were performed based on 
quantum master equations in a density matrix 
formalism. First, we considered an initial condition 
where there are two excitons, one in QDA and one in 
QDB (two-exciton system). The solid and dotted 
curves in Fig. 2 respectively show the time evolution 
of the exciton population of the lower level of QDB and 
the other states where an exciton remains in QDA. 
Nutation is observed, as indicated by the dotted curve. 
We then compared the population to a one-exciton 
system. The dashed line in Fig. 2 shows the 
population of the lower level of QDB with the initial 
condition of one exciton in QDA. Physically the 
“output” signal is related to the integration of the 
population in the lower level of QDB. By numerically 
integrating the population between 0 and 5 ns, we 
can see that the ratio of the output signals between 
the two- and one-exciton systems is 1.86:1, which 
reflects the number of initial excitons, or the 
summation mechanism. 
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Fig. 2 Population comparison between one- and two-
exciton systems. 
    
Experiment 

A proof-of-principle experiment was performed to 
verify the nano-scale summation using CuCl quantum 
dots in a NaCl matrix. We choose a quantum dot 
arrangement where “small” QDs surrounded a “large” 

QD, as schematically shown in Fig. 3(a). Here, we 
irradiate at most three light beams with different 
wavelength, 325 nm, 376 nm, and 381.3 nm, which 
respectively excite QDs having a size of 1 nm, 3.1 nm, 
and 4.1 nm. The excited excitons are transferred to 
the bigger QD, and its radiation is observed by a 
near-field fibre probe. Notice the output signal 
intensity at a photon energy level of 3.225 eV in Fig 
3(b), which corresponds to a wavelength of 384.8 nm 
or a QD size of 5.9 nm. The intensity varies 
approximately as 1:2:3 depending on the number of 
excited QDs in the vicinity, as observed in Fig. 3(b). 
The spatial intensity distribution was measured by 
scanning the fibre probe, as shown in Fig. 3(c), where 
the energy is converged to the centre. Hence, the 
architecture works as a summation mechanism based 
on exciton energy transfer via optical near-field 
interactions.  
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Fig. 3 Nanometric summation: experimental results. 
Conclusions 
To achieve highly dense optical table lookup, an 

architecture for data summation is presented using 
near-field coupling between quantum dots, and its 
principle is experimentally demonstrated.  
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